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Abstract 

Author: Kaia Strand Klæva 

Title:  Emotion Regulation across Adolescence: Behavioural Age-related Differences 

and Brain Structural Correlates 

Supervisors: Christian Krog Tamnes (supervisor) and Knut Øverbye (co-supervisor) 

 

Background. Affective states frequently influences human beings on a daily basis, and hthe 

ability to regulate emotions is imperative to human adaptation in a social environments. 

Successful emotion regulation depends on brain structural correlates and is thus expected to 

improve over the course of normal development from childhood into adulthood. Objectives. 

The first aim of the current study was to characterize age-related differences in emotion 

regulation across adolescence. Our second aim was to investigate the associations between 

emotion regulation in the context of fear and brain structural correlates. Method. To assess 

age-related differences in behavioural emotion regulation, 68 participants aged 8-26 years 

performed an Emotional Go/Nogo task with photographs of fearful, happy and neutral 

emotional expressions as stimuli. Magnetic resonance imaging (MRI) data was collected and 

analyzed to estimate vertex-wise cortical thickness, as well as volumes of subcortical 

structures of interest, specifically bilateral volumes of the amygdalae and ventral striatum. 

Associations between emotion regulation in the context of fear and brain structure correlates 

were then analyzed. Results. Our results indicated age-related changes in emotion regulation, 

reflected by improved performance on all task accuracy measures across adolescence. Our 

analyses of the MRI data suggested associations between emotion regulation in the context of 

fear, the left superior and middle temporal gyri, and volumes of the left and right amygdalae. 

When corrected for multiple comparisons by an adjusted Bonferroni procedure, none of the 

associations remained significant. Conclusion. Our results were in line with predictions of 

overall improvement in, and prolonged development of, emotion regulation across 

adolescence on a behavioural level, as would be predicted in a young and healthy sample. 

Cortical and subcortical regions are implicated as important for emotion regulation but we 

were not able to make a conclusion based on our results. 
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Introduction 

From an early age, human beings are socially oriented toward caregivers providing 

vital support and comfort. The world around us, as experienced by children and adlolescents 

during normal development, takes on a new form as new experiences and insights about the 

world are discovered, puzzled together and given meaning. For example, evidence from 

infant research suggests that the ability to discriminate basic emotions expressed by others 

emerges quite early, within the first years of life, although this ability continues to develop 

and become more refined and fine-tuned throughout childhood and adolescence (Tottenham, 

Hare & Casey, 2011). On a daily basis, human beings experience that both positive and 

negative emotions interfere with, or at least influence, cognitive performance (Augusti, 

Torheim & Melinder, 2014; Blakemore, 2008). As affective states influence behaviour, and 

ultimately, our well being, emotion regulatory functions are imperative to human adaptation 

(Ochsner & Gross, 2005). Further, the frequency of emotional stimulation in daily life 

motivates the examination of emotion regulation performance in context of both positive and 

negative emotional stimuli, in addition to how the ability to successfully regulate emotions 

develops from childhood into adulthood (Tottenham et al., 2011). Over the course of 

development, as we learn to integrate information from our senses, the expression of emotion 

regulation behaviour, which is dependent on high-level executive and social processes, 

change dramatically (Ahmed, Bittencourt-Hewitt, & Sebastian, 2015). These developmental 

changes also parallel structural and functional changes in the brain (Tamnes et al., 2009), so 

it is also of interest to investigate the neural basis of emotion regulation across development. 

In the current study, we used an experimental approach to study age-related differences in 

emotion regulation in participants 8-26 years of age and magnetic resonance imaging (MRI) 

data to examine brain structural correlates of individual differences in adolescents’ emotion 

regulation. 

 

Emotion Regulation  

Emotion regulation is a complex construct that can be defined as the processes in 

which emotional information is perceived, interpreted and acted upon by the individual 

(Ahmed et al., 2015), or systematic ways in which the individual deals with emotionally 

relevant stimuli and information (Tottenham et al., 2011), including the initiation of new, or 

the alteration of ongoing emotional responses (Ochsner & Gross, 2005). Emotion regulation 

can broadly be divided into processes that occur implicitly and largely outside conscious 
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awareness at very early stages of emotion regulation, and explicit processes by use of 

conscious strategies to modify emotional responses (Ahmed et al., 2015). Implicit emotion 

regulation is generally characterized as automatic and habitual, thus encompassing regulatory 

processes that occur at the earliest stages of emotion perception and processing, even when 

individuals are unaware of feeling a subjective emotional response (Ahmed et al., 2015; 

Tottenham et al., 2011). Similar to emotional reactivity, which is an involuntary response to 

emotionally salient stimuli (Del Piero, Saxbe, & Margolin, 2016), implicit emotion regulation 

appears to be outside of cognitive, conscious control. In contrast, explicit emotion regulation 

is closely associated with cognitive control mechanisms. Cognitive control mechanisms such 

as inhibition of unwanted responses, shift of attention, and working memory updating, are 

necessary to actively maintain representations of goals, the means to achieve them as well as 

to modulate one’s state or behaviour in a given situation (Augusti et al., 2014). In the context 

of emotionally salient stimuli, the use of strategies such as redirecting one’s attention or 

reinterpreting the emotional meaning of a stimuli (reappraisal), might result in the successful 

alteration of an unwanted emotional response, and subsequent behaviour (Del Piero et al., 

2016; Ochsner, Silvers, & Buhle, 2012).  

The border between implicit and explicit emotion regulation, however, is likely 

porous, and to approach these facets of emotion regulation as completely separate could be 

too simplistic (Ahmed et al., 2015). For example, both normal development and experience-

based learning can alter the ways in which emotionally salient stimuli are perceived and 

processed, and emotion regulatory behaviours that when first learned require conscious and 

explicit cognitive effort, might become implicit with repetitions of several similar 

experiences (Ochsner et al., 2012). In other words, the internalization and habituation of 

emotion regulatory responses may result in explicit processes becoming implicit. Independent 

of whether a response to emotional stimulation occurs implicitly or explicitly, failure to 

respond to ongoing demands of experience with a broad range of emotions in a manner that is 

socially tolerable and sufficiently flexible, is associated with numerous psychological 

illnesses, especially illnesses which have emotion dysregulation as a core feature (Del Piero 

et al., 2016). Onset of mental illnesses is usually during childhood or adolescence, although 

treatment typically does not occur until a number of years later (Kessler et al., 2007).  

 

Adolescence 

Adolescence is a period of rapid changes, approximately spanning the ages 10-19, 

characterized by significant physical, psychological and social milestones being reached 
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(Blakemore, 2008; Vijayakumar et al., 2014). During this period, there is a growing need for 

independence; academic and employment pressures exist, as well as social relationships tend 

to fluctuate (Ernst, Pine, & Hardin, 2006). Further, because the new experiences of both 

positive and negative life events need to be integrated in the personality, this can be a 

challenging time for all adolescents. In the context of emotionally salient stimuli, for 

example, it has been suggested that adults are more effective than adolescents at cognitive 

reappraising, which involved thinking about a stimulus differently so as to reduce its 

emotional impact (Silvers, Schu, Hubbard, Weber, & Ochsner, 2015). Thus, valenced 

emotions might affect individuals diffrently depending on their maturational level, although 

data regarding the exact neural mechanisms underlying this effect remain uncertain (Silvers 

et al., 2015).  

It has been hypothesized that especially during adolescence, changes in cognition and 

behaviour are paralleled and driven by structural and functional changes caused by ongoing 

brain development (Blakemore, 2008). Perhaps for these reasons, adolescents are more 

vulnerable to emotional dysregulation, even though most typically developing youths do not 

develop emotion dysregulation illnesses (Kessler et al., 2007). As with adults, however, it can 

be challenging to differentiate whether these behaviours result from poor regulation, 

increased affective response, or both (Ahmed et al., 2015). Thus, understanding both the 

mechanisms of emotion regulation and emotion dysregulation behaviours across adolescence, 

and the associated development of brain regions implied in emotion processing, it is 

important to better understand normal development, and hopefully lessen the total cost of 

society and suffering individuals (Silvers et al., 2015).  

 

Experimental Paradigms of Emotion Regulation 

As emotions interfere with high-level executive functions, tasks used to measure 

executive functions in the context of emotionally salient stimuli have been adapted to assess 

various aspects of emotion regulation (Del Piero et al., 2016; Tottenham et al., 2011). Most 

of these are variants of classic inhibition tasks, such as the Go/Nogo task, Stroop, stop-signal 

and working memory tasks, in which standard stimuli have been replaced with emotionally 

salient words or images (Del Piero et al., 2016). Performance on these tasks tends to improve 

across adolescence (Blakemore & Robbins, 2012; Schulz et al., 2007). In a review of studies 

designed to experimentally test for the effects of emotionally valenced stimuli on behavioural 

and/or cognitive performance, Del Piero and colleagues (2016) described that studies on 

emotion regulation often include only basic emotions (e.g., fear, angry, sad, neutral/calm & 
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happy), sometimes comparing the effect of different emotions on task performance. One 

reason for this is that complex emotions complicate the interpretation of experimental results, 

although they might have higher natural validity than for example nonsensical images (Del 

Piero et al., 2016). Further, photographs of human beings portraying emotional expressions 

are most often used as stimuli because they are considered to have high natural validity and 

because of functional neuroimaging studies showing that facial expressions reliably activate 

the amygdalae and other structures related to emotion processing networks (Del Piero et al., 

2016; Hare, Tottenham, Davidson, Glover, & Casey, 2005). How passive or active a research 

participant is instructed to be, also varies greatly between studies, ranging from rating, 

labeling, reacting to or remembering emotional faces, attending to or remember task-

irrelevant details like gender, or passively viewing stimuli (Del Piero et al., 2016).  

The Emotional Go/Nogo task is originally adapted from Conners’ continuous 

performance test (Conners, Epstein, Angold, & Klaric, 2003), and frequently used to study 

attention and inhibitory control in the context of emotion (see for example Hare et al., 2005; 

Tottenham et al., 2011; Yang et al., 2014). In the Go/Nogo paradigm, series of stimuli are 

continuously presented with frequent Go cues to which subjects respond as rapidly as 

possible and infrequent NoGo cues to which subjects are to are withhold their response, 

reflecting behavioural inhibition and the emotional modulation of this inhibition (Schulz et 

al., 2007). The ability to control emotional impulses and inhibit inappropriate responses is an 

aspect of emotion regulation depending on development of a network of activity within the 

frontal lobes, and younger children therefore tend to perform poorly when assessed on these 

kinds of tasks compared to adolescents and adults (Del Piero et al., 2016). They are, however, 

able to understand the task and perform according to instructions, and the task can therefore 

be used to investigate emotion regulation in a broad age range (Tottenham et al., 2011). The 

paradigm has been deemed suitable for identifying the unique developmental patterns for 

subsets of emotional regulation processes, such as emotion recognition, emotion regulation, 

and cognitive control in context of both positive and negative emotions (Schulz et al., 2007; 

Tottenham et al., 2011). A Study on the convergent validity between an emotional and a non-

emotional variant of the same Go/Nogo task concluded that the basic neuropsychological 

constructs of the original task were preserved in the emotional adaptation, thus supporting the 

use of the Emotional Go/Nogo task to measure behavioural inhibition in the context of 

emotions (Schulz et al., 2007).  

To examine the influence of emotional context on approaching and avoiding stimuli, 

Hare and colleagues (2005) administered a Go/Nogo task with fearful, happy and neutral 
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facial expressions. Behavioural performance and associated changes in blood-oxygen-level 

dependent (BOLD) signal were investigated, and their results showed that negative emotional 

context was associated with greater activation of the amygdalae. Yang and colleagues (2014) 

conducted an event-related potential (ERP) study using an Emotional Go/Nogo task with 

positive and negative valenced facial expressions compared to neutral, and their results 

suggested that emotional content selectively impaired response inhibition, specifically that 

fear emotional expressions impair response inhibition. They argued that impaired response 

inhibition in context of fear was explained by stronger emotion processing (Yang et al., 

2014).  

Almost a decade ago, Wager and colleagues (2008) argued that brain-based models of 

emotion regulation have been developed to account for the reciprocal relationship between 

emotion and cognition. Such models propose associations between emotion regulation and 

neurocognitive bases by summarizing evidence from research on emotion regulation, and 

therefore they could prove useful in clinical contexts by guiding development of 

interventions (Schulz et al., 2007; Wager, Davidson, Hughes, Lindquist, & Ochsner, 2008). 

 

The Triadic Systems Model 

The triadic systems model as put forth by Ernst and colleagues (2006) is a brain-based 

model of emotion regulation which conceptualizes a neuroscience systems-based model of 

motivated behaviour in adolescence related to an adolescent specific pattern of risk-taking, 

sensation/novelty/-reward-seeking, and impulsivity (Ernst et al., 2006). Three behavioural 

and neural systems are included in the model: approach (reward), avoidance (punishment), 

and regulatory functions, dependent of three key structures: the amygdalae, the ventral 

striatum, and the prefrontal cortex (Blakemore & Robbins, 2012; Ernst et al., 2006). Reward 

and punishment are important aspects of emotion regulation, as rewards are stimuli 

individuals strive to approach, and punishments are stimuli to be avoided (Ernst et al., 2006). 

In the triadic model, approach and avoidance are linked to two separate neurobehavioral 

systems. More specifically, a prefrontal-subcortical pathway through ventral striatum predicts 

reappraisal (reward), whilst a pathway through the amygdalae predicts reduced reappraisal 

success, as reflected by more negative emotion (avoidance) (Ernst et al., 2006; Wager et al., 

2008). Regulatory functions rely on development of the prefrontal cortex, and the pattern of 

adolescent specific behaviour is often partly attributed to prolonged development of the 

prefrontal cortex compared to development of brain regions in the reward and punishment 

circuitry (Blakemore & Robbins, 2012).  
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Ernst and colleagues (2006) argue that the novelty of the triadic systems model is the 

integration of two separate behavioural systems, approach and reward, in addition to a third 

regulatory system dependent on the prefrontal cortex. In the triadic model, dynamic 

functional interactions of underlying neural circuits are proposed, and the relative 

connectivity between underlying neural circuitry across development are used to explain 

adolescent specific behaviours (Ernst et al., 2006). In humans, the brain structures related to 

emotion regulation have been mostly studies using functional neuroimaging paradigms 

(Tamnes et al., 2009) and it has been suggested that ongoing structural and functional brain 

development during adolescence may contribute to adolescent-specific behaviours (Ahmed et 

al., 2015) and that age likely impacts pathways linking control and affect systems (Ochsner & 

Gross, 2008), as proposed in the triadic systems model.  

Mapping the functional networks supporting emotion regulation does not, however, 

necessarily reflect changes in brain structure across development, and it remains unclear to 

which degree morphological individual differences in volume of subcortical structures are 

associated with individual differences in cerebral cortical thickness (Albaugh et al. 2013; 

Ochsner & Gross, 2008). Mapping the neurocognitive bases of cognition and emotion might 

help us understand normal development better and be better able to understand changes in 

brain structure across adolescence. In the present study, subcortical brain structures related to 

emotion regulation as implicated by Ernst and colleagues in the triadic model will be 

investigated. For cortical thickness, exploratory analyses for the whole cortex will be 

performed because of the limited number of studies on age-related structural changes in the 

brain (Tamnes et al., 2009).  

The Prefrontal Cortex, the Amygdalae and the Ventral Striatum. The human 

cerebral cortex exhibits a wide range of functions related to processing of information of the 

senses and the body (motor), and higher order functioning, for example emotion regulation 

(Filkowski & Haas, 2016; Newman et al., 2015). In the generation and maintenance of 

emotion regulation strategies, the prefrontal part of the cortex is most central, and 

subdivisions of the prefrontal cortex most implicated in functional pathways supporting 

emotion regulation are the dorsolateral (dlPFC), ventrolateral (vlPFC) and ventromedial 

regions (vmPFC) (Ahmed et al., 2015). Across development, reductions in cortical grey 

matter volume, density and thickness are thought to index a maturational process associated 

with age-related improvements in a wide range of functions (Blakemore, 2008). 

Developmental changes in brain structures as measured using MRI are still debated, and the 

underlying mechanisms are not fully understood (Mills & Tamnes, 2014). Reductions in 
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cortical gray matter volume during adolescence have been proposed to partly reflect synaptic 

pruning, which is the elimination of redundant synapses (Blakemore, 2008). It has, however, 

been pointed out that even when synapses are particularly dense, they are estimated to 

represent less than 1.5% of cortical volume (Mills & Tamnes, 2014). Further, it has been 

speculated that reduction in number of synapses also migth be accompanied by a reduction in 

the number of cortical glial cells, and together these microstructural changes account for 

more of the cortical structural changes observed during development than synaptic pruning 

alone (Mills & Tamnes, 2014). 

As part of the limbic system, the amygdalae have been implicated as a ‘hub’, 

important for various aspects of social cognition (Bickart, Dickerson & Barrett, 2014), for 

example in evaluation of emotional significance (Hare et al., 2005) and goal-directed 

behaviour guided by rewards or punishments to emotional facial expressions and aversive or 

pleasant images and films (Ochsner et al., 2012). The amygdalae are also important for 

memory-formation and storage of emotional events (Ochsner & Gross, 2008). Although 

generally sensitive to detecting and triggering responses to arousing stimuli, the amygdalae 

have been shown to exhibit a bias towards detecting cues signalling potential threats 

(Ochsner et al., 2012). For example, a fearful face can be seen as a sign of possible harm due 

to some yet unknown danger in the environment (Hare et al., 2005). 

Whilst the amygdalae are more biased towards threatening or negative stimuli, the 

ventral striatum is involved in learning which cues (ranging from social signals, like smiling 

faces, to actions, to abstract objects) predict rewarding or reinforcing outcomes (Daniel & 

Pollmann, 2014; Ochsner et al., 2012). As part of the ventral affective system together with 

the amygdalae, the ventral striatum is commonly portrayed as indexing risks and liabilities 

associated with emotional dysregulation (Pfeifer & Allen, 2012).  

 

The Present Study  

In the present study, we aimed to investigate behavioural age-related differences and 

brain structure correlates of emotion regulation across adolescence. As emotions are known 

to interfere with high-level executive functions (Ahmed et al., 2015), behavioural tasks 

traditionally used to measure executive functions have been adapted to assess various aspects 

of emotion regulation (Del Piero et al., 2016; Tottenham et al., 2011), and in the current study 

we used an adapted version of the Go/Nogo task with emotional facial expressions as stimuli. 

Further, research on emotion regulatory functions strongly suggests an important role of both 

cortical and subcortical regions, with distinct anatomical structures and functional systems 
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exhibiting specific regulatory processes (Ahmed et al., 2015; Newman et al., 2015). To 

investigate brain-behaviour associations in the context of fear stimuli, we focused on the 

effect of emotion regulation specific to fearful facial expressions on brain structural 

correlates. Specifically, the objectives of the present study were to (1) characterize age-

related differences in emotion regulation across adolescence and to (2) investigate the 

associations between emotion regulation in the context of fear emotional expressions, and 

both cortical thickness and bilateral volumes of the amygdalae and ventral striatum. 

To assess individual differences in behavioural emotion regulation performance from 

late childhood to young adulthood, we administered an Emotional Go/Nogo task (adapted 

from Hare and colleagues, 2008) to our final sample of 68 participants, aged 8-26 years 

(mean = 16.9, SD = 4.2). Task accuracy measures of d-prime, Hits and False Alarms were 

analyzed, reflecting overall task performance, correct responses and inhibition errors, 

respectively. A within-between-subjects experimental design was used to investigate age-

related differences in overall emotion regulation, and to examine how emotion (fear/happy) 

and stimulus type (Go/Nogo) affect performance diffrently depending on age. Considering 

the problem concerning selection bias, a within-between-subjects design is suited to compare 

the effects of our two selected emotions (fear/happy) and stimulus types (Go/Nogo), without 

taking into consideration the possible confound related to any differences between two 

groups. 

Extending on behavioural measures of emotion regulation, evidence from 

neuroimaging research suggests a pattern of prolonged development of brain regions which 

emotion regulatory functions are dependent on, especially the prefrontal cortex (Ernst et al., 

2006; Kadosh et al., 2016; Mills & Tamnes, 2014). A majority of research on the 

neurocognitive correlates of emotion regulation focuses on functional imaging, and thus it is 

uncertain how the structural properties of cortical and subcortical brain regions, which also 

undergo substantial changes across adolescence, relate to individual differences in emotion 

regulation (Albaugh et al., 2013; Tamnes et al., 2010). Therefore, we also aimed to 

investigate brain structural correlates of individual differences in adolescents’ emotion 

regulation behaviour in the context of fear. Only fear was chosen due to the clinical relevance 

of fear in emotion dysregulation (Schulz et al., 2007), in addition to the availability of 

previous research guiding the selection of relevant brain structures to investigate (LeDoux & 

Pine, 2016). Prior to the cortical and subcortical analyses, a Fear Difference Measure 

reflecting False Alarms specific to fear as Nogo stimuli compared to Go stimuli, was 

computed. There are, however, relatively few studies on structural correlates of emotion 
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regulation from late childhood to early adulthood and for this reason, exploratory analysis of 

the whole cortex was performed (Tamnes et al., 2010). The analyses of subcortical structures 

included bilateral volumes of the amygdalae and ventral striatum because they have 

previously been linked to emotion regulation (Ernst et al., 2006).  

Hypothesis and Predictions. As our sample consisted of participants in a relatively 

broad age range from late childhood to young adulthood, we expected to find evidence of 

age-related differences in performance across all task accuracy measures on the Emotional 

Go/Nogo task, indicative of continued development across adolescence (Ahmed et al., 2015; 

Newman et al., 2015). Specifically, we expected the sensitivity measure of d-prime and Hits 

to increase with increasing age, and False Alarms to decline. Further, we expected that 

improvements in behavioural performance for each of the task accuracy measures might 

occur at different time points in development, reflected by differences in the effect of age 

between the measures. Previous research has shown that the ability to inhibit unwanted 

responses and thus avoid False Alarms is dependent on the prolonged development of 

prefrontal cortices. Therefore, improved performance on this measure as reflected by fewer 

False Alarms, was expected to occur later in development than a correspondent increase in 

Hits performance (Blakemore & Robbins, 2012; Ernst et al., 2006). In furtherance of this, we 

also expected d-prime, reflecting overall task performance, to be more driven by age-related 

changes in False Alarms than age-related changes in Hits. Finally, we expected stronger age-

effects on False Alarms in conditions where the emotional expression was the Nogo stimulus 

compared to when it was the Go stimulus, reflecting prolonged development of emotion 

regulation.  

Investigations of the associations between measures of behavioural performance and 

cortical thickness across development in adolescence have shown that thicker cortex is 

generally associated with less maturity and thus poorer performance on tasks demanding 

allocation of cognitive control functions (Ahmed et al, 2015; Vijayakumar et al., 2014). Thus, 

we predicted that, independently of age, individual differences in emotion regulation in the 

context of fear would be associated with variations in cortical thickness, and specifically that 

False Alarms specific to fear as Nogo stimuli compared to Go stimuli would be positively 

associated with regional cortical thickness (Tamnes et al., 2010). Further, we hypothesized 

that variability in performance on the Emotional Go/Nogo task would show age-independent 

associations with volumes of subcortical regions of interest (ROIs). We predicted larger 

volumes of the bilateral amygdalae to be associated with higher false alarm rate specific to 

fear as Nogo, and bilateral volumes of the ventral striatum to be inversely correlated (Hare et 
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al., 2005; Tottenham et al., 2011). Importantly, these behaviour-brain associations were 

tested for in a cross-sectional design while statistically controlling for the effects of age (and 

sex), as analyses of developmental samplings not controlling for age likely reflect temporal 

co-occurrence of overall developmental trends in both behaviour and cortical structure, but 

not necessarily imply that the variables are directly interrelated (Salthouse, 2011). In contrast, 

it is reasonable to hypothesize that age-independent associations are mediated, at least to 

some extent, by developmental variability, i.e. variability among adolescents of similar age in 

the phase of brain maturation (Jernigan, Baaré, Stiles, & Madsen, 2011). 
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Materials and Methods 

 

Participants 

The subjects included were drawn from the third wave of the longitudinal research 

project NeuroCognitive Development (Tamnes et al., 2010; Tamnes et al., 2013), conducted 

at the Center for Lifespan Changes in Brain and Cognition, Department of Psychology, 

University of Oslo. The Regional Committee for Medical and Health Research Ethics (REK-

sør) approved the study.  

Children and adolescents aged 8-26 years were recruited through newspaper and 

Facebook advertisement, and local schools. Written informed consent was obtained from all 

participants aged 12 years or older, and from a parent of participants under 16 years of age. 

Participants under 12 years of age gave oral informed assent. Parents of participants under 16 

years and participants aged 16 years or older completed screening for each participant with 

standardized health interviews to ascertain eligibility. Given that the aim of the study was to 

study healthy, typically developing children and adolescents, stringent exclusion criteria were 

utilized. To be included in the study, participants were required to be right-handed, be fluent 

Norwegian speakers, have normal or corrected-to-normal vision and hearing, not have a 

history of injury or disease known to affect central nervous system (CNS) function, including 

neurological of psychiatric illness or serious head trauma, not to be under psychiatric 

treatment, not to have had a complicated or premature birth (more than 4 weeks preterm), and 

not have MRI contraindications. 

All participants in the study spent approximately one hour in an MRI scanner where a 

multimodal sequence protocol was run and up to three hours with behavioural testing on a 

separate day in close proximity to the scanning. In addition, participants were asked to give a 

saliva sample to be used for genotyping, and participants aged 12 years and older, as well as 

and a parent of participants under 16 years of age, were asked to fill in several questionnaires. 

Participants were compensated with a total of 700NOK for their participation in the project. 

In the current study, we report on novel results based on data from an Emotional Go/Nogo 

task and brain structure measures estimated from a T1-weighted MRI sequence.  

The final sample in the present study included 68 participants who satisfied the 

inclusion criteria, fulfilled the behavioural criteria defined for the task, and had MRI data 

judged to be of adequate quality after quality control (see below). The behavioural criteria 

required participants to correctly label at least 80% of the emotional expressions in the facial 
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expression recognition block (see below), and have at least one correct response (Hit) in each 

of the six blocks in the experimental Emotional Go/NoGo task (see below). Two participants 

were excluded based on the latter criteria. Additionally, three participants were excluded due 

to lacking, incomplete or poor quality MRI data due to technical issues, or that the participant 

did not complete the scanning session or motion artefacts. The final sample of 68 participants 

(39 females) was 8.5-26.7 years old (mean = 16.9, SD = 4.2). The average age for females 

(mean = 17.0 years, SD = 4.3) and males (mean = 16.6 years, SD = 4.2) was not significantly 

different (t = -.60, p = .62).  

 

Stimuli and Apparatus 

Stimuli in the Emotional Go/Nogo task were presented and responses collected using 

the E-Prime 2.0 software (Psychology Software Tools, Pittsburgh, PA). The set of stimuli 

used in the current study consisted of 48 colour photographs of the faces of 16 adult 

individuals (8 female; The identities of the faces used were numbers: 3, 6, 7, 9, 10, 17, 18, 

19, 20, 23, 33, 34, 35, 36, 37 & 45), each posing three different expressions: fear, happy, and 

neutral. All images were normalized for size and luminance. Fear and happy facial 

expressions were selected as examples of negative and positive emotions, making it possible 

to examine how emotional valence might differently affect behavioural performance. The 

neutral facial expressions were included as comparison stimuli in order to distinguish 

reactions to emotional facial expressions from reactions to human faces in general. The 

photographs were from the NimStim Face Stimulus Set (Tottenham et al., 2009) available via 

http://www.macbrain.org/resources.htm. The set contains a large number of images (672 

naturally posed photographs), a large variety of faces (43 professional actors; 18 female) 

from different racial and ethnic backgrounds, a variety of emotional facial expressions 

(angry, surprise, afraid, sad, happy, disgust, neutral & calm), and open- and closed-mouth 

versions of several of the same facial expressions.  

Tottenham and colleagues (2009) investigated validity- and reliability-properties of 

ratings of the NimStim Face Stimulus Set made by 81 healthy, adult untrained research 

participants. The participants were asked to label all the 672 naturally posed photographs in 

random order, and without time-limit, using labels of emotional facial expressions 

(mentioned above) or to indicate that none of the labels were correct. The psychometric 

evaluations of validity for the stimuli used in the present study (fear open-mouth, happy & 

neutral closed-mouth) indicate overall medium-to-high proportion of correct labeling (mean 

= 73%, 91% and 91%, respectively) and medium-to-high Cohen’s kappa (mean = .67, .95 
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and .86, respectively) (Cohen, 1960), which is a chance-corrected measure of the intended 

expressions and the participants’ labels across models. There was also medium-to-high test-

retest reliability when a participant labeled the same photograph at two different time points 

(mean = 75%, 91% and 94%, respectively). That the validity and reliability scores for our 

selected emotions are somewhat lower for the fearful facial expressions, compared to the 

happy and neutral expressions, are explained by some participants confusing some of the 

photographs of fear expressions with surprise (mean = 19%, SD = 12.0) (Tottenham et al., 

2009). In the present study, however, only a subset of the photographs from the NimStim 

Face Stimulus Set is used as stimuli, and photographs from the set with the highest kappa 

scores were chosen. Thus, photographs of the fearful facial expressions that were most often 

confused with surprise are not included in the present study. By using photographs with 

satisfying validity and reliability, interpretation of the behavioural data is less influenced by 

unknown variations in how the stimuli are perceived by different participants, heightening the 

probability that differences in behaviour attributed to differences in emotion processing 

genuinly relfects effects of the intended emotions. 

 

Experimental Task 

In our version of the Emotional Go/Nogo task, which was an adaptation from Hare 

and colleagues (2008), participants were required to discriminate between emotional facial 

expressions (fear/happy/neutral) and to either respond or withhold their response depending 

on whether a target or non-target facial expression was displayed, respectively (Figure 1). 

Face stimuli were always presented in the center of the screen. Participants were instructed 

that they would see different faces and to press a designated button as fast as they could when 

the instructed target facial expressions appeared on the screen (Go trials) and to withhold 

pressing for “any other face than the go expression” (Nogo trials). Go trials occurred 

frequently (69% of the trials) in order to ensure that the predominant reaction of the 

participants were to respond. Participants were not informed that Nogo trials occurred 

infrequently (31% of the trials), what the Nogo faces were, or that only two different 

emotional expressions were included within each block. Participants were left alone in the 

room when performing the experimental task. 

The Go/Nogo task consisted of six blocks of different Go/Nogo pairs (fear/neutral, 

neutral/fear, happy/fear, fear/ happy, happy/neutral & neutral/happy) presented in 

randomized order. Each block included only two different emotional facial expressions and 

consisted of 32 trials in pseudo-randomized order: 22 Go trials and 10 Nogo trials. Stimulus 
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duration was 500 ms with an interstimulus interval (ISI) long enough to make sure that 

participants had time to respond, varying for a random duration between 1250-1750 ms. Two 

of the experimental conditions, which contrasted fearful and happy faces to allow for direct 

examination of how negative and positive emotional stimuli differently affect behaviour, 

were not included in the detailed statistical analysis in the present study which focused 

specifically on the separate effects of the selected negative (fearful) and positive (happy) 

emotional expressions on emotion regulation. Only blocks contrasting an emotional 

expression with a neutral face were thus included in the main analysis, so that within each 

block included in the main analysis, fear or happy emotional expressions were always paired 

with faces with neutral expressions such that if an emotional face was the Go target, then a 

neutral facial expression was the Nogo non-target. Likewise, if an emotional face was Nogo, 

then a neutral face was Go within that block of trials. Two participants were excluded due to 

zero correct Hits in at least one of the experimental task blocks. Failing to provide at least on 

correct response in each of the experimental blocks was attributed to poor effort to perform 

on the task and not as an actual difficulty with recognizing the emotional expressions, seeing 

that all participants correctly identified and labeled the selected emotional expressions in the 

emotion recognition block prior to the experimental task (see below). 
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Figure 1. Temporal illustration of stimulus presentation in the Emotional Go/Nogo 

task. In this example, neutral facial expressions are the Go stimulus, and fearful facial 

expressions are the Nogo stimulus (neutral/fear). 

 

 

 

Before administration of the six experimental blocks, participants performed both a 

facial expression recognition block and an Emotional Go/Nogo task practice block. The 

recognition block was administered to ensure that participants were able to identify and 

differentiate the facial expressions (fear/happy/neutral) used as stimuli in the experimental 

task. In this block, they were instructed to press “1” for happy, “2” for neutral and “3” for 

fearful faces and were then shown consecutively the total of 48 task stimulus images used in 

the experimental task in random order and without time-limit. Participants were required to 

correctly identify at least 80% of the facial expressions in order to be included in further 

analysis, seeing as how correct recognition of emotional expressions is a prerequisite for 

discrimination between different emotional expressions. No participants were excluded based 

on this criterion. On average, the participants correctly recognized 96.6% (SD = 3.6, range = 

83.3-100) of the stimuli images. Recognition performance was not significantly different for 
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females (mean = 97.2%, SD = 3.2, range = 87.5-100) and males (mean = 95.8%, SD = 4.0, 

range = 83.3-100, t = 1.58, p = .12). The correlation between Face perception accuracy and 

age was, however, significant (r = .28, p = .020), indicating that the ability to correctly 

identify facial expressions improves with age.  

After the facial expression recognition block, participants completed an Emotional 

Go/Nogo task practice block to ensure that they had correctly understood the instructions 

given and were able to execute the responses. For each participant, a random Go/Nogo pair 

was selected and the block consisted of 12 trials in pseudo-randomized order: 9 Go trials and 

3 Nogo trials. Stimulus duration in this block was 1000 ms, while the ISI was the same as in 

the experimental task blocks (1250-1750 ms). Data from the Emotional Go/Nogo task 

practice block was not analyzed as it only consisted of a few trials and that the Go/Nogo pair 

selected was not the same for every participant. 

 

Task Accuracy Measures. First, in order to examine overall task performance 

(across all six experimental task blocks) and age-related differences in behavioural 

performance, we calculated the following task accuracy and response time measures: d-

prime, Hits (%) and False Alarms (%), and extracted median reaction times (RTs) for Hit 

trials and False Alarm trials. d-prime, also referred to as the sensitivity index, provides a 

measure of accuracy, which accounts for response bias, and was calculated by subtracting the 

z-transformed false alarm rate from the z-transformed hit rate. Hits (hit rate) was calculated 

as the percentage of total possible correct responses to Go stimuli. False Alarms (false alarm 

rate/commission errors) was calculated as the percentage of total possible errors and was our 

index of cognitive control. RTs for hit trials were calculated based on correct responses in Go 

trials, and RTs for False Alarm trials were calculated based on incorrect responses in Nogo 

trials (when the participants responded to a Nogo stimuli image). Overall RTs for both Hit 

trials and False Alarm trials were not correlated with age, and as the present study focuses on 

age-related differences of emotion regulation across adolescence, detailed analyses of RTs 

were thus not performed. Second, the same accuracy and response time measures, d-prime, 

Hits (%), False Alarms (%), and RTs for Hit trials and False Alarm trials, were calculated for 

each of the experimental task blocks contrasting an emotional facial expression to a neutral 

facial expression (fear/neutral, neutral/fear, happy/neutral & neutral/happy). In the analysis of 

associations between individual variations in behavioural performance and brain structure, 

we focused only on the effects of fear emotional expressions. Specifically, a Fear Difference 
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Measure was computed to reflect False Alarms to fear emotional expressions as Nogo 

(neutral/fear) compared to Go (fear/neutral). 

 

Image Acquisition and Processing 

MRI data was acquired on a 3.0T Siemens Skyra (Erlangen, Germany) with a 24-

channel coil. Three-dimensional T1-weighted MP-RAGE sequences with the following 

parameters were used for volumetric and cortical surface analyses: repetition time (TR) = 

2300 ms; echo time (TE) = 2.98 ms; inversion time (TI) = 850 ms; flip angle = 8°; bandwidth 

= 240 Hz/pixel; field of view = 256 mm; and scan time = 9:50 minutes. Each volume 

consisted of 176 sagittal slices with a voxel size of 1.0 x 1.0 x 1.0 mm. 

Volumetric segmentation and cortical reconstruction was performed with the 

FreeSurfer image analysis suite version 5.3, which is documented and freely available for 

download online (http://surfer.nmr.mgh.harvard.edu/). The technical details of these 

procedures are described in prior publications (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 

subcortical volumetric structures, intensity normalization, tessellation of surfaces, automated 

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

present study, bilateral volumes of the amygdalae and ventral striatum (nucleus accumbens) 

were included as subcortical ROIs. Additionally, cortical thickness maps for each subject 

were obtained by calculating the distance between the cortical gray matter and white matter 

surface at each vertex (surface point) (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. Before statistical analyses, surface maps for cortical thickness 

were smoothed with a Gaussian kernel of full-width at half maximum of 15 mm. In addition 

to visual screening of all images immediately after data acquisition and rescanning if needed 

and possible, all processed scans were visually inspected in detail as part of the quality 

control procedure. No manual edits were performed. Three participants were excluded due to 

poor quality MRI data. 

 

Statistical Analysis 

Statistical analyses were performed by the use of IBM SPSS Statistics 22 (SPSS, 

Chigao, Illinois) and FreeSurfer 5.3. Descriptive statistics were performed to characterize the 

sample and to provide and initial examination of overall task performance across all six 
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experimental task blocks, including the blocks directly contrasting fear and happy. A 

correlation analysis were performed to provide and initial assessment of age-related 

differences in overall task performance, and independent samples t-tests were performed to 

test for sex differences in overall task performance.  

Next, in our main analysis of task performance, we investigated task accuracy 

measures from the following four blocks separately: fear/neutral, neutral/fear, happy/neutral, 

and neutral/happy. We first looked at d-prime scores. A 2x2x2 mixed within-between 

subjects general linear model with Emotion (fearful/happy) and Stimulus type (Go/Nogo) as 

within subject factors, sex (female/male) as between subjects factor, and age as a covariant, 

was performed on d-prime. Follow-up linear regression analyses of age were then performed 

on d-prime for each experimental block separately to further characterize the age-effects. The 

same series of analyses were then repeated on Hits and False Alarms, respectively, to 

investigate how these separate aspects of task accuracy performance contributed to the d-

prime results. 

In our analysis of behavioural performance and brain structural correlates, we chose 

to focus only on the effect of fearful emotional expressions on emotion regulation because 

fear is most relevant to clinical contexts and emotion dysregulation illnesses (Garret et al., 

2012; Pfeifer & Allen, 2012; Schulz et al., 2007; Thomas et al., 2013). Additionally, previous 

research on the effects of negative emotions and brain structural correlates is more extensive 

compared to research on positive emotions, providing indications as to which brain areas 

were most relevant to investigate (LeDoux & Pine, 2016). We computed a Fear Difference 

Measure of False Alarms specific to fear emotional expressions as Nogo stimuli compared to 

as Go stimuli, reflecting percentage increase in False Alarms in the neutral/fear experimental 

task block relative to the fear/neutral condition. As we predicted an interaction effect between 

Emotion and Stimulus type reflected by poorer behavioural performance specific to when 

fear emotional expressions were the Nogo stimulus (neutral/fear) compared to when it was 

the Go stimulus (fear/neutral), this hypothesis will be tested with and exploratory correlations 

analysis on cortical thickness, in addition to volumes of subcortical ROIs (the amygdalae and 

the ventral striatum) as implicated in the triadic systems model (Ernst et al., 2006). 

For cortical thickness we performed surface-based analyses on a vertexwise (point-

by-point) level using general linear models as implemented in FreeSurfer. Effects of task 

performance (specifically the Fear Difference Measure described above) on cortical thickness 

were tested, while controlling for sex and age. Both uncorrected (p < .05) and corrected 

results are described. For correction, the data were tested against an empirical null 
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distribution of maximum cluster size across 10,000 iterations using Z Monte Carlo 

simulations as implemented in FreeSurfer (Hagler, Saygin, & Sereno, 2006; Hayasaka & 

Nichols, 2003) synthesized with a cluster-forming threshold of p < .05, yielding clusters fully 

corrected for multiple comparisons across the surfaces. Clusterwise corrected p < .05 was 

regarded as corrected significant associations. 

For the subcortical regions of interest, bilateral volumes of the amygdalae and the 

ventral striatum, we performed univariate linear model analyses with each of the volumes of 

the subcortical ROIs and dependent variable, the Fear Difference Measure based on False 

Alarms in the neutral/fear relative to the fear/neutral condition as independent variable, and 

sex and age controlled for. Both uncorrected (p < .05) and adjusted Bonferroni corrected 

results are reported. Results were corrected for multiple comparisons (MC) using a 

Bonferroni procedure adjusted for correlated variables 

(http://www.quantitativeskills.com/sisa/calculations/bonfer.htm) (Perneger, 1998; Sankoh, 

Huque & Dubey, 1997). A mean correlation of r = .055 between the left and right amygdala 

and left and right ventral striatum volume was found. The adjusted significance level used a 

(2-sided adjusted) = 0.027. Finally, the association between right amygdala raw volume and 

task performance was visualized using a scatter plot. 
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Results 

 

Overall Behavioural Performance 

First, we examined overall task performance across all six experimental blocks 

(fear/neutral, neutral/fear, happy/fear, fear/ happy, happy/neutral & neutral/happy). Task 

accuracy measures were calculated for d-prime, Hits (%) and False Alarms (%), in addition 

to RTs (ms) for Hit trials and False Alarm trials. Descriptives from the accuracy analysis is 

presented in Table 1.  

 

 

 

Table 1  

Task accuracy and response time measures for overall task performance. 

 Mean (SD) Range 

d-prime 2.57 (1.21) .06-5.65 

Hits (%) 94.75 (5.75) 71.97-100 

False Alarms (%) 29.97 (18.89) 6.67-83.33 

RT Hit trials (ms) 424.54 (56.28) 337.50-679.00 

RT False Alarm trials (ms) 383.45 (59.51) 288.00-601.00 

 

 

 

Next, to investigate how the task accuracy measures correlated with age, we 

performed correlation analyses. In line with our predictions, this analysis showed that d-

prime and Hits were positively correlated with increasing age, while false alarm rate was 

negatively correlated with age. In other words, younger age was associated with poorer 

overall performance on the Emotional Go/Nogo task. Correlations between age and overall 

RTs, for both Hit trials and False Alarm trials, were not statistically significant. To test for 

sex differences in performance on the accuracy measures, two-tailed independent samples t-

test were performed. Behavioural performance was not significantly different for females and 

males on any of the measures. Statistics for age correlations and sex differences in overall 

task performance is presented in Table 2. 
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Table 2 

Age correlations and sex differences in overall task performance.  

 Age r (p) Mean (SD) 

females 

Mean (SD) 

males 

t-test t (p) 

d-prime .53 (< .001) 2.69 (1.26) 2.41 (1.13) -.95 (.35) 

Hits .31 (.010) 95.12 (5.92) 94.25 (5.56) -.62 (.54) 

False Alarms -.70 (< .001) 28.85 (18.72) 31.49 (19.33) .57 (.57) 

RT Hit trials .074 (.58) 419.47 (62.02) 431.36 (47.70) .86 (.39) 

RT False Alarm 

trials 

.16 (.18) 379.49 (56.86) 388.78 (63.52) .63 (.53) 

  

 

 

Behavioural Performance in Specific Experimental Conditions 

In the main analysis, only blocks contrasting emotional (fear/happy) and neutral facial 

expressions are included. Prior to the analysis, we also looked at task accuracy measures for 

each of these conditions (fear/neutral, neutral/fear, happy/neutral & neutral/happy) 

separately. For each of the experimental conditions included in the main analysis, 

descriptives of d-prime, Hits (%), False Alarms (%), and RTs (ms) for Hit trials and False 

Alarm trials, are presented in Table 3. 
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Table 3 

Task accuracy measures for performance in experimental blocks contrasting emotional facial 

expressions to neutral facial expressions.  

 Fear/Neutral Neutral/Fear Happy/Neutral Neutral/Happy 

 Mean 

(SD) 

 

Range 

Mean 

(SD) 

 

Range 

Mean 

(SD) 

 

Range 

Mean 

(SD) 

 

Range 

d-prime 3.62 

(1.88) 

.22-

8.53 

4.14 

(2.38) 

-.19-

8.53 

3.81 

(2.54) 

-.53-

8.53 

3.37 

(1.71) 

.26-

5.96 

Hits (%) 94.79 

(7.08) 

68.18-

100 

96.19 

(5.53) 

77.27-

100 

95.38 

(6.00) 

77.27-

100 

96.52 

(4.65) 

81.81-

100 

False 

Alarms (%) 

24.56 

(19.96) 

0-100 28.82 

(24.34) 

0-100 30.00 

(24.86) 

0-90 38.82 

(23.72) 

0-90 

RT Hit 

trials (ms) 

405.39 

(68.09) 

254-

721 

428.60 

(61.75) 

317-

670 

424.83 

(58.47) 

319-

632 

424.53 

(47.37) 

339-

565 

RT False 

Alarm trials 

(ms) 

404.77 

(105.12) 

238-

910 

358.18 

(73.56) 

240-

620 

374.19 

(59.46) 

249-

522 

390.76 

(69.11) 

252-

680 

 

 

 

Behavioural Performance: d-prime. Our index of sensitivity is d-prime, which 

accounts for response bias and thus provides a balanced measure of accuracy based on both 

Hits and False Alarms. A high score on d-prime indicate that the participant is well able to 

discriminate between target and non-target facial expressions and responds appropriately 

more often than not. A mixed within-between analysis of variance on d-prime in separate task 

blocks (fear/neutral, neutral/fear, happy/neutral & neutral/happy), with Emotion (fear/happy) 

and Stimulus type (Go/Nogo) as within-subject factors, sex (female/male) as between-subject 

factor and age as a covariate, was performed. This analysis revealed a significant main effect 

of age [F = 31.80, p < .001, np
2 = .36], indicative of improvement in performance from late 

childhood to young adulthood. There were no significant main effects of sex [F = .31, p = 

.580], Emotion [F = .001, p = .98] or Stimulus type [F = .096, p = .76] on d-prime. There was 

a significant two-way interaction between Emotion and Stimulus type [F = 6.12, p = .016, np
2 

= .088], showing that d-prime score was dependent on whether the facial expression was 

fearful or happy and whether the emotional facial expression was Go or Nogo stimuli within 

a block of trials. As illustrated in Figure 2, d-prime was lower when happy faces were the 

Nogo stimuli (neutral/happy) compared to when they were the Go stimuli (happy/neutral), 

and higher when fear was the Nogo stimuli (neutral/fear) compared to when it was Go stimuli 
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(fear/neutral). The three-way interaction between age, Emotion and Stimulus type was also 

significant [F = 10.07, p = .001, np
2 = .14], indicating that the effects of Emotion and 

Stimulus type on d-prime scores is also impacted by age.  

In order to better understand the impact of age on d-prime, linear regression was 

performed on d-prime with age as independent variable. This analysis showed stronger age-

effects on d-prime in the neutral/fear [Beta = .55, p < .001] and happy/neutral [Beta = .54, p < 

.001] conditions, than in the fear/neutral [Beta = .35, p = .004] and neutral/happy [Beta = .35, 

p = .003] conditions. This implies that age had greater impact on d-prime scores when fear 

was the Nogo stimuli and happy was the Go stimuli compared to when fear was the Go 

stimuli and happy was the Nogo stimuli.  

  

 

 

Figure 2. Illustration of the interaction effect between Emotion (fear/happy) and 

Stimulus type (Go/Nogo) on d-prime, showing that overall performance is better 

when fear is Nogo stimulus and happy is Go stimulus compared to when fear is Go 

stimulus and happy is Nogo stimulus.  
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We hypothesized that Hits and False Alarms contributed differently to the results seen 

in the analysis of d-prime. To better understand the factors impacting d-prime scores, we 

repeated the same within-between subjects analysis of behavioural performance for specific 

blocks as described above, with the accuracy measures of Hits and False Alarms, 

respectively.  

 

Behavioural Performance: Hits. The task accuracy measure of Hits (percentage of 

correct responses in Go trials) was analyzed with the same within-between subjects analysis 

as d-prime. Emotion (fear/happy) and Stimulus type (Go/Nogo) were treated as within 

subject factors, sex (female/male) as between subject factor, and age as a covariate variable.  

The Hits analysis showed significant main effects of both age and Stimulus type. 

Increasing age was associated with increase in Hits performance [F = 11.63, p < .001, np
2 = 

.15], and, independent of age; participants had fewer correct Hits when an emotional facial 

expression was Nogo compared to Go [F = 8.41, p = .005, np
2 = .12]. There were no 

significant main effects of sex [F = .092, p = .76] but there was a non-significant trend of 

main effect of Emotion [F = 3.01, p = .087] on Hits, possibly suggesting that whether the 

emotional expression is fearful or happy also impacts Hits performance within a block of 

trials. There was a significant two-way interaction between age and Stimulus type [F = 5.96, 

p = .017, np
2 = .084], indicating that participants’ performance on Hits was decreasingly less 

influenced by whether emotion was Go or Nogo with increasing age. 

Linear regression with age on Hits was performed to differentiate the effect of age in 

different experimental conditions. This analysis showed that the effect of age was significant 

for the fear/neutral [Beta = .38, p < .001], neutral/fear [Beta = .29, p = .015] and 

happy/neutral [Beta = .36, p = .002] conditions, but not for the neutral/happy [Beta = .10, p = 

.39] condition, reflecting that the ability to correctly respond to neutral facial expressions in 

the context of fear, and happy or fearful facial expressions in the context of neutral, improve 

with age, but that the number of correct responses to neutral faces in the context of happy is 

age-independent. 

 

Behavioural Performance: False Alarms. The within-between subjects analysis 

performed on False Alarms (commission errors; percentage of response to Nogo stimuli), 

with Emotion (fear/happy) and Stimulus type (Go/Nogo) as within subject factors, sex 

(female/male) as between subjects factor, and age as a covariate variable, showed significant 

main effect of age [F = 74.72, p = < .001, np
2 = .54] and Emotion [F = 4.67, p = .034, np

2 = 
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.067]. This implies that false alarm rate decreases with increasing age, and that False Alarms 

across participants increase in conditions where happy is the emotional expression compared 

to fear. There was no significant main effect of sex [F = 0.008, p = .93] but there was a non-

significant trend towards main effect of Stimulus type [F = 3.02, p = .087], possibly 

suggesting that whether the emotional expression is Go or Nogo impact False Alarms, with 

emotion as Nogo compared to Go is associated with higher percentage false alarm rate. There 

was a significant two-way interaction effect between Emotion and Stimulus type [F = .68, p = 

.010, np
2 = .098]. As visualized in Figure 3, this two-way interaction indicates that total 

number of False Alarms within a condition depend on both the emotional expression 

(fear/happy) and whether the emotional expression is Go or Nogo. As for d-prime, but not for 

hits, there was also a significant three-way interaction between age, Emotion and Stimulus 

type [F = 9.74, p = .003, np
2 = .13] on False Alarms, indicative that the effect of emotional 

expression and whether that expression is Go or Nogo within a block of trials, also depend on 

age.  

 

 

 

Figure 3. Visualization of the interaction effect between Emotion (fear/happy) and 

Stimulus type (Go/Nogo) on False Alarms. This figures illustrates that false alam rate 

is higher when the emotional expression is Go compared to Nogo for both fear and 

happy and that false alarm rate is influenced by the emotional expression, with poorer 

performance in the happy conditions compared to fear conditions.  

 

 



 26 

Linear regression with age on False Alarms showed that false alarm rate goes down in 

all conditions, as participants get older. The age-effect in the neutral/fear [Beta = -.69, p < 

.001] and happy/neutral [Beta = -.69, p < .001] conditions appears to be somewhat stronger 

than in the fear/neutral [Beta = -.53, p < .001] and neutral/happy [Beta = -.59, p < .001] 

conditions. In other words, these results show that false alarm rate was more impacted by age 

when fear was the Nogo stimuli and happy was the Go stimuli compared to when fear was 

the Go stimuli and Happy was the Nogo stimuli. The association between age and percentage 

False Alarms in the four experimental conditions included in the main analysis (fear/neutral, 

neutral/fear, happy/neutral & neutral/happy) are illustrated with scatter plots (Figure 4). 

Further, as we saw a similar pattern of age-effects between different conditions in the 

analysis of d-prime, but not as strong age-effects in the analysis of Hits performance across 

participants, d-prime score is likely more influenced by False Alarms than Hits.  

 

 

 

 

Figure 4. Scatter plots of the associations between age and percentage False Alarms 

for each of the experimental conditions separately. The associations are uncorrected 

for sex and age. 
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Cortical Analyses 

A Fear Difference Measure, reflecting task performance and specifically percentage 

increase in False Alarms when fear emotional expressions were Nogo stimuli (neutral/far) 

compared to Go (neutral/fear), was computed. To test the effects of the Fear Difference 

Measure on cortical thickness, we performed exploratory surface-based analyses for the 

whole cortex on a vertexwise (point-by-point) level using general linear models as 

implemented in FreeSurfer, while controlling for sex and age. The uncorrected results (p < 

.05) are illustrated in Figure 5 and showed mainly positive associations between False 

Alarms specifically to fearful emotional expressions and cortical thickness, independently of 

sex and age, in a left hemisphere lateral temporal lobe region encompassing parts of the 

superior and middle temporal gyri. After correction for multiple comparisons using cluster 

inference, there were no significant sex- and age-independent associations between cortical 

thickness and the Fear Difference Measure.  

 

 

 

 

Figure 5. Illustration of associations between cortical thickness and false alarm rate 

specific to fear as Nogo stimuli, relative to when fear was Go stimulus. The 

associations shown are only controlled of sex and age, not corrected for multiple 

comparisons.  

 

 

 

Subcortical Analyses 

In the present study, bilateral volumes of the amygdalae and ventral striatum (nucleus 

accumbens) were included as subcortical regions of interest (ROIs). Univariate linear model 

analyses, controlling for the effects of sex and age, were performed to investigate the 

associations between volumes of the subcortical structures of interest and the Fear Difference 

Measure of False Alarms specific to when fearful faces was Nogo stimuli, relative to when 

fearful faces was the Go stimulus. 
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These analyses showed that, before correction for multiple comparisons, there was a 

sex- and age-independent significant positive association between the Fear Difference 

Measure and volume of the right amygdala [F = 4.74, p = .033, np
2 = .069], indicating that 

increase in False Alarms specific to fear as Nogo compared to go is associated with larger 

volume of the right amygdala. The association between raw volumes of the right amygdala, 

as estimated by FreeSurfer, and the Fear Difference Measure for each participant, is 

illustrated in Figure 6. When corrected for MC by an adjusted Bonferroni procedure, 

however, this relationship was no longer significant (p = .027). There was also a non-

significant trend towards a positive sex- and age-independent association between the Fear 

Difference Measure and volume of the left amygdala [F = 3.13, p. = .082]. Associations 

between the Fear Difference Measure and volumes of the left ventral striatum [F = .019, p = 

.89] and right ventral striatum [F = .608, p = .44] were not significant.  
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Figure 6. Scatter plot of the associations between raw volumes of the right amygdala 

(mm3) and the Fear Difference Measure (%), relfelcting increase in inhibition errors 

for fear as Nogo stimulus compared to fear as Go stimulus. The illustrated 

associations are uncorrected for sex and age.  
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Discussion 

In the present study, we administered an Emotional Go/Nogo task contrasting the 

effects of fear, happy and neutral facial expressions on behavioural performance to assess 

age-related differences in emotion regulation from late childhood to young adulthood. 

Additionally, the associations between False Alarms specific to fear as Nogo compared to Go 

(the Fear Difference Measure), and cortical thickness and subcortical ROIs (bilateral volumes 

of the amygdalae and the ventral striatum), were investigated. As predicted, our sample 

revealed a main effect of age on the task accuracy measures investigated (d-prime, Hits and 

False Alarms), and improved behavioural performance was associated with increasing age. 

Additionally, our results show that Emotion (fear/happy emotional facial expressions) and 

Stimulus type (Go/Nogo trials) affected performance diffrently on our sensivity measure (d-

prime), total percentage correct responses in Go trials (Hits) and percentage failures to inhibit 

unwanted responses (False Alarms). There were no significant differences in emotion 

regulation between female and male participants on any of the task accuracy measures. The 

analysis of cortical thickness revealed an uncorrected significant sex- and age-independent 

association between the Fear Difference Measure and a left hemisphere lateral temporal lobe 

region encompassing parts of the superior and middle temporal gyri. Analyses of subcortical 

ROIs showed an uncorrected significant positive association between the Fear Difference 

Measure and volume of the right amygdala, and a non-significant trend towards a positive 

sex- and age-independent association between the Fear Difference Measure and volume of 

the left amygdala. When corrected for MC by an adjusted Bonferroni procedure, none of the 

associations between the Fear Difference Measure, and cortical and subcortical brain 

structures remained significant.  

As our sample consisted of participants in a relatively broad age range from 8-26 

years, we expected improvement in overall behavioural performance to be associated with 

increasing age, indicative of continued development across adolescence (Ahmed et al., 2015; 

Del Piero et al., 2016). This would be supported by both age-related increase in correct 

responses to Go trials (Hits) and an age-related decrease in failed attempts to inhibit 

unwanted responses (False Alarms), in addition to age-effects on our sensitivity measure (d-

prime) accounting for performance on both Hits and False Alarms. Independent of specific 

experimental conditions, approximately one third (31%) of the overall increase in correct 

response and roughly two thirds (70%) of the overall decrease in inhibition errors was 
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accounted for by age, and thus we found support for the hypothesis of continued 

development.  

In addition to continued development, we also expected to see indications of 

prolonged development in our sample of healthy adolescents (Blakemore & Robbins, 2012; 

Tamnes et al., 2010). This would be supported by the observation of increase in Hits and 

decrease in False Alarms occurring at a different time points across adolescence, reflected by 

stronger age-effects on one of the measures. Speifically, we expected the decline in unwanted 

responses to be more age-dependent than a correspondent increase in correct responses in Go 

trials. Successful inhibition is dependent on the prolonged development of prefrontal cortices 

compared to the linear developmental trajectories of subcortical structures supporting 

emotion processing and regulation (Mills & Tamnes, 2014). Overall, our results supported 

the hypothesis of prolonged development. In a study of emotion regulation comparable to 

ours, a similar result was found using an Emotional Go/Nogo task with fearful, angry, happy, 

sad, and neutral facial expressions as stimuli: age-related improvements in inhibition 

occurred from childhood to adulthood whereas increase in correct responses depended on 

emotional context rather than age (Tottenham et al., 2011). In furtherance of this, we 

expected our sensitivity measure (d-prime) to be more driven by age-related changes in 

inhibition performance than age-related changes in correct responses (Hare et al., 2008). Our 

sensitivity measure balances correct responses and failed attempts to inhibit unwanted 

responses to account for a participant’s tendency to either respond or withhold responses 

independent of the appropriate action, thus reflecting overall performance on the Emotional 

Go/Nogo task. One explanation for the stronger effect of False Alarms on our sensitivity 

measure could be that average performance of Hits was near perfect (94-96%) in all 

conditions, although this is comparable to previously reported performance in Hit trials on an 

Emotional Go/Nogo task (Hare et al., 2005). One possible explanation could be that the 

ability to appropriately approach emotional stimuli (Hits) occurs earlier in development than 

late childhood and that our design was not suitable to fully capture the age-related effects on 

this measure, although this remains pure speculation. In comparison, average percentage false 

alarm rate varied more depending on the experimental condition (25-39%).  

In addition to age-related improvements in emotion regulation, we also expected 

performance to be influenced by emotional context (fear/happy) and whether a specific 

stimulus was to be approached (Go) or avoided (Nogo) within a block of trials (Hare et al., 

2005; Hare et al., 2008; Tottenham et al., 2011). As our aim was to characterize age-related 

changes in emotion regulation, effects of Emotion and Stimulus type were primarily 
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interesting if their influence on performance also depended on age. For our sensitivity 

measure (d-prime) and False Alarms, but not for Hits, we found age-related differences in 

how both emotional context and stimulus type affect behavioural performance. For Hits, our 

results showed that as participants matured, their total number of correct responses was less 

influenced by whether an emotional expression was to be approached or avoided (Stimulus 

type). Overall emotion regulation (d-prime) was most influenced by age when fear stimuli 

were to be avoided and happy faces were to be approached. Specifically, we predicted that 

the age-effect would be stronger on False Alarms in conditions where an emotional 

expression was to be avoided compared to conditions were it was to be approached, and our 

results supported this hypothesis.  

Cortical thinning, as observed across adolescence, is thought to index a maturational 

process (Ahmed et al., 2015). Structural imaging studies demonstrate a fairly linear trajectory 

of cortical thinning that extends at least into early adulthood, and individual variations in 

inhibitory control might therefore be associated with variations in the process of cortical 

thinning, especially in those regions mediating response inhibition (Newman et al., 2015). 

Thus, we expected thicker cortex to be associated with poorer performance on the Emotional 

Go/Nogo task as reflected by the Fear Difference Measure. Results from our exploratory 

cortical analysis suggest that independent of sex and age, thicker cortex in a left hemisphere 

lateral temporal lobe region, encompassing parts of the superior and middle temporal gyri, 

might support our hypothesis. However, because we performed exploratory analyses for the 

whole cortex and had to adjust for multiple comparisons, we do not have enough statistical 

power to imply that our results support the hypothesis of an association between the Fear 

Difference Measure and cortical thickness. Thus, the discussion of suggested cortical regions 

should be considered tentative.  

In the context of emotion processing and emotion regulation, the superior temporal 

gyrus (STG) has previously been related to perception of emotions in face stimuli (Xu et al., 

2015). The middle temporal gyri (MTG) appear to be important in social cognition processes, 

including decoding gaze direction (Kohn, Eickhoff, Scheller, Laird, & Habel, 2014), and as 

an important structure in the pathway consisting of the amygdalae and prefrontal cortex (Xu 

et al., 2015). Interestingly, these brain-behaviour associations might be interpreted so that 

performance on the Fear Difference Measure in the present study, reflecting poorer inhibition 

in the context of fear, is somehow related to differences in facial processing, as reflected by 

individual variations in cortical thickness in the STG and MTG. This interpretation is further 

supported by a study of brain structural correlates of emotion regulation which found that 
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larger volume of the amygdalae was associated with thicker cortex in the left STG, associated 

also with poorer emotion regulation performance (Albaugh et al., 2017). As it has been 

suggested that structural and functional networks of emotion regulation largely overlap 

(Albaugh et al., 2013), it is also intriguing that a recent functional imaging study showed 

activation of both the STG and the MTG on an implicit emotion-processing task with facial 

expressions as stimuli (Kana, Patriquin, Black, Channell, & Wicker, 2016), although the 

neurocognitive overlap between structural and functional networks remain speculative.  

We hypothesized that larger volumes of subcortical ROIs (bilateral volumes of the 

amygdalae and ventral striatum) would be associated with emotion regulation in the context 

of fear, reflected by additional wrong responses when participants were supposed to avoid 

fearful stimuli compared to when they were supposed to avoid neutral stimuli. Our analyses 

of subcortical brain structures insinuate that, after controlling for sex and age, larger volume 

of the right amygdala and, although to a lesser degree, volume of the left amygdala, was 

associated with poorer emotion regulation specific to fearful emotional expressions as Nogo 

stimuli compared to Go, partly supporting our hypothesis. However, it is important to note 

that we are not able to make conclusions about brain-behaviour associations in the current 

study, seeing as none of our results remained significant after adjusting for conducting 

multiple analyses. The uncorrected significant association for the right amygdala and the non-

significant trend for the left amygdala will therefore be discussed tentatively.  

Increased volumes of the bilateral amygdalae have previously been linked to 

increased emotional activity in the context of emotionally salient stimuli such as facial 

expressions (Ochsner et al., 2012; Hare et al., 2005). Larger volumes of the amygdalae have 

also been associated with emotion dysregulation on a structural level (Ahmed et al., 2015; 

Ernst et al., 2006). Our results indicate that poorer emotion regulation as reflected by an 

increase in failed attempts to inhibit an unwanted response in the context of fear, is associated 

with larger volumes of the amygdalae. Although we are not able to make conclusions based 

on this, it is in line with previous research on the structural and functional correlates of 

emotion regulation, specifically in relation to fear stimuli.  
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Limitations and Future Directions 

In the present study, data collection was conducted as part of the third wave of the 

longitudinal research project NeuroCognitive Development, and administration of the 

Emotional Go/Nogo task was added to roughly 2.5 hours of behavioural testing. Thus, in 

designing the task, shortening the total amount of time required to complete administration 

was weighted against inclusion of enough Go/Nogo trials to make possible assessment of 

age-related behavioural differences in emotion regulation. Additionally, as our sample 

included young participants, it was also important to keep the task short to heighten the 

probability that performance would not go down in later trials. Participants completed a total 

number of 192 Go/Nogo trials, which amounted to roughly half of the number of trials 

usually included in comparable studies (see for example Newman et al., 2015; Zhang et al., 

2016), most likely weakening the statistical power of our analyses. Although our analysis of 

behavioural data revealed significant age-related effects, future research should probably 

consider inclusion of a larger number of Go/Nogo trials. Also the relatively small number of 

participants makes it harder to detect age-related differences in emotion regulation, and future 

studies should thus consider enlarging the research sample.  

In the present study, we included two emotional expressions, one negative (fear) and 

one positive (happy). It would be of interest to investigate how other emotions (e.g. anger, 

sadness, surprise or disgust) influence the age-related changes in emotion regulation 

performance investigated in the present study. In future studies, it should also be taken into 

consideration whether neutral or calm emotional facial expressions should be used as 

baseline stimuli, as it has been suggested that calm faces may be perceived as having less 

negative valence compared to neutral faces (Filkowski & Haas, 2016; Tottenham et al., 

2009). As the stimuli in the present study were drawn from the NimStim Face Stimulus Set 

with known validity and reliability properties, however, the use of neutral faces instead of 

calm are not expected to have significantly obstructed interpretation of our results. Further, it 

would be of interest to investigate how more complex emotional expressions differently 

influence age-related differences in emotion regulation, at least from a behavioural 

perspective. As argued in a recent review, a key future direction for the study of emotional 

development in adolescence is to create novel neuroimaging tasks that better reflect the 

ongoing, flexible, and interactive nature of emotion processing in daily life through 

prompting of more complex emotional states (Del Piero et al., 2016). However, one can 

assume that complex emotions would be more difficult to relate to structural properties of the 

brain.  
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Our design was adapted from Hare and colleagues (2008), and included two blocks 

contrasting fear and happy emotional expressions in order to allow for examination of how 

negative and positive emotions differently affect task performance. As our main analysis 

specifically focused on the separate effects of the selected emotional expressions, however, 

data from these blocks were not analyzed. Thus, it would have been desirable to include only 

blocks with neutral faces as comparison stimuli, strengthening the statistical power in our 

analyses. Further, for the purpose of investigating brain structural correlates of emotion 

regulation, it would have been suitable to streamline the experimental design by inclusion of 

only one selected emotional expression (e.g., fear), although several emotions could be 

interesting to investigate. This would help the formulation of theory-driven a priori 

hypotheses of emotion-related brain structures, making it possible to test specifically for 

effects of behavioural performance on cortical regions and subcortical structures implicated 

by previous research. Future studies should take this into consideration. 

 

Conclusion 

In conclusion, the present study supports existing research on emotion regulation 

across adolescence on a behavioural level, as reflected by age-related improvement in 

performance on the Emotional Go/Nogo task. This was expected as our sample consisted of 

healthy participants in a broad age range normally showing increased regulatory success 

dealing with emotionally salient situations as they age. We aimed to characterize age-related 

differences in emotion regulation and to investigate associations with brain structural 

correlates, and our results supported the hypothesis of prolonged development, reflected by 

differentiated age effects on d-prime, False Alarms and Hits, and possibly associations with 

the superior and middle temporal gyri and bilateral volumes of the amygdalae although we 

are not able to conclude based on our MRI results. 

Our findings may be important for future research on populations known to show 

reduced resilience to emotion dysregulation illnesses. As brain-based models of emotion 

regulation are developed to guide treatment interventions, it is useful to have in mind how the 

developing brain is also influenced by experiences that can be modulated (Kessler et al., 

2007).  

Also, future research on the effects of age on emotion regulation across adolescence, 

should consider streamlining the experimental design and forming a priori hypothesis of 

cortical regions of interest in order to better detect age-related differences in emotion 

regulation and their effects on brain structural correlates.  



 36 

References 

Ahmed, S.P., Bittencourt-Hewitt, A., & Sebastian, C.L. (2015). Neurocognitive bases of 

 emotion regulation development in adolescence. Developmental Cognitive 

 Neuroscience, 15(5), 11-25. doi: 10.1016/j.dcn.2015.07.006 

Albaugh, M.D., Ducharme, S., Collins, D.L., Botteron, K.N., Althoff, R.R., Evans, . . . 

 Hudziak, J.J. (2013). Evidence for a cerebral cortical thickness network anti-

 correlated with amygdalar volume in healthy youths: implications for the neural 

 substrates of emotion regulation. NeuroImage, 71(8), 42-49. doi: 

 10.1016/j.neuroimage.2012.12.071 

Augusti, E.M., Torheim, H.K., & Melinder, A. (2014). The effect of emotional facial 

 expressions on children´s working memory: Associations with age and behavior. 

 Child Neuropsychology 20(1), 86-105. doi: 10.1080/09297049.2012.749225 

Bickart, K.C., Dickerson, B.C., & Barret, L.F. (2014). The amygdala as a hub in brain 

 networks that support social life. Neuropsychologia, 63(12), 235-248. doi: 

 10.1016/j.neuropsychologia.2014.08.013 

Blakemore, S.J. (2008). The social brain adolescence. Nature Reviews Neuroscience, 9(4), 

 267-277. doi: 10.1038/nrn2353 

Blakemore, S.J. & Robbins, T.W. (2012). Decision-making in the adolescent brain. Nature 

 Neuroscience, 15(9), 1184-1191. doi: 10.1038/nn.3177 

Cohen, J. (1960). A Coefficient of Agreement for Nominal Scales. Educational and 

 Psychological Measurement, 20(1), 37-46. doi: 10.1177/001316446002000104 

Conners, C.K., Epstein, J.N., Angold, A., & Klaric, J. (2003). Continuous Performance Test 

 Performance in a Normative Epidemiological Sample. Journal of Abnormal Child 

 Psychology, 31(5), 555-562. doi: 10.1023/A:1025457300409 

Dale, A.M., Fischl, B., & Sereno, M.I. (1999). Cortical surface-based analysis. I. 

 Segmentation and surface reconstruction. NeuroImage, 9(2), 179-194. doi:

 10.1006/nimg.1998.0395 

Daniel, R. & Pollmann, S. (2014) A universal role of the ventral striatum in reward-based 

 learning: Evidence from human studies. Neurobiology of Learning and Memory, 

 114(8), 90-100. doi: 10.1016/j.nlm.2014.05.002 

Del Piero, L.B., Saxbe, D.E., & Margolin, G. (2016). Basic emotion processing and the 

 adolescent brain: Task demands, analytic approaches, and trajectories of changes. 

 Developmental Cognitive Neuroscience, 19(3), 174-189. doi: 

 10.1016/j.dcn.2016.03.005 



 37 

Ernst, M., Pine, D.S., & Hardin, M. (2006). Triadic model of the neurobiology of motivated 

 behavior in adolescence. Psychological Medicine, 36(3), 299-312. doi: 

 10.1017/S0033291705005891 

Filkowski, M.M. & Haas, B.W. (2017). Rethinking the Use of Neutral Faces as a Baseline in 

 fMRI Neuroimaging Studies of Axis-I Psychiatric Disorders. Journal of 

 Neuroimaging, 27(3), 281-291. doi: 10.1111/jon.12403 

Fischl, B., Sereno M.I., & Dale, A.M. (1999). Cortical Surface-Based Analysis. II. Inflation, 

 Flattening, and a Surface-Based Coordinate System. NeuroImage, 9(2), 195-207. doi: 

 10.1006/nimg.1998.0396 

Fischl, B. & Dale, A.M. (2000). Measuring the thickness of the human cerebral cortex from 

 magnetic resonance images. Proceedings of the National Academy of Sciences of the 

 United States of America, 97(20), 11050-11055. doi: 10.1073/pnas.200033797 

Fischl, B., Salat, D.H., Busa, E., Albert, M., Dieterich, M., Haselgrove, . . . Dale, A.M. 

 (2002). Whole Brain Segmentation: Automated Labeling of Neuroanatomical 

 Structures in the Human Brain. Neuron, 33(3), 341-355. doi: 10.1016/S0896-

 6273(02)00569-X 

Fischl, B. (2012). FreeSurfer. NeuroImage, 62(2) 774-781. doi: 

 10.1016/j.neuroimage.2012.01.021 

Garrett, A.S., Carrion, V., Kletter, H., Karchemskiy, M.S., Weems, C.F., & Reiss, A. (2012). 

 Brain activation to facial expressions in youth with PTSD symptoms. Depression and 

 Anxiety, 29(5), 449-459. 

Hagler Jr., D.J., Saygin, A.P., & Sereno, M.I. (2006). Smoothing and cluster thresholding for 

 cortical surface-based group analysis of fMRI data. NeuroImage, 33(4), 1093-1103. 

 doi: 10.1016/j.neuroimage.2006.07.036 

Hare, T.A., Tottenham, N., Davidson, M.C., Glover, G.H., & Casey, B.J. (2005). 

 Contributions of Amygdala and Striatal Activity in Emotion Regulation. Biological 

 Psychiatry, 57(6), 624-632. doi: 10.1016/j.biopsych.2004.12.038 

Hare, T.A., Tottenham, N., Galvan, A., Voss, H.U., Glover, G.H., & Casey, B.J. (2008). 

 Biological Substrates of Emotional Reactivity and Regulation in Adolescence During

  an Emotional Go-Nogo Task. Biological Psychiatry, 63(10), 927-934. doi: 

 10.1016/j.biopsych.2008.03.015  

Hayasaka, S. & Nichols, T.E. (2003). Validating cluster size inference: random field and 

 permutation methods. NeuroImage, 20(4), 2343-2356. doi: 

 10.1016/j.neuroimage.2003.08.003 



 38 

Jernigan, T.L., Baaré, W.F.C., Stiles, J., & Madsen, K.S. (2011). Chapter 5 - Postnatal brain 

 development: Structural imaging of dynamic neurodevelopmental processes. Progress 

 in Brain Research, 189(2), 77-92. doi: 10.1016/B978-0-444-53884-0.00019-1 

Kadosh, K.C., Luo, Q., de Burca, C., Sokunbi, M.O., Feng, J., Linden, D.E.J., & Lau J.Y.F. 

 (2016). Using real-time fMRI to influence effective connectivity in the developing 

 emotion regulation network. NeuroImage, 125(2), 616-626. doi: 

 10.1016/j.neuroimage.2015.09.070 

Kana, R.K., Patriquin, M.A., Black, B.S., Channell, M.M., & Wicker, B. (2016). Altered 

 Medial Frontal and Superior Temporal Response to Implicit Processing of Emotions 

 in Autism. Autism Research, 9(1), 55-66. doi: 10.1002/aur.1496 

Kessler, R.C., Amminger, G.P., Aguilar-Gaxiola, S., Alonso, J., Lee, S., & Ustun, T.B. 

 (2007). Age of onset of mental disorders: A review of recent literature. Current 

 Opinion in Psychiatry 20(4), 359-364. doi: 10.1097/YCO.0b013e32816ebc8c 

Kohn, N., Eickhoff, S.B., Scheller, M., Laird, A.R., Fox, P.T., & Habel, U. (2014). Neural 

 network of cognitive emotion regulation – An ALE meta-analysis and MACM 

 analysis. NeuroImage, 87(4), 345-355. doi: 10.1016/j.neuroimage.2013.11.001 

LeDoux, J.E., Pine, D.S. (2016). Using Neuroscience to Help Understand Fear and Anxiety: 

 A Two-System Framework. The American Journal of Psychiatry, 173(11), 1083-

 1093. doi: 10.1176/appi.ajp.2016.16030353 

Mills, K.L. & Tamnes, C.K. (2014). Methods and considerations for longitudinal structural 

 brain imaging analysis across development. Developmental Cognitive Neuroscience, 

 9(3), 172-190. doi: 10.1016/j.dcn.2014.04.004 

Newman, E., Jernigan, T.L., Lisdahl, K.M., Tamm, L., Tapert, S.F., Potkin, S.G., . . . Epstein, 

 J.N. (2015). Go/No Go task performance predicts cortical thickness in the caudal 

 inferior frontal gyrus in young adults with and without ADHD. Brain Imaging and 

 Behavior, 10(3), 880-892. doi: 10.1007/s11682-015-9453-x  

Ochsner, K.N. & Gross, J.J. (2005). The cognitive control of emotion. Trends in Cognitive 

 Sciences, 9(5), 242-249. doi: 10.1016/j.tics.2005.03.010 

Ochsner, K.N. & Gross, J.J. (2008). Cognitive Emotion Regulation: Insights from Social 

 Cognitive and Affective Neuroscience. Current Directions in Psychological Science, 

 17(2), 153-158. doi: 10.1111/j.1467-8721.2008.00566.x 

 

 



 39 

Ochsner, K.N., Silvers, J.A., & Buhle, J.T. (2012). Functional imaging studies of emotion 

 regulation: a synthetic review and evolving model of the cognitive control of emotion. 

 Annals of the New York Academy of Sciences, 1251, E1-E24. doi: 10.1111/j.1749-

 6632.2012.06751.x 

Perneger, T.V. (1998). What's wrong with Bonferroni adjustments. The BMJ, 316(7139), 

 1236-1238. doi: 10.1136/bmj.316.7139.1236 

Pfeifer, J.H. & Allen, N.B. (2012). Arrested development? Reconsidering dual-systems 

 models of brain function in adolescence and disorders. Trends in Cognitive Sciences, 

 16(6), 322-329. doi: 10.1016/j.tics.2012.04.011 

Psychology Software Tools, Inc. [E-Prime 2.0]. (2012). Retrieved from 

 http://www.pstnet.com. 

Salthouse, T.A. (2011). Neuroanatomical substrates of age-related cognitive decline. 

 Psychological Bulletin, 137(5), 753-784. doi: 10.1037/a0023262 

Sankoh, A.J., Huque, M.F., & Dubey, S.D. (1997). Some comments on frequently used 

 multiple endpoint adjustment methods in clinical trials. Statistics in Medicine, 16(22), 

 2529-2542. doi: 10.1002/(SICI)1097-0258(19971130)16:22<2529::AID-

 SIM692>3.0.CO;2-J 

Schulz, K.P., Fan, J., Magidina, O., Marks, D.J., Hahn, B., & Halperin, J.M. (2007). Does the 

 Emotional Go/No-Go Task Really Measure Behavioral Inhibition? Convergence with 

 Measures on a Non-Emotional Analog. Archives of Clinical Neuropsychology, 22(2), 

 151-160. doi: 10.1016/j.acn.2006.12.001 

Silvers, J.A., Shu, J., Hubbard, A.D., Weber, J., & Ochsner, K.N. (2015). Concurrent and 

 lasting effects of emotion regulation on amygdala response in adolescence and young 

 adulthood. Developmental Science, 18(5), 771-784. doi: 10.1111/desc.12260 

Tamnes, C.K., Østby, Y., Fjell, A.M., Westlye, L.T., Due-Tønnesen, P., & Walhovd, K.B. 

 (2010). Brain Maturation in Adolescence and Young Adulthood: Regional Age-

 Related Changes in Cortical Thickness and White Matter Volume and Microstructure. 

 Cerebral Cortex, 20(3), 534-548. doi: 10.1093/cercor/bhp118 

Tamnes, C.K., Walhovd, K.B., Dale, A.M., Østby, Y., Grydeland, H., Richardson, G., . . . 

 Fjell, A.M. (2013). Brain Development and aging: Overlapping and unique patterns of 

 change. NeuroImage, 68(5), 63-74. doi: 10.1016/j.neuroimage.2012.11.039 

Tamnes, C.K., Walhovd, K.B., Engvig, A., Grydeland, H., Krogsrud, S.K., Østby, Y., . . . 

 Fjell, A.M. (2014). Regional Hippocampal Volumes and Development Predict 



 40 

 Learning and Memory. Developmental Neuroscience, 36(3-4), 161-174. doi: 

 10.1159/000362445 

Thomas, L.A, Kim, P., Bones, B.L., Hinton, K.E., Milch, H.S., Reynolds, C.R., . . . 

 Leibenluft, E. (2013). Elevated amygdala responses to emotional faces in youths 

 witch chronic irritability or bipolar disorder. NeuroImage: Clinical, 2(1), 637-645. 

 doi: 10.1016/j.nicl.2013.04.007 

Tottenham, N., Tanaka, J.W., Leon, A.C., McCarry, T., Nurse, M., Hare, T.A., . . . Nelson, C. 

 (2009). The NimStim set of facial expressions: Judgments from untrained research 

 participants. Psychiatry Research, 168(3), 242-249. doi: 

 10.1016/j.psychres.2008.05.006 

Tottenham, N., Hare, T.A., & Casey, B.J. (2011). Behavioral assessment of emotion 

 discrimination, emotion regulation, and cognitive control in childhood, adolescence 

 and adulthood. Frontiers in Psychology 2(39), 1-9. doi: 10.3389/fpsyg.2011.00039 

Vijayakumar, N., Whittle, S., Yücel, M., Dennison, M., Simmons, J., & Allen, N.B. (2014). 

 Thinning of the lateral prefrontal cortex during adolescence predicts emotion 

 regulation in females. Social Cognitive and Affective Neuroscience, 9(11), 1845-1854. 

 doi: 10.1093/scan/nst183 

Yang, S., Luo, W., Zhu, X., Broster, L.S., Chen, T., Li, J., & Luo, Y. (2014). Emotional 

 content modulates response inhibition and perceptual processing. Psychophysiology, 

 51(11), 1139-1146. doi: 10.1111/psyp.12255 

Wager, T.D., Davidson, M.L., Hughes, B.L., Lindquist, M.A., & Ochsner, K.N. (2008). 

 Prefrontal-Subcortical Pathways Mediating Successful Emotion Regulation. Neuron 

 Article, 59(6), 1037-1050. doi: 10.1016/j.neuron.2008.09.006 

Xu, J., Wang, J., Fan, L., Li, H., Zhang, W., Hu, Q., & Jiang, T. (2015). Tractography-based 

 Parcellation of the Human Middle Temporal Gyrus. Scientific Reports, 5(18883), 1-

 13. doi: 10.1038/srep18883 

Zhang, W., Ding, Q., Chen, N., Wei, Q., Zhao, C., Zhang, . . . Li, H. (2015). The 

 development of automatic emotion regulation in an implicit emotional Go/NoGo 

 paradigm and the association with depressive symptoms and anhedonia during 

 adolescence. NeuroImage: Clinical, 11(2), 116-123. doi: 10.1016/j.nicl.2016.01.018 

 


