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ABSTRACT 
 
  

THE NEURAL ARCHITECTURE OF EMOTIONAL INTELLIGENCE 
 

Teodora Stoica 
 

April 9, 2021 
 

 Emotional Intelligence (EI) is a nebulous concept that permeates daily 

interpersonal communication.  Despite prolific research into its benefits, EI 

subjective measurement is difficult, contributing to an enigmatic definition of its 

core constructs. However, neuroimaging research probing socioaffective brain 

mechanisms underlying putative EI constructs can add an objective perspective 

to existing models, thereby illuminating the nature of EI. Therefore, the primary 

aim of this dissertation is to identify brain networks underlying EI and examine 

how EI arises from the brain’s functional and structural neuroarchitecture. EI is 

first defined according to behavioral data, which suggests EI is made up of two 

core constructs: Empathy and Emotion Regulation (ER). The interaction of brain 

networks underlying Empathy and ER is then investigated using a novel 

neuroimaging analysis method: dynamic functional connectivity (dynFC). The 

results suggest efficient communication and (re)configuration between the CEN, 

DMN, SN underlie both ER and RME task dynamics, and that these temporal 

patterns relate to trait empathy and ER tendency. Given the demonstrated 

behavioral and neurobiological relationship between empathy and ER, our 

vi 



 

 
 

second aim is to examine each of these constructs individually through detailed 

experiments using a variety of neuroimaging methodologies. The dissertation 

concludes by proposing EI is an ability that arises from the effective, yet flexible 

communication between brain networks underlying Empathy and ER.  

 The dissertation is divided into five chapters. Chapter I describes the 

foundational concept of EI as originally described by a variety of psychological 

figures and the lacuna that exists in terms of its neural correlates. Chapter II 

presents behavioral data that proposes EI is best predicted by Empathy and ER. 

Chapter III explores the dynamic relationship between brain networks underlying 

Empathy and ER, with the aim of elucidating their neurobiological associations, 

and investigate how such associations may combine to create EI. Chapter IV 

examines Empathy closely, by probing its neurobiological relationship to 

interoception and anxiety. Chapter V examines ER closely, by investigating 

whether gender plays a role in ER, and its neurobiological relationship to 

hormones. Chapter VI links the general findings from Chapters III, IV and V, and 

proposes an integrative neurocognitive EI model.  The dissertation concludes by 

providing clinical and non-clinical applications for the model. 
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CHAPTER I: INTRODUCTION 
 
 

“When we speak of emotional intelligence, we are alluding to whether someone 
understands key components of emotional functioning” 

 
Alain de Botton 

 

Background 

In recent years, an increased interest in the neurobiological basis of 

emotion perception and regulation in humans has led to the acknowledgement 

that emotions play a critical role in cognitive processes such as judgment, 

decision-making, problem solving and interpersonal perception (Damasio, 2005; 

Grewal et al., 2006). The novel concept of Emotional Intelligence (EI) proposes a 

useful framework for integrating aspects of emotion processing, emotion 

regulation and subsequent effective behavioral responses to emotional stimuli. 

This framework has its early roots in Thorndike's 1920 concept of social 

intelligence, which involved the ability to understand, manage, and interact wisely 

with others. It is also related to Gardner's 1986 discussion of intra- and inter- 

personal intelligence, which involved the capacity to understand the intentions, 

motivations and desires of the self and other, respectively. However, it was 

Mayer and Salovey that in 1990 built upon this work and formally defined EI as: 

“a form of social intelligence that involves the ability to monitor one’s own and 
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others’ feelings and emotions, to discriminate among them, and to use this 

information to guide one’s thinking and action”. This definition was later refined 

and broken down into four proposed abilities, or branches, that are distinct yet 

related: perceiving, using, understanding, and managing emotions (Mayer, 

2004), and updated in 2016 by the same authors. The following is a description 

of the latest reformulation of their EI model (Mayer et al., 2016).  

The first branch, perceiving emotions, is the ability to detect and decipher 

emotions in own’s own physical state, as well as others’ faces, pictures and 

voices through their facial expressions, language and behavior. The perception 

of emotion is considered the most basic, as it provides the basis for all other 

emotional processing. The second branch, using emotions, is the ability to 

harness emotions and facilitate various cognitive activities, such as thinking and 

problem solving. For example, research suggests completing careful methodical 

tasks is best facilitated by a sad mood, while a good mood can stimulate creative 

and innovative thinking (Isen et al., 1991). An emotionally intelligent person could 

successfully gauge their mood and choose the task appropriately. The third 

branch, understanding emotions, is the ability to comprehend emotion language 

and appreciate complicated relationships among emotions. This ability 

encompasses the ability to correctly label emotions, be sensitive to variations in 

the same emotions (emotional granularity (Barrett, 2004)), and understand how a 

person might feel under certain conditions, or affective forecasting. The fourth 

branch, managing emotions, consists of the ability to regulate emotions in both 
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ourselves and others. This branch includes the ability to evaluate strategies to 

maintain, reduce, or intensify an emotional response, and effectively manage 

one’s own or others’ emotions to achieve a desired outcome. For example, a 

shrewd politician may tap into feelings of anger in order to rouse feelings of 

anger in his political base. Other researchers have expanded on the Mayer & 

Salovey EI model, introducing the expression of emotions in a productive manner 

(Goleman, 1995), empathy (Leiberg & Anders, 2006; Petrides & Furnham, 2000), 

and even zeal to motivate others (Davies et al., 1998) as crucial social skills that 

can contribute to effectively managing relationships with others.  

Despite its amorphous definition, skills linked to EI have been directly 

associated with positive social interaction and well-being, while emotion 

dysregulation is considered a key mechanism underlying various 

psychopathologies (Davidson, 1998; M. L. Phillips et al., 2008). For example, 

research suggests high EI measurements are inversely related to social anxiety 

and depression (Mayer et al., 1999), are associated with more positive 

interactions with other people (Lopes et al., 2005), less violent behavior (Brackett 

et al., 2004), improved relationship satisfaction, leadership ability, career 

success, physical/emotional health, and many others (Brackett et al., 2012; 

Hagelskamp et al., 2013; Keidar, 2015).  Conversely, low EI has been associated 

with anxiety, depression, posttraumatic stress disorder (PTSD) (G. J. Taylor, 

2001) and borderline personality disorder (Stuss & Levine, 2002).  
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Together, these findings suggest that EI skills play an important role in 

helping people to manage conflict and experience positive emotions in their 

relationships with others, while a lack thereof may lead to emotion dysregulation 

and possibly mental disorders. Importantly, research shows that EI comprises 

skills that can be modified. This idea gains support from previous studies 

suggesting that scores on EI-related measures tend to improve with age 

(Derksen et al., 2002; Hemmati et al., 2004; Kafetsios, 2004), as well as with 

training in other domains (e.g., music lessons; see (Thompson et al., 2004)). 

That is, these results reinforce the idea EI is set of psychological skills for which 

expertise can be gained through sufficient practice/experience. 

 

Challenges of Current EI Research 

A major challenge faced by psychology researchers studying EI is 

inconsistent measurement, and therefore definition, of EI’s constituent 

constructs. The major limitation of self-report inventories that ask people to 

evaluate their own EI abilities (i.e., recognizing, thinking about, and modifying the 

emotions of self and others) is what they report may not match their true abilities 

(Austin et al., 2004). For example, some people who rate their own social 

sensitivity highly receive much lower ratings from third-party observers (Carney & 

Harrigan, 2003). Another approach to measuring EI involves performance-based 

assessments, but these too, have issues. The performance of the participant is 

scored by “experts”, yet it is theoretically unclear how such emotion experts can 
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be reliably identified. There are also valid concerns regarding the age, gender, 

ethnicity of a chosen group of experts and how that may interact with the 

demographic characteristics of a given test-taker. In addition, the observed 

relationship between self-reported trait EI and actual performance ability (e.g. 

recognizing emotion in faces tends to be weak (r=0.20 to 0.30) (Austin et al., 

2004; Brannick et al., 2009). A third, and more widely used approach, is 

consensus scoring, whereby correct answers are chosen by emotion researchers 

(Kafetsios, 2004). A well-recognized limitation, however, is that since the correct 

answer is defined by what most people choose, it can’t be used for difficult 

questions that most people would get incorrect. Additionally, they do not correlate 

with other established measures of the ability to recognize emotions from facial 

images or voice tones (Roberts et al., 2001) or predict differences in the first 

impressions people make on others while working together (Day & Carroll, 2004), 

as might be expected of an EI test. Also, their ability to predict measures of well-

being and life satisfaction are either greatly reduced or completely removed after 

controlling for other measures, such as general intelligence (IQ) tests and 

personality inventories (Gannon & Ranzijn, 2005). 

Since the processes that comprise EI remain inconsistently defined and 

make its investigation problematic, a potential solution is combining subjective EI 

measurements with objective neuroimaging tasks, therefore testing which 

sociocognitive processes underlie EI. Unlike the self-report methods or 

expert/consensus scoring methods currently employed, a neural understanding 



 

 
 

 

 

6 

of EI offers the possibility of a more objective means of scoring/evaluating EI – 

potentially allowing for a (currently lacking) performance-based neurobiological 

cognitive test of EI.  

 

Linking EI to Neuroarchitecture 

Despite its importance in navigating complex socioemotional situations in 

daily life, EI’s neurobiological mechanisms have not been uncovered. Existing 

neuroimaging studies of healthy individuals suggest that several brain regions 

may be of particular importance for the interconnected set of sociocognitive skills 

underlying EI, such as the orbitofrontal cortex (OFC), dorsolateral prefrontal 

cortex (dlPFC), amygdala, insular cortex, anterior cingulate cortex, superior 

temporal gyrus (STG), and visual association cortex – regions underlying 

emotion perception, understanding and regulation (Bar-On et al., 2003; Hornak et 

al., 2003; Killgore & Yurgelun-Todd, 2007; Tarasuik et al., 2009; Xiang et al., 

2017). However, leading models of large-scale brain architecture suggest that 

there is not a 1-to-1 mapping between brain regions and psychological functions. 

That is, most brain regions appear to be involved in a myriad of psychological 

processes, the success of which depend on the correct temporal and regional 

recruitment facilitating their interaction (Anderson, 2014).   

Present influential models define EI as an ‘array of non-cognitive abilities’, 

a problematic assertion since research suggests emotional abilities largely 

interact with cognitive systems (Crocker et al., 2013). In order to better 
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understand how EI’s interconnected facets may arise from the brain’s functional 

architecture, common “emotional” and “cognitive” mental processes related to EI 

derived from a broad psychological literature will be discussed in the context of 

canonical intrinsic connectivity networks (ICNs). ICNs are a set of established 

cortical networks presumed to underlie sensory, emotional and cognitive 

functions (Seeley et al., 2007). For the purposes of this illustration, the salience 

(SN), default mode (DMN) and central executive networks (CEN) will serve as a 

relevant demonstration (Figure 1).  

Figure 1: The Salience, Default Mode and Central Executive brain networks. 
Abbreviations: ACC – Anterior Cingulate Cortex, mPFC – Medial Prefrontal 
Cortex, PCC – Posterior Cingulate Cortex, dlPFC – dorsolateral Prefrontal 
Cortex, IPL – Intraparietal Lobule. 
 

The SN includes the anterior insula (AI), anterior cingulate cortex (ACC) 

and in addition the dorsal cingulate and sensorimotor cortex, and features 

extensive connectivity with limbic structures involved in reward and motivation 

(Barrett & Satpute, 2013; Barrett & Simmons, 2015; Craig, 2009; Ondobaka et 
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al., 2017; Owens et al., 2018; Seth, 2013; Yeo et al., 2011). The SN is thought to 

integrate information regarding bodily changes and direct attention to 

homeostatically/emotionally relevant stimuli (Menon, 2015; Seeley et al., 2007; K. 

S. Taylor et al., 2009).  The DMN comprises the medial prefrontal cortex (mPFC) 

and posterior cingulate cortex (PCC) regions, and is thought to underlie 

autobiographical, self-monitoring and sociocognitive functions (Raichle, 2015; 

Raichle et al., 2001; van den Heuvel & Hulshoff Pol, 2010). The CEN is a fronto-

parietal network with subcortical coupling distinct from the SEN and is engaged 

in higher-order cognitive and attentional control. The CEN is anchored in the 

dorsolateral prefrontal cortex (dlPFC) and inferior parietal lobule (IPL) (Chan et 

al., 2008; Seeley et al., 2007).  

 

Neural Correlates of Emotional EI Processes 

Regarding emotional processes related to EI, empathy - the tendency to 

share and understand others’ inner lives has been characterized to involve 

regions anchored in the SN (Zaki, 2014). A further delineation has been made 

between a basic emotional contagion system, affective empathy – the sharing an 

emotional experience with another (I feel what you are feeling); and cognitive 

empathy – imagining the situation from another’s perspective (I understand why 

you feel that way) (Shamay-tsoory, 2015). Because affective empathy has been 

linked to automaticity relative to its cognitive component, it primarily elicits 

activations from the SN regions implicated in rapid and prioritized processing of 
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emotion signals (insula, ACC, sensorimotor cortex), coupled with limbic regions 

(amygdala and hypothalamus) (Decety et al., 2013). By comparison, cognitive 

empathy additionally involves the DMN regions coupled with the superior 

temporal sulcus (STS), temporoparietal junction (TPJ), and fusiform face area 

(FFA) (Saxe & Powell, 2006), regions underlying conscious determination of 

intent. Thus, brain regions involved in empathy are associated with 

receiving/monitoring sensory data, subjective emotional experience and 

understanding complex social interactions.  

Closely related to empathy, the ability to accurately identify emotions in 

the self and others requires self-awareness and understanding of another’s 

perspective. Although behaviorally distinct, neurobiologically the two processes 

rely on similar neural mechanisms. Studies have demonstrated that regions that 

anchor the DMN (plus the insula and amygdala (Vogeley et al., 2001)), respond 

during the recognition/awareness of one’s own emotional states (interoception) 

(Gavazzi et al., 2017). Research on emotional recognition/awareness in others 

reveals involvement of the DMN and SN through two important neural 

mechanisms: the construction of a simulation of the observed emotion in the 

perceiver via amygdala, STS, TPJ and FFA, followed by the top-down 

modulation of sensory cortices, involving the vmPFC and insula (Adolphs et al., 

2000). The involvement of STS and TPJ, which are posited to contain mirror 

neurons (sensitive to biological motion) (Iriki, 2006), suggest these areas are 

specifically activated during the conscious determination of intent. As such, 
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emotion recognition/awareness in the self relies on regions involved in 

interoception, while emotional recognition/awareness in others involves regions 

associated with emotion perception and categorization.  

While identifying and understanding emotions in ourselves and others is 

necessary for EI, emotion regulation (ER) – how a person can effectively manage 

his/her emotions, is also critical. Research shows individuals high in EI regulate 

their emotions successfully when necessary but do so flexibly, thereby leaving 

room for emotions to emerge (Peña-Sarrionandia et al., 2015). Moreover, 

promising research suggests EI training can improve ER outcomes (Bagheri et 

al., 2017). Neurobiologically, ER is thought to be mediated by neural circuits 

involving regions anchored in the CEN: the dlPFC and vmPFC, which putatively 

down-regulate the amygdala (Davidson et al., 2000; Etkin et al., 2015). The 

dlPFC is recruited to maintain a higher-order goal representation online, while the 

vmPFC updates specific emotional outcome expectancies, subsequently 

influencing emotion regulation through direct projections to the amygdala. Thus, 

ER relies on brain regions involving regulation of emotional arousal in order to 
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solve emotional conflict. A neural representation of the three “emotional” 

processes is illustrated below (Figure 2).  

    Figure 2: EI Emotional Processes 

 

Neural Correlates of Cognitive EI Processes 

In concert with “emotional” processes, processes underlying “cognition”, or 

executive functions (EF), have been widely interrogated. A breadth of research 

points to the generally accepted mechanisms of decision-making, response 

inhibition and directed attention. Decision-making permits short-term 

maintenance and manipulation of information while calculating reward 

contingencies. Neuroimaging studies probing decision-making which relies on 

working memory, observe robust activation of the CEN regions vmPFC and 

dlPFC during memory search and maintenance processes (Barbey et al., 2013; 

D’Esposito et al., 1999; X. Li et al., 2010; Linden, 2007). The vmPFC also 
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establishes a link between past decisions and affiliated emotions (Bechara et al., 

2000), thereby aiding future decision-making. Meanwhile, vmPFC activation is 

observed during processing of reward contingencies, increasing the likelihood 

that cognitive operations are maintained by the dlPFC, thus illustrating the 

importance of communication between the vmPFC and dlPFC (Barbey et al., 

2011; Kringelbach, 2005; Schultz et al., 2000; Tremblay & Schultz, 1999). Thus, 

decision-making relies on neural circuits involving keeping goals in mind while 

assessing their reward expectancy. 

Response inhibition, the ability to suppress inappropriate or unwanted 

actions, recruits a right-lateralized CEN network formed by prefrontal-parietal 

(rIFG-rIPL) circuits, ACC and the pre-supplementary motor area (SMA) 

(Simmonds et al., 2008). Putatively, the rIFG elicits top down control to suppress 

basal ganglia output to the pre-SMA while the rIPL keeps the location of the 

attention task set in mind (Corbetta & Shulman, 2002; Rubia et al., 2001). Thus, 

response inhibition engages the right CEN network over planned motor actions. 

Directed attention employs regions within the SEN and CN: the superior 

parietal lobule (SPL), IPL, dlPFC/vlPFC, and frontal eye fields (FEF). Research 

suggests when focusing attention selectively, communication from the dlPFC and 

SPL up-regulates activation in visual cortex for increased processing of 

contextual information related to goal attainment (Barbey et al., 2013). The vlPFC 

and IPL are recruited to source-monitor the general context for salient 

information and update behavior via connections between dlPFC and vlPFC in 
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order to ensure goal attainment (Corbetta & Shulman, 2002; Kastner et al., 1998; 

Mesulam, 1981).  A neural representation of the three “cognitive” processes is 

illustrated below (Figure 3).  

Figure 3: EI Cognitive Processes 

Critically, research suggests a connection exists between various 

“emotional” and “cognitive” EI processes. For example, emotional information 

can have a positive and negative effect on decision-making and working memory 

maintenance (Lindström & Bohlin, 2011; Osaka et al., 2013) and can either 

enhance or impair response inhibition depending on saliency of the stimulus 

(Pessoa et al., 2012). Increased attention is shown to be connected to the 

emotional attributes of a stimuli (Schuett, 2016), and interoception has been 

previously tied to important EI cognitive processes such as problem solving and 

flexibility of thought (Mahler K, 2015). The involvement of the ACC in both 

executive control and emotional processing suggests this structure contributes 

greatly in interactions between the emotional and cognitive system (Mueller, 
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2011). While many studies have either investigated emotional and cognitive EI 

processes separately, how the two interact with each other to create unified 

emotionally intelligent behavior is uncertain.  

 

Project Motivation 

 The extent to which the aforementioned EI processes are related, both 

behaviorally and neurobiologically, is presently unknown, despite the established 

role EI plays in harmonious socioemotional communication. Due to the 

inconsistent EI measurement, a clear EI definition of its processes is lacking. 

Furthermore, neuroimaging studies thus far have only investigated sociocognitive 

processes underlying EI separately, without exploring their interaction. 

Understanding their interaction may explain how different ICNs work in tandem to 

give rise to EI ability.  Thus far, no study has aimed to amend this disparity by 

constructing and testing a cognitive-emotional EI framework based on its putative 

neurobiological mechanisms. Therefore, the primary goals of these dissertation 

studies are a) to define common EI processes based on their consistency in 

current models in order to build a cognitive-emotional EI framework for testing 

the neural mechanisms underlying EI (Chapter II), b) to test the cognitive-

emotional EI framework by investigating how brain networks underlying resultant 

EI processes interact dynamically (Chapter III), c) and to explore the relationship 

of resultant EI processes with physiological and psychological variables using a 

variety of brain network analyses (Chapters IV and V).  
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To comprehensively investigate common EI processes, we assessed how 

resultant EI processes interact, and how this interaction is reflected to functional 

neuroarchitecture. This was achieved by implementing a novel neuroimaging 

methodology called dynamic functional connectivity (dynFC). Similar to 

continuous shooting mode on a camera, dynFC captures several snapshots of 

network interactions over the course of the scan, thereby revealing reoccurring 

patterns of dynFC between networks. Comparing dynFC measurements can 

clearly delineate how brain networks underlying EI processes communicate not 

only spatially but also temporally. Then, each resultant EI process was examined 

individually, to understand how they relate to other physiological variables 

(hormones, interoception), psychological traits (anxiety, worry, rumination) and 

whether any gender differences emerge, through a combination of neuroimaging 

methodologies (structural measurements, functional activation, static functional 

connectivity). Thus, this dissertation aims to answer 1) How do EI processes 

interact on a temporal scale? 2) Are there physiological variables and 

psychological traits related to EI processes? 3) Do men and women differ in their 

practice of EI processes? In this way, this work will improve the understanding, 

cognitive/behavioral measurement, and use of the concept of EI in two ways. 

First, it divides up the processes/abilities contributing to EI in ways that are 

informed by the neural sciences. This holds the promise of reducing confounds 

as well of designing assessments that are potentially capable of offering specific 

information regarding where a deficit in EI might originate in a given individual. It 
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can also guide in the interpretation of neuroimaging results, potentially allowing 

such methodologies to also be of some use in identifying particular EI processing 

deficits and also in assessing the meaning of brain changes after EI training.  
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CHAPTER II: BUILDING A COGNITIVE-EMOTION EI FRAMEWORK 

 

“Every emotion has a source and a key that opens it.” 

Rumi  

 

Aim 

In order to address the first aim of redefining common EI processes and 

build a behavioral framework for testing the neural mechanisms underlying EI, 

existing trait and ability EI questionnaires were correlated with measurements 

and tasks interrogating EI “emotion” and “cognitive” processes: Decision 

Making/Working Memory, Response Inhibition, Directed Attention and Empathy, 

Emotion Recognition/Awareness and Emotion Regulation (Figure 4). 
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Hypotheses 

We anticipate that the correlational analysis will reveal relationships 

between EI measurements and Response Inhibition and Emotion Regulation, 

since both constructs require a level of control: one over movement, and one 

over emotion, respectively. In addition, we anticipate Empathy will be related to 

Directed Attention, since understanding another’s emotional state requires 

successfully shifting the attention to another.  

Methods 

Participants 

Participants were recruited through on-campus flyers and an online 

research participation system (SONA Systems) and were paid for their 

participation. Every effort was made to recruit an equal number of male and 

female subjects in each study, and to ensure that minorities were represented in 

proportion to the composition of the local community.  30 healthy young adults 

without a reported history of neurological or psychiatric disorders were recruited 

for this study Written informed consent was obtained prior to experimental 

sessions, and experimental protocols were approved by University of Louisville’s 

Institutional Review Board prior to data collection. 3 participants were excluded 
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from the analyses due to incomplete data, leaving a total of 27 participants (m = 

21.85 years old/16 females). 

Procedure 

The collection of data was divided into two consecutive days. The first day, 

participants visited the laboratory to sign consent forms, read through task 

instructions and complete self-report questionnaires and tasks in a quiet room by 

themselves. On the second day, the participants continued completing the 

remainder of self-report questionnaires and tasks. A mix of “emotion” and 

“cognitive” tasks/questionnaires was presented each day, and the order of the 

tasks was optimized to manage participant fatigue (Table 1).  

Day 1 Day 2 

Go-No-Go Task (Response 

Inhibition) 

ER Task (Emotion Regulation) 

RME Task (Empathy) eLEAS Questionnaire (Self/Other 

Awareness) 

Iowa Gambling Task (Decision-

Making) 

STROOP Task (Directed Attention) 

IRI Questionnaire (Empathy) MSCEIT Questionnaire (Ability EI) 

SSEIT Questionnaire (Trait EI)  

 

Stimuli 
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The stimuli for the Emotion Regulation Task consist of neutral and negatively 

valenced pictures taken from the International Affective Picture Series (Lang et 

al., 2005). The stimuli for the Reading the Mind in the Eyes (RME) consist of 

black and white pictures of eye pairs taken from revised RME pen-and-paper test 

(Baron-Cohen et al., 2001). 

“Emotional” EI Tasks and Questionnaires 

Empathy 

The RME task requires participants to view black and white pictures of pairs of 

eyes, then choose the emotion of the individual’s eyes from four choices.  

Interpersonal Reactivity Index (IRI)  

The IRI  measures affective, cognitive and total empathy and consists of 28 items 

rated on a 5-point scale with the anchors: “does not describe me well” to 

“describes me very well” (Davis, 1983). 

Electronic Levels of Emotional Awareness Scale (eLEAS) 

The eLEAS is a performance measure that assesses an individual’s ability to be 

aware his or her emotions, as well as other’s emotions. The scale poses 

evocative interpersonal situations and elicits open-ended descriptions of the 

emotional responses of self and others which are scored using specific structural 

criteria applied to the emotion words used in the responses (Chhatwal & Lane, 

2016). 

Emotion Regulation 
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(1) Baseline ER Task – Participants rate neutral and negative IAPS pictures 

on a 1-4 Likert scale for how negative it makes them feel, providing a 

baseline measurement of ER.  

(2) ER task– The task requires participants to view negative IAPS pictures 

within two conditions: 1) Suppress condition – participants view negatively 

valenced pictures and are instructed to “passively view the picture and remove 

yourself from any attached feeling” or 2) Feel condition- participants view 

negative pictures and are instructed to “Feel the emotion associated with the 

picture”. Fifteen different IAPS pictures appear in each condition. The color of a 

border around the pictures indicates the condition: blue for feel trials and red for 

suppress trials.  

(3) ER rating – Participants are asked to rate the pictures that were presented 

in the ER task on negative emotional feeling using a 1-4 Likert scale, which 

provides a behavioral measure of ER. 

(4) Strategy Questionnaire – At the end of each scanning session, the 

participants see the ER task pictures again and write whether they used any 

emotion regulation strategy during the “suppress” trials. 

Emotion Regulation Questionnaire (ERQ) 

To measure differences in habitual emotion regulation, participants 

completed the emotion regulation questionnaire (ERQ) (Gross and John 2003). 

The test measures the tendency to use cognitive reappraisal or expressive 

suppression to downregulate negative emotion.    
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“Cognitive” EI Tasks and Questionnaires 

Decision-Making/Working Memory 

During the virtual Iowa Gambling Task (IGT), participants are given four decks of 

cards and an endowment of fake money ($2000). Participants are presented with 

four virtual decks of cards on a computer screen. They are told that each deck 

holds cards that will either reward or penalize them, using game money. The goal 

of the game is to win as much money as possible. The decks differ from each 

other in the balance of reward versus penalty cards. Thus, some decks are “bad 

decks”, and other decks are “good decks”, because some decks will tend to 

reward the player more often than other decks (Bechara et al., 1994). 

Response Inhibition 

During the Go/NoGo Task, series of letters are presented in a continuous stream 

and participants perform a binary decision on each stimulus. One of the 

outcomes requires participants to make a motor response (go), whereas the 

other requires participants to withhold a response (no-go) (Donders, 1969).  

Directed Attention 

During the STROOP task, participants are required to select the written color 

names of the words independently of the color of the ink (for example, they would 

have to select “purple” no matter what the color of the font). The Stroop effect is 

the delay in reaction time between congruent and incongruent stimuli (Stroop, 

1935).  

Emotional Intelligence Tests 
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Trait Emotional Intelligence Questionnaire (TEIQue) 

This is a 30-item questionnaire designed to measure global trait emotional 

intelligence (Cooper & Petrides, 2010).  

Mayer-Salovey-Caruso Emotional Intelligence Test (MSCEIT)  

The MSCEIT is an ability-based test designed to measure the four branches of 

the EI model of Mayer and Salovey. MSCEIT consists of 141 items and takes 30-

45 minutes to complete. MSCEIT provides 15 main scores: Total EI score, two 

Area scores, four Branch scores, and eight Task scores. In addition to these 15 

scores, there are three Supplemental scores (Mayer et al., 2003).  

Data was correlated using the corr.test function in the psych package of R 

(Core R Team, 2019; Revelle, 2010), and corrected for age, gender and multiple 

comparisons using False Discover Rate (FDR) (Benjamini & Hochberg, 1995). 

The correlational network was made using the qgraph package in R (Epskamp et 

al., 2012). 

 

Results 

Relationships between measurements of interest are represented in the 

correlational network below (Figure 5). 
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Figure 5: Correlational Network Results. Correlations corrected for age, gender 
and multiple comparisons (FDR). Red lines denote positive correlations, blue 
lines denote negative correlations. Width of line proportional to correlation 
strength. 
 
 

We observed that ability to control emotions during a task (ER ability) was 

positively related to self-reported cognitive reappraisal tendency (ERQ 

Reappraisal), r(23)=.50, p=.01, but negatively related to self-reported expressive 

suppression tendency r(23)=-.45, p=.02. In addition, increased tendency to 

cognitively reappraise was related to less ability to share emotion with another 

(IRI Affective Empathy), r(23)=-.45, p=.02, but more ability to understand 

another’s emotions (IRI Cognitive Empathy), r(23)=.43, p=.03. Lastly, increased 

trait EI (TEIQue) was related to more ability to understand another’s emotions, 

(r(23)=.46, p=.02), increased tendency to cognitively reappraise (r(23)=.65, 
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p<.01), but inversely associated with tendency to expressively suppress 

emotions r(23)=-.53, p=.01.  

Taken together, these behavioral findings suggest that in our sample, the 

constructs that best predict emotional intelligence are empathy and ER.  

Although traditionally thought of as “emotional” processes, brain imaging 

research suggests they both rely on brain regions subserving “cognitive” 

processes. For example, effective ER relies on the elegant orchestration of the 

dlPFC and vmPFC to downregulate the amygdala, yet utilization of these 

prefrontal regions is also exhibited in working memory and directed attention 

tasks (Barbey et al., 2013; Depue et al., 2016). Furthermore, empathy involves 

activation of the ACC and sensorimotor cortex, as does effective response 

inhibition (Decety et al., 2013; Rubia et al., 2001). Therefore, it is reasonable to 

posit that a cognitive-emotional EI framework involves a combination of brain 

networks involving both “emotional” and “cognitive” processes. 

Using these behavioral findings as a scaffold, we constructed a 

neuroimaging study whereby participants completed the questionnaires and fMRI 

tasks that showed significant relationships within our model. Resultant 

relationships between questionnaire scores, behavioral performance on the fMRI 

tasks and a variety of functional brain measurements thus serve as the 

neurobiological foundation of the proposed cognitive-emotional EI framework. 
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CHAPTER III: EMPATHY AND EMOTION REGULATION 

 

“It seems the essence of our lives sometimes comes down to the feeling of 

another life against our fingers, palms, our own hands “ 

 

Linda Hogan 

 

Experiment 1: Empathy and Emotion Regulation Task Dynamics 

 

Empathy lies at the core of harmonious socioemotional communication. 

This multifaceted construct plays a critical interpersonal and societal role, 

enabling sharing of experiences, needs and desires between individuals, and 

establishes an emotional bridge that promotes prosocial behavior (Riess, 2017). 

Relatedly, the ability to regulate emotion is equally important during empathic 

socioemotional encounters to facilitate communication. Current research 

suggests empathy involves two distinct facets: affective empathy, or sharing an 

emotional experience with another (I feel what you are feeling); and cognitive 

empathy, or imagining the situation from another’s perspective (I understand why 

you feel that way) (Shamay-tsoory, 2015). However, these facets have been 

shown to be dissociably disrupted in psychiatric illness (Cox et al., 2012). For 

instance, psychopathy is characterized by deficits in affective but not cognitive 

empathy, while conversely, autism disorder is associated with impairment in 
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cognitive but not affective empathy (Cox et al., 2012). Additionally, it’s common 

that individuals afflicted with either disorder exhibit deficits in emotion regulation 

(ER) ability.  

      The ability control one’s own emotional state (James J. Gross, 1998) or ER, 

is posited to interact with empathy. For instance, when a parent is trying to 

comfort an upset child, empathy allows an understanding of the child’s emotional 

state. However, if the parent lacks regulation over their emotions, it may result in 

added distress and impede the parent from appropriately responding to their 

child’s needs. Therefore, ER ability has a critical role in empathy, the core 

assertion being that individuals with a lower ability for ER experience higher 

levels of personal distress and lower levels of empathy when observing another’s 

negative emotional state (Decety & Moriguchi, 2007; Zaki & Ochsner, 2012). Yet 

despite their theorized interaction, no substantial evidence exists linking empathy 

(nor its facets) and ER ability. Clues from clinical populations suggest that in 

addition to being characterized by empathy deficits (Baron-Cohen & 

Wheelwright, 2004; Decety & Moriguchi, 2007; Mullins-Nelson et al., 2006), 

individuals with psychopathy and autism also exhibit decreased ability to regulate 

emotion, leading to dysregulated mood (Kim et al., 2000; Konstantareas & 

Stewart, 2006; Samson et al., 2012). Unraveling how affective and cognitive 

empathy relate to ER ability neurobiologically may illuminate the nature of these 

shared deficits within clinical populations.  
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Previous research suggests brain regions underlying empathy and ER are 

anchored in ICNs that interact together to facilitate interpersonal communication. 

To illustrate using the example above, to show affective empathy, the parent 

must be able to recognize the child’s emotional experience and reflect that 

inward (Simone G. Shamay-Tsoory et al., 2009). This process should influence 

one’s internal physical states, which in turn should correlate with activity in the 

neural structures that make up SN (Craig, 2009; Wiens, 2005), the ICN thought 

to be involved in sensitivity to external stimuli and the integration of sensory 

information (Menon, 2015; Seeley et al., 2007). A parent’s increased recruitment 

of the SN is exhibited in order to observe external signals from the child, 

subsequently influencing the parent’s physiological state, which should elicit 

neural activity within their DMN (Craig, 2009; Wiens, 2005), the ICN which is 

associated with autobiographical, self-monitoring and sociocognitive functions 

(Raichle, 2015; Raichle et al., 2001; van den Heuvel & Hulshoff Pol, 2010), 

behaviors necessary for both affective and cognitive empathy (De Waal & 

Preston, 2017). In order for an effective parent-child interaction, the negative 

emotion the parent recognizes and feels through the aforementioned processes 

must be efficiently regulated. In order for this to occur, the parent’s CEN 

becomes more active to ameliorate unwanted negative emotional reactivity 

(Ochsner et al., 2002), an ICN engaged in higher-order cognitive and attentional 

control (Chan et al., 2008; Seeley et al., 2007). However, it is not clear how the 
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various ICNs underlying the facets of empathy and ER ability interact dynamically 

to create harmonious socioemotional communication.  

     To date, nascent research has only examined the link between empathy or 

ER ability and static network expression (Bilevicius et al., 2018; Pan et al., 2018) 

that is: people’s subjective empathic response or ER ability and their brain 

communication at a single time point. Although investigating which ICNs are 

related to empathy and ER ability is useful, it is insufficient for understanding 

their flexible temporal network (re) configurations. Elucidating how 

communication between brain networks underlying empathy and ER unravels 

across multiple points in time would illustrate how EI behavior arises from their 

dynamic interaction.  

     The dynamic interactions between ICNs have been revealed by recent 

advances in fMRI analytical methods and are referred to as dynamic functional 

connectivity (dynFC) (Allen et al., 2014; Hutchison et al., 2013). Similar to 

continuous shooting mode on a camera, dynFC captures several snapshots of 
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network interactions over the course of the scan, thereby revealing reoccurring 

patterns of dynFC between networks, called brain states (Figure 6).  

Figure 6: Example of a Brain State 
 

Importantly, dynFC brain states have been suggested to correspond to 

mental states (Gonzalez-Castillo et al., 2015). Comparing differences in brain 

state measurements related to affective and cognitive empathy, and their relation 

to ER ability, for example in mean dwell time (how long subjects spent in a given 

brain state), can clearly delineate how these processes vary not only spatially but 

also temporally.  

Aim 

Therefore, using dynFC, we aim to explore how each empathy facet 

(affective/cognitive) contributes to ER ability, and in a complementary 

investigation, explore how ER tendency contributes to empathic ability.  

 

 
Hypotheses 

We anticipate increased affective empathy will relate to higher mean dwell 

time in brain states expressing SN and DMN network positive connectivity, and 

that increased cognitive empathy will relate to higher mean dwell time in brain 

states expressing CEN positive connectivity and DMN negative connectivity. We 

also expect increased ER ability and affective empathy will relate to higher mean 

dwell time in brain states expressing CEN and DMN positive connectivity, as well 

as decreased ER ability and cognitive empathy will relate to higher mean dwell 
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time in brain states expressing SN positive connectivity and CEN negative 

connectivity.  

Methods 

All participants were required to answer an MRI screening questionnaire 

to ensure their safety in an MR environment. In addition, participants were at 

least 18 years of age, right-handed, native English speakers, with normal or 

corrected-to-normal vision and hearing and had no disclosed history of 

neurological or psychiatric disorders. These exclusion criteria are standard in 

neuroimaging research to reduce potential confounds due to handedness, 

differences in perceptual abilities, or effects of psychiatric drugs. Participants 

were screened for being a native English speaker as there may be difficulty in 

interpreting task instructions as a result of language. Every effort was made to 

recruit an equal number of male and female subjects in each study, and to 

ensure that minorities were represented in proportion to the composition of the 

local community. Recruited participants were fully informed and made as 

comfortable as possible in order to maximize retention rates. Candidate subjects 

responding to these notices received a brief description of the research and 

completed prescreening questions over the phone. When arriving to participate in 

a study, participants were familiarized with the protocol by the experimenter, 

including risks and benefits of the research. In the case of fMRI sessions, 

participants also completed a detailed screening form to indicate any 

contraindications based on a superset of the Society for Magnetic Resonance in 
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Medicine standardized MRI screening protocol (absolute exclusions for ferrous 

metal in any part of body, such as pacemakers, cochlear implants, surgical clips 

or metal fragments, serious medical conditions, claustrophobia). To protect 

against potential risks of boredom, fatigue, or frustration, participants were 

allowed rest breaks as needed. Participants’ comfort levels were monitored 

throughout the session. Participants could communicate with the experimenter at 

all times. It was made clear that participation is voluntary and that participants 

could withdraw from the study at any time without penalty or prejudice. Any 

questions that the subjects had were answered by the experimenter. After 

testing, participants were debriefed as to the purpose and predictions of the 

experiments. Written informed consent was obtained prior to all experimental 

sessions, and experimental protocols were approved by University of Louisville’s 

Institutional Review Board prior to data collection. 

fMRI Tasks 

(1) Reading the Mind in the Eyes (RME) 
 
The Reading the Mind in the Eyes task is a measure of “mentalizing,” or reading 

the mind state of another. The participant is presented with a series of 30 B&W 

photographs of the eye-region of the face of different Caucasian actors and 

actresses and is asked to choose which word best describes what participant is 
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thinking or feeling from the list of adjectives. Each photograph and choice are 

displayed for 6 seconds (Figure 7). 

Figure 7: Example trial from RME task. 

(2) Emotion Regulation Task (ERT)  

The ERT was divided into three parts: (A) ER Baseline (B) Emotion Regulation 

(ER) (C) ER Rating. Only parts A & B were BOLD scans, part C was structural.  

(A) ER Baseline:  

The ER Baseline task employed a hybrid event-related design that contained 

mini-blocks presented in pseudorandom order. 20 negative International Affective 

Picture System (IAPS) pictures and 10 neutral pictures were displayed  (Lang et 

al., 2005). The pictures were displayed for 4 seconds. This design was chosen to 

balance considerations for the psychological state of the participant with 

statistical power. Following presentation of each stimulus, participants rated the 

image for how negative it made them feel, using a 4-point Likert scale (1 = None 

to 4 = Extremely negative; 2 seconds to rate; Figure 8). This allowed acquisition 

of a subjective negative baseline rating for each participant. A pseudorandom 
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variable jittered ITI was incorporated to increase design efficiency for 

hemodynamic response estimation (0-10 sec). Resultant behavioral ratings from 

the task were further used to calculate ER Suppression Score (see part C).  

Figure 8: Example of a single trial from ER Baseline Task (Image displayed not 
part of actual stimuli set) 
 

(B) Emotion Regulation (ER): 

The ER task also employed a hybrid event-related design with mini blocks 

presented in pseudorandom order, whereby a different set of negative and 

neutral pictures selected from the IAPS database  were displayed (Lang et al., 

2005). First, the words ‘SUPPRESS’ in the color red or ‘VIEW’ in the color blue 

appeared as cues for 500 ms to prepare the participant for the upcoming picture. 

Next, negative pictures surrounded by a red border (Suppress trials) and neutral 

Please rate how negative the emotional 
pictures make you feel. You should answer 

according to the following scale.
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pictures surrounded by a blue border (View trials) were presented for 3.5 

seconds (Suppress trials n = 30, View trials n = 12) (Figure 9). The participant 

was instructed to “‘decrease or detach’ from the emotion when the border was 

red, and ‘simply view’ the picture when the border was blue”. The “Suppress” 

instructions were worded simply in order to encourage the participant to use their 

default ER method. A pseudorandom variable jittered ITI was incorporated to 

increase design efficiency for hemodynamic response estimation (0-4 sec). The 

pictures repeated once, with a 60 second break in-between.  

Figure 9: Example of a single trial of each condition from Emotion Regulation 
(ER) (Image displayed not part of actual stimuli set).  
 

(C) ER Rating  

During a structural scan, the same images used in part B were then displayed 

without any border for 4 seconds. Following presentation of each image, 

participants rated how negative the image made them feel, using a four-point 

Likert scale (1 = None to 4 = Extremely negative, displayed in the same way as 

ER Baseline). The negative ER ratings from this part were subtracted from the 

earlier acquired negative baseline ratings (part A) in order to calculate a 
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Suppression Score. The Suppression Score was derived from negative ratings 

only (rather than ratings on “View” trials) to ensure an accurate measurement of 

negative affect down-regulation success (i.e. comparing a response to negative 

stimuli before and after ER). The Suppression Score was used as an 

independent variable in subsequent FC analyses which served as the dependent 

variable.  

Imaging Data Acquisition  

All structural MRI images were acquired using a Siemens 3-T Skyra MR 

scanner. A 20-channel head coil was used for radiofrequency reception. 

Participants were given earplugs to reduce scanner noise and were additionally 

given headphones to receive instructions. Foam padding was added to limit 

motion if additional room remained within the head coil, and a piece of folded 

tape was placed over the participant’s forehead as a reminder to remain still 

throughout the scan. Structural images were obtained via a T1-weighted 

magnetization-prepared rapid gradient-echo sequence (MPRAGE) in 208 sagittal 

slices. Imaging parameters were as follows: echo time (TE) = 2.26 ms, repetition 

time (TR) = 1,700 ms, flip angle = 9.0°, field of view (FoV) = 204 mm, and voxel 

size = 0.8 × 0.8 × 0.8 mm. Functional blood oxygenation level-dependent (BOLD) 

images were collected using gradient-echo T2*-weighted echoplanar imaging 

(TE = 28 ms; TR = 2000 ms; flip angle = 79°; FoV = 204 mm; voxel size = 3.2 

mm3, 38 interleaved slices). Slices were oriented obliquely along the AC–PC line. 

Imaging Data Preprocessing 
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Preprocessing of fMRI data was performed using the CONN Functional 

Connectivity Toolbox 20.b (Whitfield-Gabrieli & Nieto-Castanon, 2012) based on 

SPM12 (Penny et al., 2007) in the 2020b version of MATLAB. All preprocessing 

steps were conducted using the default preprocessing pipeline for volume-based 

analysis (to MNI-space). First, each subject’s functional images were realigned to 

the first volume and unwarped (which implements the removal of dynamic EPI 

distortions, movement-by-susceptibility interactions as described in 

http://www.fil.ion.ucl.ac.uk/spm/toolbox/unwarp/), slice-timing corrected 

(interleaved bottom-up), co-registered with structural data, spatially normalized 

into the standard MNI (Montreal Neurological Institute) space, and finally images 

were smoothed using a Gaussian kernel of 6 mm FWMH. Moreover, noise was 

reduced via the anatomical CompCor approach (Behzadi et al., 2007), which 

extracts principal components from white matter and cerebrospinal fluid time 

series.  The six head motion parameters from the ART toolbox were also included 

as a confound regressors. Next, a [0.008 to ∞] temporal band-pass filter standard 

for task-based connectivity analyses was applied to the time series (Nieto-

Castanon, 2015). Linear detrending was additionally performed. In sum, 

detrending, outlier censoring, motion regression, and CompCor correction were 

performed simultaneously in a single first-level regression model, followed by 

band-pass filtering. These corrections yielded a residual BOLD time course at each 

voxel that was used for subsequent analyses. 

Group ICA 



 

 
 

 

 

38 

After preprocessing the data, Group ICA of fMRI Toolbox (GIFT) was used to 

decompose the data into functional networks using group spatial independent 

component analysis (ICA) (Calhoun et al., 2001). First, subject-specific data was 

reduced to 29 independent components (ICs) (as estimated by the minimum 

description length (MDL) algorithm) with the principal component reduction as 

previously done (Allen et al., 2014; Damaraju et al., 2014). To ensure stability and 

validity, we repeated the Infomax ICA algorithm in ICASSO 20 times (Himberg et 

al., 2004). Aggregated spatial maps were estimated. The back reconstruction 

approach (GICA) was used to obtain subject-specific maps and time courses as 

implemented in the GIFT toolbox  (Calhoun et al., 2001). After visual inspection by 

independent reviewers, spatial correlation values between the 19 ICs and the 

consensual atlas of resting-state networks (CAREN) based on 4 freely available 

brain functional Atlases (Doucet et al., 2011, 2018; Gordon et al., 2016; Yeo et al., 

2011) were used for ICs selection, according to these 5 categories: Visual (VIS) 

Salience (SN), Sensorimotor-Auditory (SMN), Default Mode (DMN) and Central 

Executive Networks (CEN) (Doucet, 2019). Components were classified as 

intrinsic connectivity networks (ICNs) if they exhibited peak activations in grey 

matter,  had moderate correlation values with time courses of the “Suppress” 

(ERT) and “Rate” (RME) task conditions (above 0.3) and strong correlation values 

with the CAREN network template (above 0.50) (Cordes et al., 2001). After ICs 

selection, subject-specific spatial maps and time courses were post-processed, 

following (Allen et al., 2014), and included a detrending (3) and despiking (0.15Hz). 
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Dynamic Functional Connectivity Analysis (DynFC) 

Dynamic FC (dynFC) analysis was performed with the GIFT toolbox. The 

22 TR sliding window method for each subject was applied following (Allen et al., 

2014), whereby overlapping time windows of 30 s were taken from the scanning 

time in steps of 2 s (1 TR) and convolved with a Gaussian of sigma = 3 TRs in 

order to de-weigh volumes at the beginning and end of the windows, resulting in 

240 consecutive windows for the ERT and 157 consecutive windows for the 

RME.  The length of the window (22 TRs = 44s) was based on previous studies 

in the field because it provides a good trade-off between the ability to capture 

dynamic changes and the accuracy of correlation estimation (Biundo et al., 2015; 

Cilia et al., 2011; Hutchison et al., 2013). For each window, dynFC was 

estimated in the form of a regularized inverse covariance matrix using the GIFT 

toolbox using graphical LASSO method with an additional L1 norm constraint, 

repeated 10 times. Finally, covariance estimates were Fisher-Z-transformed. 

In order to identify dynFC states that reoccurred across time and across 

subjects, the windowed dynFC matrices were subjected to the GIFT k-means 

clustering procedure, repeated 100 times to reduce any bias to initial random 

selection of cluster centroids (Rashid et al., 2014). K-means clustering applies 

Euclidean distance to regroup similar dynFC matrices of the different windows. 

The number of clusters (k), or states, can be calculated in several ways. In this 

study we used the elbow criterion, defined as the ratio of within-cluster distances 

to between-cluster distances, following previous dynFC studies (Allen et al., 
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2014; Damaraju et al., 2014) and the cluster number was set to 5 for the ERT 

and 4 for the RME. Next, we used the Pearson correlation coefficient for the 

clustering analysis. To sum up, a subset of windows was selected for each 

subject, representing those dynFC matrices with maximal variability in dynFC. 

From those windows, the optimal number of clusters (k) was determined by the 

GIFT toolbox using the elbow criterion. The resulting k cluster centroids were 

used as templates for clustering all the dynFC windows of matrices of all 

subjects. Using the resultant four cluster centroids, all FC matrices of each 

subject were then categorized as belonging to one of the four states based on 

their similarity to the cluster centroids. From these data, we obtained a state 

transition vector representing their state status across time. Final cluster 

centroids were obtained as the median of all state-assigned FC matrices across 

time. The subject-specific centroid of each state was computed by calculating the 

median value of each FC matrix for that state. 

Finally, indexes from dynFC were extracted. They were: 1) Mean dwell 

time, which represents how long participants stayed in a certain state, which was 

calculated by averaging the number of consecutive windows belonging to one 

state before changing to the other state and 2) Number of transitions, which 

represents how many times either state changed from one to the other, counting 

the number of times a switch occurred, with more transitions representing less 

stability over time. To investigate how empathy trait is reflected in the dynFC of 

brain networks underlying emotion regulation, ERT dynFC indexes were 
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correlated with IRI scores.  Conversely, to assess how ER tendency is reflected 

in the dynFC of brain networks underlying empathy, RME dynFC indexes were 

correlated with ERQ scores. Correlations between the extracted dynFC 

measurements and questionnaires were assessed in the Statistical Package for 

Social Science (SPSS) (IBM SPSS Statistics 24), controlling for age, gender 

multiple comparisons using FDR (Benjamini & Hochberg, 1995). 

 

Results 

ERT Dynamics Regressed with IRI Empathy Questionnaire 

Following the elbow criterion, the sample showed 5 different dynFC states 

during the ERT. Indexes from 2 dynFC states had significant relationships with 

behavioral measurements and will be described in detail below. 

Dynamic Functional Connectivity State 1 
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State 1 (13% of the windows) was characterized primarily by positive 

connectivity between the CEN, DMN and SN (Figure 10).  

 

Figure 10: Dynamic Functional State 1 of the ERT 

Amount of time spent in this state (mean dwell time) exhibited a positive 

relationship with IRI Affective Empathy r(22)=.51, p=.01. No other behavioral 

measurements exhibited significant relationships with this state’s dynFC indexes.  
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State 2 (19% of the windows) was characterized by positive connectivity 

between the CEN and the SN and SMN, and negative connectivity between the 

VIS network and the CEN, SMN, DMN, SN (Figure 11).  

Figure 11: Dynamic Functional State 2 of the ERT 

Amount of time spent in this state (mean dwell time) exhibited a negative 

relationship with IRI Cognitive Empathy r(22)=-.48, p=.02. No other behavioral 

measurements exhibited significant relationships with this state’s dynFC indexes.  

RME Dynamics Regressed with ERQ Questionnaire  

Following the elbow criterion, the sample showed 4 different dynFC states 

during the ERT. Indexes from 1 dynFC state had significant relationships with 

behavioral measurements and will be described in detail below. 
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 State 1 (22% of the windows) was characterized by positive connectivity 

between the CEN/VIS and hypoconnectivity between DMN and 

CEN/SMN/SN/VIS (Figure 12).  

Figure 12: RME Dynamic State 1 

Amount of time spent in this state (mean dwell time) exhibited a negative 

relationship with ERQ Cognitive Reappraisal r(23)=-.43, p=.02. No other 

behavioral measurements exhibited significant relationships with this state’s 

dynFC indexes.  

 

Discussion 

The aim of this study was to evaluate whether dynFC during an ER task 

related to trait empathy, and conversely, whether dynFC during an RME task 

related to ER tendency. Findings suggest that the orchestrated interaction of the 
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CEN, DMN and SN gives rise to these brain dynamics, and that these fluid 

network patterns relate to trait empathy and ER tendency. 

Review of Behavioral Findings 

As previously discussed in Chapter II, our behavioral findings showed 

inverse relationships between cognitive reappraisal and empathy, depending on 

the type of empathy interrogated. ERQ Cognitive Reappraisal showed a negative 

relationship with the affective empathy facet of the IRI, but a positive relationship 

with the cognitive empathy facet. The findings suggest the increased tendency to 

employ cognitive reappraisal to down regulate negative emotion is associated 

with decreased ability to share, but increased ability to understand another’s 

emotion. Affective empathy has previously been associated with increased 

reactivity to others’ emotions, greater spontaneous facial mimicry (T. W. Lee et 

al., 2008; Sonnby-Borgström, 2002), and increased self-reported resonance with 

the mimicked emotion  (Hatfield et al., 1993; Laird et al., 1994; Strayer, 1993; 

Wild et al., 2001). Therefore, the heightened arousal tendency in affective 

empathy may result in greater interference on cognitive control, thereby reducing 

the individual’s capacity to engage in adaptive regulation strategies such as 

cognitive reappraisal. In contrast to affective empathy, cognitive empathy is 

reliant upon higher-order cognitive control processes in order to inhibit one’s 

default self-perspective and take another’s perspective (Carlson et al., 2004; 

Hansen, 2011; Joseph & Tager-Flusberg, 2004; Sabbagh et al., 2006). Given the 

overlap in cognitive control processes, it is possible that higher levels of cognitive 
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empathy may also be associated with the efficacious use of cognitive processes 

that support cognitive reappraisal. Indeed, we replicate findings of a recent study 

that showed people with higher cognitive empathy stated they were more likely to 

reappraise (Powell, 2018).  

Relationship between Emotion Regulation Task Brain Dynamics and Trait 

Empathy 

We observed that increased dwell time in first ERT dynFC brain state, 

characterized by positive connectivity between the CEN, DMN and SN, related to 

increased affective empathy. The results suggest that while down-regulating 

negative emotion, time spent in a state defined by synchrony between networks 

subserving cognitive control, autobiographical thought and sensory perception 

relates to increased ability to share another’s emotions. Although previous 

research examining brain mechanisms underlying ER suggest reliance primarily 

on the CEN (Davidson et al., 2000; Etkin et al., 2015), we extend these findings 

by demonstrating ER may involve the interaction of the CEN with the SN and 

DMN, networks underlying feeling and understanding one’s own emotions 

(Gavazzi et al., 2017; Saxe & Powell, 2006; Vogeley et al., 2001). Indeed, these 

findings are in line with research suggesting effective emotion regulation may be 

preceded by understanding one’s own feelings (C. D. Frith & Frith, 2006), 

thereby possibly implicating the SN and DMN. Furthermore, our results suggest 

increased reliance on this combination of networks facilitates affective empathy.  

Even though participants only spent 13% of their time in this state, it its possible 
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overreliance on these networks may prove useful in understanding how 

excessive affective empathy poses a risk for developing internalizing disorders, 

including depression and anxiety (Blair, 2005; Gambin & Sharp, 2016, 2018; 

Gawronski & Privette, 1997; Schreiter et al., 2013; Shu et al., 2017; Silton & 

Fogel, 2010; Thoma et al., 2011; Tone & Tully, 2014; Zahn-Waxler et al., 2010). 

We speculate that if the empathizer’s emotional reaction is overwhelming, it may 

tax the DMN and SN to such an extent that it may lead to inappropriately 

modulating the shared emotional reaction (reliant on the CEN). Indeed, 

inappropriate modulation of emotion due to heightened arousal has been 

associated with internalizing symptoms (Kaźmierczak et al., 2013). Hence, the 

first ERT dynFC brain state may be a network configuration prominent during the 

downregulation of emotion, but that also underlies affective empathy ability.  

Increased dwell time in the second ERT dynFC brain state, characterized 

by positive CEN/SN connectivity and negative connectivity between CEN/VIS 

related to decreased cognitive empathy. Research indicates the SN and CEN 

may interact with each other in supporting attention and working memory (Cocchi 

et al., 2013; Elton & Gao, 2014). Specifically, the SN receives and provides 

selective amplification of salient information and then generates a top-down 

control signal that initiates CEN to respond to salient information for attentional 

shift and control execution (Menon, 2015). In combination with negative 

connectivity between networks subserving external visual attention (CEN/VIS), 

this pattern of connectivity is interpreted as reflecting the internally driven goal-
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directed state.  Therefore, this network configuration may arise to enable 

attention deployment toward goal‐relevant behavior, in this case, the 

downregulation of negative emotion during the ERT. Our results further suggest 

that more time spent in this brain state was associated with decreased ability to 

take another’s perspective. We postulate that an internally focused attention 

state is ineffective for successful mentalizing, since the attention should be 

primarily shifted outwardly, towards another person.  Therefore, during a 

demanding (internally focused) cognitive task such as ER, there may not be 

enough cognitive resources to also support attention shifting towards salient 

external stimuli.  

The present findings enrich prior ER research by demonstrating that trait 

empathy shares a double dissociation with brain dynamics underlying ER, 

depending on the type of empathy interrogated: increased dwell time in an ER 

dynFC brain state related to increased affective empathy, but increased dwell 

time in another ER dynFC brain state related to decreased cognitive empathy.  

This may be explained by one perspective of brain states, described as “the 

repertoire of more or less flexible brain network configurations that emerge 

dynamically to enable context‐appropriate behavior based on the skillful 

interchange between external and internal needs” (Denkova et al., 2019). 

Therefore, the double dissociation observed between empathy’s facets with ER 

brain dynamics may reflect deployment of attentional processes subserving 
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internally driven (affective empathy) or externally driven (cognitive empathy) 

mental activities. 

Relationship between Empathy Task Brain Dynamics and Emotion Regulation 

Tendency 

During the RME task, we observed that increased dwell time in a dynFC 

brain state dominated by positive connectivity between CEN/VIS, and negative 

connectivity between DMN and all other networks was associated with a 

decreased tendency to cognitively reappraise negative emotion.  Given the 

nature of the RME task (visual processing and decision-making), positive 

CEN/VIS dynFC was not surprising, given these networks support these 

functions (Seeley et al., 2007). Similarly, the DMN has been consistently shown 

to be deactivated when subjects engage in goal-directed tasks (Greicius et al., 

2003; Raichle et al., 2001). Together, this pattern of connectivity is interpreted as 

reflecting an externally driven goal-directed state. The converse of the 

connectivity pattern of the internally driven state during the ER task, which 

showed a negative association with cognitive empathy; increased time spent in 

this RME dynFC state relates to a decreased tendency to use cognitive 

reappraisal. Cognitive reappraisal is defined as the attempt to reinterpret an 

emotion-eliciting situation in a way that alters its meaning and changes its 

emotional impact (James J. Gross & John, 2003; Lazarus & Alfert, 1964); and 

has been shown to activate regions anchored in the CEN, namely the medial and 

lateral PFC, which down-regulate activation of emotional arousal-related brain 
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structures as amygdala and insula (Ochsner & Gross, 2005; Zaki et al., 2012). 

We postulate that an externally driven goal state is ineffective for successful 

cognitive reappraisal, since reappraisal is an internally driven mechanism.  In line 

with our behavioral findings that show a positive relationship between cognitive 

reappraisal and cognitive empathy, during a demanding (externally focused) 

cognitive task such as the RME, there may not be enough cognitive resources 

allocate attention towards a taxing (internally focused) task such as reappraisal.  

Summary 

In conclusion, our investigation using dynFC to probe the relationship 

between empathy and ER revealed increased dwell times during the ER task 

brain states related bi-directionally to affective and cognitive empathy, and 

increased dwell time during an RME task brain state related to decreased 

tendency to use cognitive reappraisal.  Specifically, the present findings suggest 

that efficient communication and (re)configuration between the CEN, DMN, SN 

underlie both ER and RME task dynamics, and that these temporal patterns 

relate to trait empathy and ER tendency. Thus, we propose EI may arise from the 

efficient interplay between brain networks subserving cognitive control, 

autobiographical thought and sensory perception. Taken together, these findings 

contribute a neurobiological basis for the hypothesized relationship between ER 

and empathy, and further suggest EI ability may be arise from their dynamic 

interaction.  
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Limitations and Future Directions 

Several limitations of this study should be acknowledged. First, we recognize we 

had a small sample size, which could contribute to low power in detecting desired 

outcomes. Future studies with larger samples may be necessary to clarify how 

dynFC indexes relate to behavioral measurements. Additionally, our sample 

consisted primarily of Caucasian participants, and additional research should 

examine these questions with more ethnically and racially diverse samples. It 

would be interesting to study possible cultural differences relating to cognitive 

and affective empathy, emotion regulation, and the ways in which these 

constructs may interface with internalizing symptoms in other cultures. The field 

would benefit from longitudinal research examining these questions over time in 

a diverse sample of male and female individuals, especially for the RME task. In 

addition, performance on the RME task may differ according to sex (Baron-

Cohen et al., 1997; Dorris et al., 2004; Losh et al., 2009). Previous studies have 

reported sex differences in typical individuals for neural activation associated with 

the RME task (Baron-Cohen et al., 2006), specifically, activation differences have 

been identified in the dlPFC and the medial temporal gyrus. To understand how 

empathy and emotion regulation differ in men and women, potential sex-

differential effects should be considered in larger samples.  
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CHAPTER IV: A CLOSER LOOK AT EMPATHY 
 

“Human morality is unthinkable without empathy” 

Frans de Waal 

 

EXPERIMENT 2:  

Shared Characteristics of Intrinsic Connectivity Networks Underlying 

Interoceptive Awareness and Empathy 

 

Internal body signals relative to emotion processing has been a topic of 

long-standing interest (Gurney, 1884; Strack et al., 1988), with more recent 

evidence highlighting an intriguing bidirectional relationship between sensations 

that arise internally and emotional phenomena (Cameron, 2001; Craig, 2009; 

Damasio, 2005; Lane, 2008). A proposed biological basis that may clarify this 

interplay is interoception, namely – the afferent processing of internal bodily 

signals that arise from visceral organs (Cacioppo et al., 2000; Cameron, 2001; 

Craig, 2009; Johnson, 2001; Wiens, 2005). For example, an increased heart rate 

signals an emotional modulation, indicating that the assessment of one’s own 

emotions requires interoceptive processes (K. H. Lee & Siegle, 2012). Indeed, 

evidence suggests a consistent relationship between emotional experience and 
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interoception (Critchley et al., 2004; Pollatos et al., 2007; Werner et al., 2009). In 

addition, neuroimaging findings corroborate a substantial overlap between the 

neural substrates of one’s own emotional and interoceptive processing. This 

highlights the proposed idea that interoception plays an important role in 

emotional self-assessment (Adolfi et al., 2017; Critchley & Garfinkel, 2017; 

Damasio et al., 2000; Terasawa et al., 2013). However, the relationship between 

signals arising from one’s own body and the emotions of another individual is a 

topic that remains relatively unexplored. 

A harmonious social interaction putatively hinges on whether the observer 

can vicariously feel and understand the mental state of the listener, a 

socioemotional ability known as empathy (Davis, 1980). Empathy can be further 

fractioned into two interrelated facets: Affective and Cognitive empathy. Affective 

empathy is conceptualized as the automatic process of vicariously experiencing 

the emotional state of another (Baron-Cohen & Wheelwright, 2004; Davis, 1980), 

while Cognitive empathy describes the individual’s ability to accurately imagine 

another person’s perspective (Davis, 1980; Decety & Jackson, 2004; Lawrence 

et al., 2006). The two facets of empathy exist on a continuum. While Affective 

empathy requires the empathizer to represent both ‘self’ and ‘other’, Cognitive 

empathy requires a marked ‘self’ and ‘other’ distinction in order to successfully 

imagine a different perspective from one’s own (Steinbeis, 2016).  

One popular interpretation of such a ‘shared representation’ (Decety and 

Sommerville 2003) posits that we represent others’ experiences in terms of self-
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experience, which may explain why interoceptive awareness (IA; processed 

internal sensations part of conscious awareness), plays such a crucial role in 

social encounters (Cameron, 2001; Khalsa et al., 2018).  Indeed, a substantial 

amount of evidence points to IA influencing the degree to which an individual 

experiences their emotions (Barrett et al., 2004; Wiens, 2005). For instance, 

those with high IA report heightened emotional arousal (Dunn et al., 2010; 

Pollatos & Schandry, 2008; Wiens, 2005), which suggests better IA could lead to 

greater Affective empathy due to the fact the shared emotion is more intense. In 

addition, increased IA has also been tied to decreased susceptibility to body 

ownership illusions (Tajadura-Jiménez & Tsakiris, 2014; Tsakiris et al., 2011), 

suggesting a clearer divergence between ‘self’ and ‘other’ which may positively 

relate to Cognitive Empathy.  

Current neuroimaging evidence indeed suggests that the neural 

substrates of empathy overlap with those involved in self-experience (Iacoboni, 

2005; Jackson et al., 2005; Keysers et al., 2004; Wicker et al., 2003), supporting 

the theory that the brain represents others’ experiences in terms of the 

experiences of the self (Decety & Sommerville, 2003). For instance, in the Jabbi, 

Swart, and Keysers 2007 study, activation of the anterior insula (AI) and inferior 

frontal operculum (IFO) was observed in both the observer and experiencer 

during aversive taste stimuli. Similarly, observing others’ pain has been found to 

robustly activate the AI and anterior cingulate cortex (ACC), regions associated 
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with one’s own pain (Jackson et al., 2005; Lieberman & Eisenberger, 2009; 

Singer et al., 2004).  

However, in the ‘shared representation’ context, it is unclear which brain 

regions underlying a specific aspect of empathy contribute to IA. This may be 

due to empathy’s facets activating interacting, but only partially overlapping, 

neural bases (Y. Fan et al., 2011). Affective empathy primarily elicits activations 

from regions implicated in rapid and prioritized processing of emotion signals, 

including: the amygdala, hypothalamus, orbitofrontal cortex (OFC) and AI 

(Decety et al., 2013). By comparison, Cognitive Empathy, which shares similar 

neural networks with mentalizing and Theory of Mind (TOM) (Pardini & Nichelli, 

2009) additionally involves the superior temporal sulcus (STS), temporoparietal 

junction (TPJ), fusiform gyrus (FG), and medial prefrontal cortex (mPFC) (Saxe & 

Powell, 2006). Thus, it is plausible to theorize that IA may share neural bases 

with Affective empathy within the AI and amygdala, and with Cognitive empathy 

within the PFC. A better understanding whether there is a disassociation 

between these constructs in relation to IA could therefore refine and extend the 

‘shared representation’ hypothesis.  

     Although no studies have explored the neural intersection of IA and 

empathy’s two facets, one recent meta-analysis did investigate convergent areas 

of activation between IA, emotion and social cognition (Adolfi et al., 2017). The 

results for the three domains converged in the AI, amygdala, right inferior frontal 

gyrus (rIFG), basal ganglia and medial anterior temporal lobe (mATL), ascribing 
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particular importance to the fronto-temporo-insular nodes (Adolfi et al., 2017). 

The authors conclude co-activation of these regions may result in an evaluative 

association of the internal milieu, and in combination with external cues, leads to 

complex social cognition (Adolfi et al., 2017). However, only partial insight can be 

gleaned from these results in connection to the present study. The authors of the 

Adolfi et. al 2017 study describe the complex domain of “social cognition” simply 

in terms TOM (the attribution of mental states to oneself and others) (Baron-

Cohen et al., 2001). TOM only takes into account the Cognitive and not Affective 

facet of empathy, and according to the Shamay-Tsoory et al. 2010 model, both 

are required for intact empathic processing. Therefore, within the framework of 

the ‘shared representation’ hypothesis, this meta-analysis only offers a limited 

glimpse into how IA and empathy’s facets are neurologically related. 

     Nevertheless, this activation-based meta-analysis revealed a number 

of key brain regions known to play a role within a distributed socioemotional 

network. Scant functional connectivity (FC) data exists directly addressing how 

these regions communicate and how their communication could result in 

representing others’ experiences in terms of the experiences of the self (Decety 

& Sommerville, 2003). Thus far, one study investigating deficits in a patient with 

depersonalization disorder (body self-awareness disruption) employed graph-

theory analyses during an empathic task and demonstrated impaired Affective 

empathy and IA related to changes in a interoceptive-emotional network, 

specifically in the AI, ACC and somatosensory cortex (Sedeño et al., 2014). 
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Although germane, the study only supports an association between these 

domains during active, task-relevant network configurations. However, if the 

brain uses the ‘self’ as a blueprint for understanding others’ emotional 

experiences as proposed by Decety and Sommerville 2003, it stands to reason 

that the brain’s intrinsic connectivity networks (ICNs) during resting-state (rsfMRI) 

already contain the information necessary for task-based expression.  

In fact, several studies corroborate this assumption. Recently Tavor et al. 

2016 applied computational models showing that resting state functional 

connectivity (rsFC) alone is sufficient to predict individual variability in task maps, 

and that this pattern of intrinsic connectivity can be predictive of a subject’s 

identity, similar to a fingerprint (Finn et al., 2015). Importantly, Bilevicius et al. 

2018 illustrated that empathy scores were correlated with different patterns of 

rsFC in the default mode network (DMN), salience network (SN), and left and 

right central executive networks (CEN). Similarly, Cox et al. 2012 showed that 

relative empathic ability (REA) is reflected in the brain's rsFC. Lastly, Christov-

Moore et al. 2020 utilized machine learning to demonstrate rsFC patterns within 

resonance and CEN networks can predict trait empathic concern. No evidence 

regarding trait IA within rsfMRI exists thus far, but studies point to a large-scale 

brain system supporting interoception comprising the DMN and SN (Kleckner et 

al., 2017). Therefore, it is possible to hypothesize that empathy and IA could 

share rsFC within the DMN or SN, supporting the ‘shared representation’ 

hypothesis through rsFC data. 
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In addition to rsFC, BOLD variability is an often discounted neuroimaging 

measurement that may offer complementary information regarding network 

function and organization. What BOLD variability represents has been unclear, 

but recent neuroimaging advances suggests it may reflect network coherence 

throughout the cortex, and therefore a complementary reflection of functional 

connectivity (Fox, 2005; Mišíc et al., 2011; Vakorin, Lippe, et al., 2011). Although 

BOLD variability is often ignored because it has been attributed to various 

confounds that are deliberately minimized (in the name of improving signal-to-

noise ratios) (Garrett, Samanez-Larkin, et al., 2013), several areas of 

neuroscience research have examined the properties and unique functionality of 

variance, and suggest that by considering rather than ignoring variance, our 

ability to understand and predict neural phenomena can improve dramatically 

(Faisal et al., 2008; MacDonald et al., 2006; R. B. Stein et al., 2005). In fact, 

recent theories consider high BOLD variability necessary for the neural system’s 

adaptability, efficiency and cognitive performance (Dai et al., 2016; Garrett et al., 

2010; Garrett, Kovacevic, et al., 2013; McIntosh et al., 2008; Vakorin, Lippe, et 

al., 2011; Vakorin, Mišić, et al., 2011). Specifically, according to the coordination 

dynamics theory, networks demonstrating increased BOLD variability can flexibly 

shift through integrative and segregative configurations, maintaining the neural 

system in balance (Tognoli & Kelso, 2014). In  the same way rsFC is used to 

predict task performance in individual subjects (Finn et al., 2015), resting state 

BOLD variability (rsBOLD) is used to show that the subject- and task specific 
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BOLD variability signature is stable and persistent across time (Gaut et al., 

2018). rsBOLD variability has been in clinical populations to investigate alteration 

in the organization of brain networks (Good et al., 2020; Kumral et al., 2020; 

Scarapicchia et al., 2018; Zhang et al., 2020) and in healthy populations to 

investigate brain maturation trajectories (Nomi et al., 2017) and degree of 

cognitive flexibility (Armbruster-Genç et al., 2016). Although no studies in a 

healthy sample have yet explored rsBOLD variability in relation to trait empathy 

or IA, this inquiry could shed light on how networks underlying these constructs 

communicate. For instance, increased rsBOLD variability in SN and/or DMN in 

relation to empathy and IA could putatively be related to effective switching 

between ‘self’ and ‘other’, leading to successful empathizing.   

 

Aims 

Therefore, the present study employs a data-driven approach to explore 

rsFC and rsBOLD variability related to brain networks underlying Cognitive, 

Affective empathy and IA. Specifically, we aim to understand whether Cognitive 

and/or Affective empathy as measured by self-report questionnaires share rsFC 

and/or rsBOLD variability with IA self-report measures during resting state in 

healthy adults.  

 

Hypotheses 
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We hypothesize based on previous literature that 1) Affective empathy will 

share rsFC and/or rsBOLD with IA within a SN network, specifically amygdala, 

AI, and IFO, given their involvement in the processing of emotion experienced in 

oneself and vicariously for others (Singer et al., 2004), while 2) Cognitive 

empathy will share rsFC/ rsBOLD variability with IA within a mentalizing network, 

specifically in the rTPJ and precuneus, as these regions are posited to underlie 

explicit mentalizing (Bardi et al., 2017; Hyde et al., 2015; Kovács et al., 2014; 

Naughtin et al., 2017).  

Participants and Procedure 

26 healthy young adults (m=21.85 y.o./16 female) without a reported 

history of neurological or psychiatric disorders were recruited for this study. All 

participants were right-handed and had normal or corrected-to-normal vision and 

hearing. The study took part on two separate days. On the first day, participants 

visited the lab to be briefed on the MRI protocol, fill out consent forms and 

behavioral assessments. On the second day, participants completed the rsfMRI 

scan at the University of Louisville, School of Medicine.  

The participants watched a 7 min abstract, nonsocial movie titled Inscapes 

previously demonstrated to evoke strong connectivity in networks that resemble 

rest more than those exhibited during conventional movies (Vanderwal et al., 

2015). The movie features a series of technological-looking abstract shapes. 

Participants were told to keep their eyes open and relax while watching and 

listening to the movie. The stimulus was displayed using E-prime on an Invivo 
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Esys LCD TV monitor at the back of the scanner bore, which was viewed by 

participants through a mirror on the head-coil. The video is freely available for 

download from HeadSpace Studios.  

Empathy Questionnaire – Interpersonal Reactivity Index (IRI) 

Affective and Cognitive empathy was assessed using the Interpersonal 

Reactivity Index (IRI) (Davis, 1983). The IRI consists of 28 items rated on a 5-

point scale with the anchors: “does not describe me well” to “describes me very 

well”. The items are arranged into four subscales with seven items. Each 

subscale measures a distinct component of empathy: empathic concern (EC) 

(feelings of compassion and concern for others); personal distress (PD) (feelings 

of anxiety and discomfort that result from observing another person’s negative 

experience); perspective taking (PT) (the ability to adopt the perspectives of 

other people and see things from their point of view); and fantasy subscale (FS) 

(the tendency to identify with characters in movies, books, or other fictional 

situations) (Davis, 1983). Affective empathy, the ability to infer an agent’s 

feelings or emotions, was derived from summing the EC and PD subscales.  

Cognitive empathy, the ability to infer an agent’s beliefs or thoughts, was derived 

from summing the FS and PT subscales. Total empathy was derived from 

aggregating Affective and Cognitive empathy scores. All scores were 

standardized by applying a z-score transformation, and later compared with the 

MAIA assessment and its subscales (see below) in subsequent analyses.  

Multidimensional Assessment of Interoceptive Awareness (MAIA) 
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The Multidimensional Assessment of Interoceptive Awareness (MAIA) is a 

32-item instrument assessing IA: “the conscious perception of sensations from 

inside the body that create the sense of the physiological condition of the body, 

such as heart beat, respiration, satiety, and the autonomic nervous system 

sensations related to emotions” (Mehling et al., 2012). Each statement is rated 

from 0 (never) to 5 (always) in terms of how often it applies to the participant 

generally in daily life. The statements are then separated into 8 subscales: 

Noticing, Non-Distracting, Not-Worrying, Attention-Regulation, Emotional 

Awareness, Self-Regulation, Body Listening and Trusting, which are in turn 

aggregated into 5 overall scales used in the present study: Awareness of Body 

Sensations (Noticing); Emotional Reaction and Attentional Response to 

Sensations (Not-Distracting, Not-Worrying); Capacity to Regulate Attention 

(Attention Regulation), Awareness of Mind-Body Integration (Emotional 

Awareness, Self-Regulation, Body Listening) and Trusting Body Sensations 

(Trusting). A total Interoceptive Score (MAIA Total) was derived by summing all 

the aggregate scales. All scores were standardized by applying a z-score 

transformation, and later compared with the IRI and its subscales (see above) in 

subsequent analyses. Correlations between behavioral measurements were 

conducted with the Statistical Package for Social Sciences (Version 25.0.0; 

SPSS, INC.), and corrected for age, gender and multiple comparisons using false 

discovery rate p<0.05 (FDR) (Benjamini and Hochberg 1995).  

Neuroimaging Methods 
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Preprocessing  

All analyses were conducted using the CONN toolbox 19.c (Whitfield-

Gabrieli & Nieto-Castanon, 2012) based on SPM12 (Penny et al., 2007) in the 

2017 version of MATLAB. Spatial preprocessing in the CONN toolbox included 

realignment, normalization and smoothing (6 mm FWHM Gaussian filter) using 

SPM12 default parameter settings. Anatomical volumes were segmented into 

gray matter, white matter and cerebrospinal fluid (CSF) areas, and the resulting 

masks were eroded to minimize partial volume effects. Physiological and other 

sources of noise were estimated and regressed out using CompCor (Behzadi et 

al., 2007), a method that performs principal component analysis to estimate the 

physiological noise from white matter and cerebrospinal fluid for each participant. 

Motion from the ART toolbox was also included as a confound regressor. Next, a 

0.01–0.10 Hz temporal band-pass filter standard for resting-state connectivity 

analyses was applied to the time series (Nieto-Castanon, 2015). In sum, 

detrending, outlier censoring, motion regression, and CompCor correction were 

performed simultaneously in a single first-level regression model, followed by 

band-pass filtering. These corrections yielded a residual BOLD time course at 

each voxel that was used for subsequent analyses. 

Neuroimaging Analysis 

Network Connectivity  

     Group-level independent component analysis (ICA) using the CONN 

toolbox was conducted to identify networks of functionally connected brain 
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regions during resting state that may be associated with the IRI and MAIA 

scores. This involved the application of the fastICA algorithm to volumes 

concatenated across subject and resting state condition in order to identify 

independent spatial components (ICs) and back-projection of these components 

to individual subjects, resulting in maps of regression coefficients representing 

connectivity between the network and every voxel in the brain (see Calhoun et al. 

2001 for details). Forty ICs were identified using spatial overlap of suprathreshold 

areas (Dice coefficient (Rombouts et al., 1998)), based on CONN’s default 

network atlas with ROIs characterizing an extended set of classical brain 

networks: Default Mode Network (4 ROIs), SensoriMotor (2 ROIs), Visual (4 

ROIs), Salience / Cingulo-Opercular (7 ROIs), DorsalAttention (4 ROIs), 

FrontoParietal / Central Executive (4 ROIs), Language (4 ROIs), Cerebellar (2 

ROIs) (all ROIs defined from CONN's ICA analyses of HCP dataset / 497 

subjects) (Nieto-Castanon, 2014). We chose 40 ICs due to research suggesting 

ICA results are only affected by the number of ICs when the number is smaller 

than the number of source signals (Ma et al. 2007), in addition to assuring 

coverage of a majority of signal variance. Noise components were further 

identified through visual inspection by authors (TS and BD) (e.g., components 

largely overlapping CSF), resulting in the exclusion of 4 out of 40 ICs from further 

consideration. Each of the remaining 36 ICs was subsequently entered in 

multiple regressions with the IRI and MAIA subscales, aggregate and Total 

scores. For each network, the resulting statistical maps were cluster thresholded 



 

 
 

 

 

65 

at p≤0.05, voxel thresholded at p<0.001 (FDR-corrected) using Gaussian 

Random Field Theory , and corrected for age and gender. All coordinates 

reported below refer to peak activations in anatomical MNI space.  

Network Variability 

In order to assess network variability and its relationship to either empathy or IA, 

we regressed each IC’s network variability (calculated in CONN as SD of each 

IC’s BOLD timeseries: SDBOLD (Nieto-Castanon, 2020) with the IRI and MAIA 

subscales.  

 

Results 

Behavioral Results 

In order to establish the relationship between empathy and IA, all IRI and 

MAIA subscales, aggregate and Total scores were correlated.  

Relationship between Affective Empathy and Interoceptive Awareness 

Excluding same-subscale correlations, negative relationships were 

observed between Affective empathy and the following MAIA subscales: 

Capacity to Regulate Attention (r(26) = -0.83, p<0.01), Trusting Body Sensations 

(r(26) = -0.55, p<0.01) and MAIA Total (r(26) = -0.64, p<0.01). Similarly, we 

observed a negative relationship between the Personal Distress (PD) subscale 

and Capacity to Regulate Attention (r(26) = -0.74, p<0.01), Awareness of Mind 

Body Integration (r(26) = -0.49, p<0.01), Trusting Body Sensations (r(26) = -0.53, 

p<0.01) and MAIA Total (r(26) = -0.66, p<0.01). Therefore, we report a negative 
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relationship between Affective empathy and IA (most influenced by the PD scale, 

since EC exhibited no significant relationship). 

Relationship between Cognitive Empathy and Interoceptive Awareness 

We observed a positive relationship between Cognitive Empathy and the 

Awareness of Mind Body Integration subscale, r(26) = 0.35, p=0.06, although it 

did not survive multiple comparison correction. In addition, we observed a 

significant positive relationship between the IRI Perspective Taking (PT) 

subscale and the MAIA Awareness of Mind Body Integration subscale, r(26) = 

0.41, p<0.01. Therefore, we report a positive relationship between Cognitive 

empathy and IA (most influenced by the PT subscale, since Fantasy exhibited no 

significant relationship).  

Taken together, our behavioral results show a bidirectional relationship 

between empathy and IA, depending on the facet of empathy interrogated and 

mainly driven by the subscales of PD (Affective Empathy) and PT (Cognitive 

Empathy).  

Functional Connectivity Results 

Network Connectivity 
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We observed that within a network comprising right inferior frontal 

operculum (rIFO), bilateral superior parietal lobule (SPL) and bilateral middle 

temporal gyrus (MTG), greater connectivity in the rIFO was associated with 

greater overall empathy as measured by the IRI Total, and with greater IRI 

Affective empathy. Conversely, lower connectivity in the rIFO was associated 

with increased overall IA as measured by the MAIA Total and increased MAIA 

Capacity to Regulate Attention (Figure 13, Table 2). 

Figure 13. Greater connectivity in the right inferior frontal operculum (rIFO) is 
associated with lower total IA and greater Affective empathy. Statistical maps are 
FDR-corrected within the network at cluster-based p < 0.05, after voxel threshold 
at p < 0.001, and further corrected for age, gender, and multiple comparisons 
across components using FDR. 

 

Table 2         

         

Spatial Network Statistics      

Social Cognition Network 

R IFG
Anterior

Posterior

MAIA Total MAIA Capacity to Regulate Attention

R IFG
Anterior

Posterior

IRI Total Affective Empathy

R IFG R IFG
Anterior

Posterior

Anterior

Posterior

Shared Positive Functional Connectivity  between  Empathy and Interoceptive Awareness

R IFG
SPL

SPL

SPL MTG
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Questionnaire 
Subscale Region Laterality 

Peak 
Cluster 
(X, Y, Z) size p-FDR T stat 

Effect 
Size 90% CI 

MAIA Total IFG R 46, 48, 2 289 0.04 -6.84 2.7 2, 3.25 
Capacity to 
Regulate 
Attention IFG R 46, 48, 14 407 0.0003 -6.02 2.8 2, 3.25 

IRI Total IFG R 36, 56, 6 207 0.03 5.26 2.7 1.5, 3 

Affective 
Empathy IFG R 40, 48, -4 284 0.02 5.67 2.8 2, 3.5 

 

Network Variability  

      Network variability analyses revealed that within a network comprising left 

IFO (L IFO), Cerebellum, and rAI, IRI Personal Distress was negatively related to 

variability of the network (T(22) = -1.04, p=0.02)), while conversely, MAIA 
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Awareness of Body Sensations was positively related (T(22) = 1.48, p=0.001)), 

(Figure 14).  

Figure 14: Shared network variability between Affective empathy and MAIA 
Awareness of Body Sensations. Statistical maps are FDR-corrected within the 
network at cluster-based p < 0.05, after voxel threshold at p < 0.001, and further 
corrected for age, gender, and multiple comparisons across components using 
FDR. Note: the red dots in the graph represent the observed correlation between 
the standard deviation of the individual network’s BOLD time-series (SDBOLD) and 
each subjects’ behavioral measure. The blue dots represent the predicted values 
of the statistical model. The R2 value represents the variance explained resulting 
from the regression between SDBOLD and behavioral variables of interest. 
 

Internal Sensation Network

Shared Positive Temporal Connectivity  between Personal Distress and Awareness of Body Sensations

Cerebellum

R Hippocampal 

Gyrus
L Insula

L Lateral 

Occipital 

Cortex

Cerebellum

Cerebellum

L IFG

Temporal Variability and 

Awareness of Body Sensations 

Temporal Variability and

Personal Distress

R2=0.21 R2=0.35
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     Lastly, within a network comprising right Precuneus, rMTG, bilateral 

supramarginal gyrus (SMG) and rIFO, IRI Perspective Taking (T(22) = 1.45, 

p=0.001) and MAIA Mind Body Integration (T(22) = 2.52, p=0.01) were positively 

related to network variability (Figure 15).  

Figure 15: Shared network variability between Cognitive empathy and MAIA 
Mind-Body Integration statistical maps are FDR-corrected within the network at 
cluster-based p < 0.05, after the voxel threshold at p < 0.001, and further 
corrected for age, gender, and multiple comparisons across components using 
FDR. Note: the red dots in the graph represent the observed correlation between 
the standard deviation of the individual network’s BOLD time-series (SDBOLD) and 
each subjects’ behavioral measure. The blue dots represent the predicted values 
of the statistical model. The R2 value represents the variance explained resulting 
from the regression between SDBOLD and behavioral variables of interest. 
 

Discussion 

Empathy and IA are crucial to meaningful social exchanges. As these two 

constructs interact, a ‘shared representation’ is created as one's own internal 

state is utilized to understand the emotional experiences of others (Decety & 

Shared Negative Temporal Connectivity  between Perspective Taking and Mind Body Integration

Temporal Variability and 

Awareness of Mind Body Integration

Temporal Variability and

Perspective Taking

R2=0.34 R2=0.24

R AI
aMCC

Opercular 

Cortex

L AI L AI

L Hippocampus

Mentalizing Network
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Sommerville, 2003). However, it is not yet clear whether a specific aspect of 

empathy (Affective or Cognitive) interfaces with IA. Our resting state fMRI study 

employed Independent Component Analysis (ICA) to investigate which empathy 

facet shares rsFC and/or rsBOLD with IA while healthy adults viewed naturalistic 

stimuli. We observed a bidirectional behavioral relationship between empathy 

and IA, whereby Affective empathy and IA were negatively related, and Cognitive 

empathy and IA were positively related. This bidirectional link is mirrored in the 

neuroimaging results, such that Affective empathy and IA were inversely related 

to increased rsFC within the rIFO, and also inversely related to rsBOLD; whereas 

Cognitive empathy and IA showed only a positive relationship with rsBOLD. 

Together, these results suggest a double disassociation between empathy and 

IA depending on the type of empathy interrogated, which is reflected in the brain 

network’s intrinsic connectivity and variability patterns.  

Behavioral Findings 

Behaviorally, we observed a negative relationship between the Personal 

Distress (PD) subscale of the Affective empathy aggregate IRI scale and the total 

MAIA score, Capacity to Regulate Attention and Trusting Body Sensations 

subscales. The Capacity to Regulate Attention subscale pertains to various ways 

of controlling one’s attention towards bodily sensations, as part of an active 

regulatory process; while Trusting Body Sensations reflects the extent to which 

one views awareness of bodily sensations as helpful for decision making 

(Mehling et al., 2012). The Empathic Concern (EC) subscale of Affective 
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empathy exhibited no significant relationship, implying that PD is the dominant 

subscale of the Affective empathy aggregate scale when relating to the MAIA 

within this sample. This distinction is important, considering that previous data 

suggests EC motivates individuals to pay attention to others’ emotions in order to 

try to comfort them, while conversely, PD drives attention away from others in 

order to reduce the aversive effects for oneself, perhaps as a form of emotion 

regulation (Zaki, 2014). Indeed, Decety & Jackson, 2004 proposed that PD may 

arise from the failure of applying sufficient self-regulatory control over the shared 

emotional state. In line with previous studies, we report an inverse relationship 

between PD and an attention regulation measure – MAIA’s Capacity to Regulate 

Attention subscale. Together with the Trusting Body Sensations subscale, our 

findings suggest the increased ability to regulate internal attention and rely on 

this discrete information may be linked to a decrease in the discomfort 

experienced while witnessing another’s distress.  

Furthermore, we found a positive relationship between the Perspective 

Taking (PT) subscale of the Cognitive empathy aggregate IRI scale and the 

Awareness of Mind Body Integration of the MAIA. This MAIA subscale represents 

the integration of several higher level cognitive processes necessary for socially 

relevant goal-directed behavior (i.e. executive functions (PRIBRAM, 1973)) 

including: emotional awareness, self-regulation of emotions, and the ability to feel 

a sense of an embodied self, that is – “a sense of the interconnectedness of 

mental, emotional, and physical processes as opposed to a disembodied sense 
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of alienation from one's body” (Mehling et al., 2012). Thus, our results support 

previous findings suggesting Cognitive empathy, and in particular PT, is related 

to a wide array of executive function skills such as working memory, inhibitory 

control and cognitive flexibility (Aliakbari et al., 2013; Healey & Grossman, 2018; 

Yan et al., 2020). Taken together with the aforementioned negative relationship 

between PD and IA, these behavioral results suggest a bidirectional ‘shared 

representation’ between empathy and IA, contingent on the type of empathy 

interrogated. To wit, directing attention towards internal bodily sensations may 

relieve vicarious emotional pain but flexibly employing cognitive-control skills may 

increase the ability to take the perspective of another.  

Functional Connectivity Findings 

Our rsFC results provide further support for this inverse relationship. 

Within a network of brain regions previously shown to underlie attentional 

processing (superior parietal lobule (SPL), medial temporal gyrus (MTG) and 

right inferior frontal operculum (rIFO) (Corbetta & Shulman, 2002; Perrett et al., 

1992, 1982, 1985; Yan Wu, Wang, et al., 2016), we observed that increased 

rsFC in the rIFO was associated with increased overall empathy (total IRI score) 

and the Affective empathy aggregate scale on one hand, but reduced overall IA 

(total MAIA score) and Capacity to Regulate Attention on the other hand. 

Previous studies investigating both personal (Craig, 2009; Critchley, 2005; 

Damasio, 2005; Gray et al., 2007; Johnson, 2001) and vicarious emotional 

experience (Jabbi et al., 2007; Singer et al., 2004) show the consistent activation 
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of the anterior insula (AI) and frontal operculum, and therefore the IFO is thought 

of as a continuum between these two structures (Jabbi et al., 2007; Wicker et al., 

2003). Because Affective empathy was driven by the PD subscale within this 

sample, increased rsFC within the rIFO in the present study may relate to 

intensified personal suffering from witnessing another’s distress, but decreased 

awareness of one’s own body sensations, perhaps due to allocating attention 

externally (for example, away from self and toward other’s distress). In line with 

previous activation-based results (Adolfi et al., 2017; Ernst et al., 2013), our 

findings refine the ‘shared representation’ hypothesis (Decety & Sommerville, 

2003) by showing rsFC overlap of IA and Affective empathy in this region, and 

extend previous results by providing rsFC evidence of a double dissociation 

between empathy and IA.  

Network Variability Findings 

Our rsBOLD results offer a complementary perspective that further 

supports this bidirectional relationship. We observed increased scores on the 

MAIA Awareness of Body Sensations subscale and decreased scores on the 

Affective empathy scale was associated with increased rsBOLD of brain regions 

previously shown to underlie processing and integration of visceral information 

(i.e., Cerebellum, L IFO, L AI) (Adamaszek et al., 2017; Baumann & Mattingley, 

2012; Bogg & Lasecki, 2015; Schienle & Scharmüller, 2013; J. D. Schmahmann, 

2001; Terasawa et al., 2013). Despite the prevailing focus on the AI as a hub for 

processing body sensations (Kuehn et al., 2016; Pollatos et al., 2007; Singer et 
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al., 2009; Terasawa et al., 2013), additional brain regions are also commonly 

implicated in interoceptive experience. For example, fMRI studies identify the 

involvement of the IFO and cerebellum, reinforcing the notion that interoceptive 

processing (and perhaps especially nociceptive information) may occur through 

multiple neural pathways (Garcia-Larrea, 2012; Peiffer et al., 2008; Rapps et al., 

2008). In the same vein, observing distress in others without actually 

experiencing it may rely on high-order cognitive functions to access minor 

changes in physical state, as a tool to modulate negative stimulus input (Preckel 

et al., 2018). The implication of the cerebellum in a shared network underlying 

both Affective empathy and interoceptive processing is not surprising, since the 

cerebellum serves as an integral node in the distributed cortical–subcortical 

neural circuitry supporting an array of sociocognitive operations (Jeremy D. 

Schmahmann & Pandya, 1995). Thus, our rsBOLD findings offer a 

complementary perspective alongside our rsFC data, and suggest that increased 

communication between regions of this network relates to increased awareness 

of internal sensations and perhaps a sense of ‘self’, but decreased flexibility in 

integrating emotions arising from witnessing ‘others’’ distress. 

In addition, we observed a positive relationship between rsBOLD and the 

Cognitive empathy scale and the MAIA Awareness of Mind Body Integration 

subscale within a network of brain regions previously associated with the process 

of mentalizing – the precuneus, rIFO, SMG and MTG (Mar, 2011; Northoff et al., 

2006; Schurz et al., 2014; Spreng, Mar, et al., 2009; Vogeley et al., 2001). 
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Mentalizing signifies the ability to attribute mental states to another individual, 

allowing the observer to predict intent and direct their behavior appropriately (U. 

Frith et al., 1991; Premack & Woodruff, 1978). Researchers agree that 

mentalizing differs from the vicarious sharing of emotion in its psychological 

complexity, combining observation, memory, knowledge, and reasoning to 

provide insight into the thoughts and feelings of others (Decety & Jackson, 2004; 

van der Heiden et al., 2013). Therefore, its connection with MAIA’s Awareness of 

Mind Body Integration scale is not surprising, since both concepts require not 

only affective experience, but also comprehension and integration of another’s 

particular state of mind within one’s own emotional schema. We therefore 

suggest that increased rsBOLD of brain regions underlying a mentalizing network 

may point to enhanced network flexibility subserving not only a better ability to 

take another’s perspective, but also an improved sense of interconnectedness 

between one’s own mind and body.  

Lastly, our data shows an interesting convergence of empathy and IA 

within the IFO. Research suggests the IFO serves as both a sensory-cognitive 

integration area and a control node of the ventral attention network (Corbetta & 

Shulman, 2002; Craig, 2009), conjectured to maintain goal-related information 

online until a decision is reached (Tops et al., 2011; Tops & De Jong, 2006). 

Moreover, recent evidence suggests a hemispheric specialization of the IFO 

related to reactive/proactive goal maintenance (Tops et al., 2011). On one hand, 

the rIFO may facilitate immediate somatosensory processing and attentional 
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shifting whilst a response is ongoing (reactive) (Hampshire et al., 2009; Higo et 

al., 2011; Nelson et al., 2010; Tops et al., 2011), through its connections to 

rostral ACC, superior temporal gyrus (STG) and occipital cortex (Cauda et al., 

2011). On the other hand, the lIFO may exert top-down control whilst preparing a 

response (proactive) (Tops et al., 2011), through its connections to dorsolateral 

prefrontal cortex and bilateral supplementary motor area (Cauda et al., 2011). 

Taking this evidence into consideration, we speculate the positive association 

between rsFC within the rIFO and Affective empathy indicates a propensity in the 

highly empathic individual to shift attention toward salient cues in their 

environment (for example, another individual in distress). In contrast, the 

negative relationship between rsFC within the rIFO and IA may indicate an 

inability to redirect attention toward external salient cues, and therefore may lead 

to increased awareness of one’s own internal sensations. Our rsBOLD findings 

offer complementary evidence regarding the role of the IFO in socioemotional 

processes. We show that increased network flexibility within an interoceptive 

experience network (comprised of lIFO, L AI, cerebellum) is linked to increased 

Awareness of Body Sensations as well as decreased Affective empathy. We 

suggest the lIFO plays a crucial part in this network’s ability to modulate attention 

from one’s own internal sensations (i.e. the ‘self’) to discomfort arising from 

witnessing the ‘others’’ distress, perhaps in an effort to plan an appropriate 

emotional response. In the same vein, we show enhanced network flexibility 

within a mentalizing network (comprised of rIFO, precuneus, SMG, MTG) is 
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related to both better Cognitive empathy and increased Mind Body Integration. 

These relationships may illustrate that heightened ability to determine intent in 

others and integrate sensory information into one’s own emotional schema 

relates to flexibly shifting attention towards the target of interest (either ‘self’ or 

‘other’). In sum, our data suggests the IFO may serve as an internal/external 

attention modulator and thus may play a critical role in switching attention from 

one’s own body sensations (‘self’; IA) to the other’s (Affective and/or Cognitive 

empathy). 

Limitations and Future Directions 

Our study’s findings should be considered along with its limitations. The 

definition of rsBOLD has been inconsistent across previous studies, (e.g., 

amplitude, variance, standard deviation, mean squared successive difference; for 

a review, see (Garrett, Samanez-Larkin, et al., 2013) with considerable range in 

the methodology used to derive them. Therefore, implementation of rsBOLD as a 

consistently used neuroimaging measure will require increased efforts toward 

methodological standardization. It is also important to note that due to the nature 

of the analyses used, the findings of this study do not represent causal 

relationships. That is, the results represent a correlational relationship between a 

questionnaire-based measure of IA or empathy and rsFC and/or rsBOLD. Our 

sample was unfortunately not large enough for a gender-specific analysis, as 

evidence suggests there are differences in the capacity for empathy between 

males and females (Christov-Moore et al., 2014). Future research should be 
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conducted in this regard. Similarly, in using an undergraduate sample, the 

generalizability of these findings is limited. 

 

Summary 

In conclusion, the current research provides novel information about the 

relationship between interoceptive awareness and empathy. In contrast to 

previous studies which used task-based fMRI to assess the neurobiology of 

these two constructs separately, we used a data-driven resting state approach to 

test whether distinct empathy facets share network characteristics 

(rsFC/rsBOLD) with IA. We demonstrate a bidirectional relationship between 

empathy and IA, depending on the type of empathy investigated. Specifically, 

Affective empathy and IA share rsFC and rsBOLD, while Cognitive empathy and 

IA only share rsBOLD. In regard to Affective empathy, increased vicarious 

emotional experience and decreased IA were associated with increased rsFC 

within the rIFO of a larger attention network; while increased IA and reduced 

Affective Empathy were related to increased network flexibility within an internal 

sensation network. Concerning Cognitive empathy, perspective-taking ability and 

a sense of mind-body connectedness related to increased communication 

between brain regions subserving a mentalizing network. We also suggest the 

role of the IFO as an internal/external attention modulator that may play a critical 

role in switching attention from one’s own body sensations (IA) to another’s 

(Affective and/or Cognitive empathy). Overall, we show that the ability to feel and 
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understand another’s emotional state is related to one’s own awareness of 

internal body changes, and that this relationship is reflected in the brain’s intrinsic 

neuroarchitecture. Methodologically, this work highlights the importance of 

utilizing rsBOLD alongside rsFC as an important complementary route into 

understanding neurological phenomena. Our results hold promise in aiding 

diagnosis of clinical disorders characterized by IA and empathy deficits such as 

the autism spectrum disorders (ASD), where participants may be unable to 

complete tasks or questionnaires due to the severity of their symptoms.  

 

 

EXPERIMENT 3:  

Convergent Neural Correlates of Empathy and Anxiety During Socioemotional 

Processing 

 

Empathy is characterized by the ability to understand and share an 

emotional experience with another person. This socioemotional response 

induced by perceiving another person's affective state is a fundamental 

component of social interactions and is thought to aid in both moral development 

and prosocial behavior (Decety et al., 2015). Most literature suggests that 

empathy encompasses two interrelated components: affective empathy and 

cognitive empathy (Davis, 1983). Affective empathy, also termed empathetic 

arousal, is the automatic process of vicariously experiencing the emotional state 
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of another person (I feel what you feel). In comparison, cognitive empathy is 

related to perspective-taking, or the ability to adopt another's psychological point-

of-view, also referred to as mentalizing (I understand what you feel). While 

affective empathy is believed to be more innate, fostering care and concern for 

others, cognitive empathy involves a deliberate understanding of another 

person's viewpoint and is particularly important for social competence and 

reasoning (Decety et al., 2015) as the inability to understand another person's 

beliefs and actions may interfere with appropriate social responses (Ickes & 

Hodges, 2013; Simone G. Shamay-Tsoory et al., 2007).  

Given that empathy is closely tied to compassion and concern for 

others, the increased emotional awareness and social sensitivity in empathy may 

consequently be associated with anxiety, particularly when empathizing with 

individuals in distressing situations. Conversely, increased anxiety may translate 

into increased worry and concern for others, or concern for how one's actions 

might affect others, and therefore may be linked to increased empathy. Gaining 

insight from clinical anxiety, individuals with social anxiety disorder tend to be 

hyper self-aware and extremely attentive to social signals due to their intense 

fear of being negatively evaluated by peers (Perry et al., 2011). This 

understanding may help explain why anxious individuals have a propensity to 

over-interpret the implied threat in others' facial expressions (Horley et al., 2004), 

but moreover, these internal and external attentional biases found in anxiety may 

also be related to enhanced socioemotional processing abilities (Perry et al., 
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2011). Indeed, it has been suggested that increased sensitivity to subtle social 

cues is essential to make mentalizing judgments (Harkness et al., 2005).  

Beyond commonalities of enhanced emotional and social sensitivity, 

empathy and anxiety may additionally be related through increased internally 

generated thought. Research indicates that enhanced self-reflection is positively 

correlated with perspective-taking and empathic concern (Joireman et al., 2002) 

and may even enhance sensitivity leading to more accurate judgments about 

other's mental states (Dimaggio et al., 2008). Building on this notion, 

neuroimaging research provides additional evidence that when predicting 

emotional responses of another person, greater recruitment of emotion related 

and mentalizing regions positively correlates with self-report empathy (Hooker et 

al., 2008). Similarly, internally generated thought is believed to be a key 

constituent in anxiety. Meta-analyses show associations between rumination and 

anxiety, with the strongest links being attributed to brooding and emotion-driven 

rumination (Olatunji et al., 2013). In fact, rumination has been shown to mediate 

the longitudinal relationship between life stress and symptoms 

of anxiety in both adolescents and adults  (McLaughlin & Nolen-Hoeksema, 

2011). Neuroimaging investigations reveal that rumination reliably engages the 

cortical midline, especially the more anterior portion, such that increased 

engagement of the medial prefrontal cortex (mPFC) was found when healthy 

subjects were instructed to adopt a ruminative thinking style in an 

autobiographical memory task (Kross et al., 2009; Nejad et al., 2013). Aberrant 
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and sustained recruitment of the amygdala has also been implicated in 

rumination. During one self-referential processing task in depressed patients, the 

amygdala was found to exhibit more sustained responses to emotional relative to 

neutral stimuli, with degree of sustained amygdala activation being positively 

correlated with rumination scores (Siegle et al., 2002).Together, this suggests 

that empathy and anxiety may be linked not only through a sensitivity to social 

and emotional information, but also in a shared propensity to continue to process 

emotional information through reflection and rumination. 

Although the literature is scant, previous research provides some 

evidence for a direct relation between empathy and anxiety. Using film clips 

depicting victims facing threats, one recent study demonstrated that trait empathy 

is associated with greater self-reported vicarious anxiety when observing victims, 

and a follow-up study extended these findings by manipulating levels of state 

empathy to establish a causal relationship between empathy and vicarious 

anxiety (Shu et al., 2017). Furthermore, previous studies have documented that 

individuals who experience emotion mirroring intensely are more prone to 

personal distress (e.g., anxiety or discomfort; (Lamm et al., 2007)). Investigations 

in the clinical realm have reported similar relationships. A recent study on 

inpatient adolescents found that measures of affective empathy are positively 

related to all anxiety dimensions (Gambin & Sharp, 2018). Likewise, Perry et al., 

2011 found that individuals with social anxiety disorder demonstrate unique 
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socio-cognitive abilities, such that measures of social anxiety and general anxiety 

positively associated with affective and cognitive empathy, respectively. 

To date, neuroimaging studies have only separately investigated 

empathy and anxiety. In regard to empathy, affective and cognitive empathy 

involve interacting and partially overlapping neural bases (Y. Fan et al., 2011).  

Because affective empathy has been linked to automaticity relative to its 

cognitive component, it primarily elicits activations from regions implicated in 

rapid and prioritized processing of emotion signals, including: the amygdala, 

hypothalamus, orbitofrontal cortex (OFC) and anterior insula (Decety et al., 

2013). By comparison, cognitive empathy, which shares similar neural networks 

with perspective taking and mentalizing (Pardini & Nichelli, 2009), additionally 

involves the superior temporal sulcus (STS), temporoparietal junction (TPJ), 

fusiform gyms (FG), and (mPFC; (Saxe & Powell, 2006)). The involvement of 

STS and TPJ, areas posited to contain mirror neurons (Iriki, 2006), suggests 

these areas are specifically activated during the conscious determination of 

intent. Lesion studies and recent clinical work support the involvement of 

aforementioned regions in relation to empathic responses. In patients with 

frontotemporal dementia, reduction of gray matter in the amygdala, insula and 

TPJ were associated with deficits in attribution of mental states (i.e., mentalizing), 

specifically in the emotional realm (Cerami et al., 2014). Furthermore, lesions in 

the amygdala and insula have been found to specifically be associated with 

deficits in affective empathy (Leigh et al., 2013), while patients with mPFC 
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damage show consistent and selective deficits in cognitive empathy but intact 

emotion recognition and affective empathy (S G Shamay-Tsoory et al., 2003). 

For the purposes of this study, however, we did not aim to further disentangle the 

neural differences between cognitive and affective empathy, but instead applied 

this knowledge to more precisely investigate the links between empathy and 

anxiety. 

In regard to anxiety, neuroimaging investigations demonstrate that anxiety 

reliably elicits activations in the amygdala and insula, particularly in relation to 

negative emotional responses (Etkin & Wager, 2007). While the amygdala is 

central to threat detection, orchestrating behavioral and physiological responses, 

the insula has been implicated in interoceptive awareness and may be 

particularly important for sensing perturbations in social anxiety disorder, PTSD 

and specific phobia consistently show greater activations than matched control 

subjects in these structures, however, similar patterns have been observed 

during fear conditioning in healthy subjects (Etkin & Wager, 2007). Extensive 

work additionally highlights the role of the hippocampus in anxiety due to its 

importance in contextual processing, as well as the mPFC, which provides top-

down regulatory control to the amygdala, helping to modulate behavior in light of 

complex environmental information (Liberzon et al., 2015; Shin & Liberzon, 

2009). Interestingly, many of the regions involved in anxiety are also implicated in 

empathy, namely the amygdala, insula and mPFC. This evidence suggests 

empathy and anxiety may modulate processing in similar underlying neural 
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networks, as both constructs are associated with regions involved in processing 

salient stimuli, subjective emotional experience, and understanding complex 

social interactions. 

Aims 

Therefore, given evidence of a relation between empathy and anxiety, the 

current study aimed to investigate the underlying convergent neural correlates 

using a socially relevant task shown to engage cognitive and emotion processes 

through face processing, introspection and self-report rating of emotional state. 

This task was then used as a backdrop to explore how differences in trait 

empathy and anxiety may modulate processing within a socioemotional 

processing network and to assess points of convergence between empathy and 

anxiety. 

Hypotheses 

The following hypotheses were posited: (1) behaviorally, higher empathy 

would be related to higher trait anxiety; (2) increased trait anxiety and empathy 

would share neural substrates in emotional processing structures (e.g., amygdala 

and insula); while empathy will additionally relate to regions supporting social 

cognition (e.g., TPJ); and (3) both empathy and anxiety would exhibit increased 

functional connectivity (FC) between regions supporting emotional processing 

and social cognition (e.g., amygdala to TPJ), thus demonstrating the two 

constructs are linked within a socioemotional network. 

Methods 
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Participants 

55 healthy young adults were recruited for the present study. All 

participants were right-handed, with normal or corrected-to-normal vision and 

hearing and had no disclosed history of neurological or psychiatric disorders.  A 

total of six participants were excluded from analyses due to incomplete 

behavioral data (N = 1), incomplete magnetic resonance imaging (MRI) data (N = 

4), and disclosed psychiatric diagnosis following consent (N = 1), leaving 49 

participants in the final sample (28 males, 21 females; Ages 18-33; M age = 

22.00, SD = 4.04) 

Procedure 

The present study consisted of multiple visits. On the first visit, participants 

completed the functional MRI (fMRI) portion of the study at the University of 

Louisville, School of Medicine. At this time, participants signed consent forms, 

were briefed on MRI protocol, read through task instructions and completed 

the Face Processing Task. Within the next 72 h, participants visited the 

laboratory on the main campus to complete a variety of self-report questionnaires 

measuring personality traits of empathy and anxiety, along with measurements 

assessing internally generated thought (i.e., worry and rumination): Toronto 

Empathy Questionnaire (TEQ;(Spreng, McKinnon, et al., 2009)), State-Trait 

Anxiety Inventory (STAI;(Spielberger et al., 1973)), Penn State Worry 

Questionnaire (PSWQ;(Meyer et al., 1990)), and Ruminative Responses Scale 

(RRS; (Treynor, 2003)). 
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The TEQ was chosen as the measure for empathy because it possesses 

a robust single factor structure and is thought to measure empathy at the 

broadest level (i.e., capturing both affective and cognitive empathy), and has 

convergent validity with existing self-report scales and behavioral measures of 

affective and cognitive empathy (Spreng, Mar, et al., 2009). The RRS consists of 

22 items, comprising three subscales: (1) reflection-turning inward to engage in 

cognitive problem solving; (2) brooding-comparing one's current situation with 

some unachieved standard; and (3) depressive Rumination. Subscale totals of 

the RRS can be individually utilized, or all items can be summed together for a 

composite total rumination score, indicative of one's propensity to engage in 

repetitive and passive self-focused attention (Treynor, 2003). Since all 

questionnaires were administered one to 3 days following fMRI task scanning, 

only trait anxiety scores from the STAI were used in analyses. All questionnaires 

are known to be psychometrically sound, with high internal consistency and test-

retest reliability (Barnes et al., 2002; Meyer et al., 1990; Spreng, Mar, et al., 

2009; Treynor, 2003). 

fMRI Task Design 
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A Face Processing Task constructed from Fearful and Neutral human 

faces (male and female) shown to reliably elicit activation from brain regions in a 

canonical socioemotional network was utilized. The Face Processing task 

consisted of two conditions: Fearful and Neutral. Images were acquired from the 

Eckman Face Database. During scanning, visual stimuli were displayed through 

ePrime onto an in vivo Esys LCD TV monitor at the back of the scanner bore, 

which was viewed by participants through a mirror on the head-coil. This task 

employed an event-related design, during which face stimuli were presented for 

4s in a pseudo-random order (Fear trials N = 30, Neutral trials N = 12). After 

presentation of each face, participants rated the image for how negative it made 

them feel, using a four-point Likert scale (1 = None, 4 = Extremely negative; 2 s 

to rate). Each trial was then followed by a variable inter-trial interval (ITI; 0-8 s). 

This rating period was included to ensure processing of the emotionality of each 

face and encourage introspection (Figure 16). 
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Figure 16: Example of a single trial from the Face Processing Task. 
 
Behavioral data were analyzed using SPSS (Version 25.0.0; SPSS, INC.), 

including the use of PROCESS for mediation analyses (Hayes, 2012). Here, we 

chose not to use a causal steps approach to mediation, as this method has been 

criticized as being unnecessarily restrictive and can lead to misleading or false 

conclusions (e.g., concealing a significant indirect effect due to the absence of a 

total or direct effect, i.e., suppression;(MacKinnon et al., 2000; Rucker et al., 

2011)). Furthermore, we did not seek to demonstrate causal effects, but rather 

describe relationships among traits. For these reasons, a bootstrapping method 

was undertaken to test for indirect effects (Preacher & Hayes, 2004).  

Neuroimaging Analysis 

Functional Analyses 

Image preprocessing and data analysis were implemented using the FSL 

package (version 5.0.9, Analysis group, FMRIB, Oxford, UK). Standard 

preprocessing was applied: MCFLIRT-linear slice-time correction/motion 

correction, optiBET-brain extraction (Lutkenhoff et al., 2014), time-series 

prewhitening, and high-pass filtering (0.01 Hz). Individual's functional images 

were first registered to their high-resolution MPRAGE scans via 6-parameter 

linear registration, and the MPRAGE images were in turn registered to the 

Montreal Neurological Institute (MNI) 152 Tl-2 mm template via a 12-parameter 

nonlinear registration (Andersson et al., 2008). These registrations were 
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combined to align the functional images to the standard template. Functional 

images were resampled into the standard space with 2 mm isotropic voxels and 

were smoothed with a Gaussian kernel of 6 mm full-width at half-maximum 

(FWHM). ICA-AROMA (i.e., Independent Component Analysis Automatic 

Removal of Motion Artifact), a data-driven method to identify and remove 

components representing motion-related noise in fMRI data, was additionally 

utilized (Pruim et al., 2015). Following preprocessing, Lower-level statistics were 

implemented in FEAT. Using multiple regression analysis, statistical maps 

representing the association between the observed time-series (e.g., BOLD 

signal) and one or a linear combination of regressors for each subject were 

constructed. Regressors for the main effects were constructed by modeling each 

of the conditions-Fearful and Neutral-versus low-level fMRI baseline (ITI fixation), 

in order to create contrasts of interest: Fearful > Neutral (F > N) and Neutral > 

Fearful (N > F). For each regressor, a double-gamma hemodynamic response 

function (HRF) was convolved with an event vector starting at the stimulus onset 

through rating response to capture both the stimulus processing and 

introspective time periods in each trial (duration of 6,000 ms). Higher-level 

analysis was conducted using FLAME 1+2 and outlier de-weighting to combine 

and spatially normalize all subjects. The higher-level models employed 

nonparametric permutation methods through FSL's randomize function (Nichols 

& Holmes, 2001). For each contrast of interest, cluster thresholding and 

correction for multiple comparisons were implemented through the Threshold-
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Free Cluster Enhancement (TFCE) method, which detects clusters of contiguous 

voxels without first setting an arbitrary statistical cutoff (e.g., Z > 2.58), and 

controls the family-wise error (FWE) rate at p < 0.05 (Smith & Nichols, 2009). 

Each contrast underwent 5,000 permutations. Randomise produces corrected 1-

p maps, which were used for all figures. Figures of statistical brain maps were 

created using FSLview. 

The present analyses primarily focused on a region of interest (ROI) 

approach. For ROI analyses, regions comprising a canonical socioemotional 

processing network were analyzed (i.e., regions supporting emotion processing 

and social cognition). ROIs included: bilateral TPJ, bilateral insula, mPFC, and 

bilateral amygdala. Convergent findings from neuroimaging and lesion studies 

indicate that the amygdala and insula are critical for affective reactivity and 

interoceptive awareness, respectively (Craig, 2002; Etkin & Wager, 2007), while 

the TPJ and mPFC are essential to the perception of intentionality and mental 

states of others, as well as cognitive empathy (Amodio & Frith, 2006; Young et 

al., 2010). Bilateral anatomical masks were created from FSL's Harvard Oxford 

cortical atlas (insula and mPFC) and subcortical atlas (amygdala). Since this 

cortical atlas does not include anatomical TPJ masks, bilateral masks were 

manually created, using 10 mm radii surrounding the vertices at which the 

temporal and parietal lobes meet, at the posterior end of the Sylvian fissure for 

each hemisphere. The STS was additionally tested (-60, -46, 6) but yielded null 

results after correcting for multiple comparisons and is thus not discussed further. 
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Secondly, exploratory whole-brain analyses were carried out for the Face 

Processing Task.  

Functional Connectivity 

Seed regions for FC analyses were derived from peak z-stats of functional 

activation task results (peak z-stat within FWE-corrected cluster, when 

applicable, or peak z-stat within ROI mask in cases when no significant functional 

activation results were found). Seed masks were created using a 5 mm radius 

surrounding the peak z-stat. Seed-to-ROI FC was then performed by using the 

following steps. First, lower-level subject specific models (FSL's FEAT) were run 

by applying high-pass filtering (100 s, and subsequently the residuals and mean 

functional output were added together (FSL's res4d and mean_func). Following 

image preprocessing, lower-level subject specific models were run by regressing 

out average time courses over ventricles, white matter and subject-space whole-

brain masks (using FSL's means). The residuals (res4d) and mean functional 

output (mean_func) from the FEAT output were subsequently combined to create 

a subject-specific preprocessed time series that was globally normalized and 

controlled for white matter and ventricle signals. This data was then used in a 

third series of lower-level subject-specific models that incorporated regressors of 

demeaned timeseries extracted from each seed region for each condition of 

interest. Thus, for each subject, we determined regions of coactivation to the 

specified seed within each contrast of interest, which was then combined at the 

group level with FLAME 1 + 2 mixed effects modeling. Final results were 
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determined through paired-sample t-tests for each contrast of interest (F > N and 

N > F) using the TFCE method (FWE rate: p < 0.05, 5,000 permutations). 

Additionally, whole brain exploratory analyses were carried out. To test whether 

controlling for age or sex would alter any of the reported results, both age and 

sex were regressed into neuroimaging task data and were not found to 

significantly relate to any reported regions.  

Questionnaires 

Questionnaires were incorporated into all functional analyses. First, 

questionnaire scores were used as regressors in higher level ROI functional 

analyses in the F > N and N > F contrasts (FWE-corrected, p < 0.05). 

Additionally, regions displaying significant FC were masked using a 5 mm radius, 

and mean FC parameter estimates between regions were extracted for contrasts 

of interest and correlated with scores from each questionnaire. Finally, median 

splits of questionnaire scores were used for exploratory whole-brain group 

analyses, comparing Lower and Upper halves of each questionnaire for F > N 

and N > F contrasts. Areas of regional overlap between questionnaires following 

TFCE correction were masked using a 5 mm radius, and parameter estimated 

were extracted to calculate Cohen's d effect size between the Lower and Upper 

halves of significant results. 

Results 

Behavioral Results 
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Correlations of self-report questionnaires revealed that empathy was 

positively associated with worry (r = 0.30, p = 0.04). Worry, rumination and 

anxiety were found to all be highly intercorrelated (worry and rumination: r = 0.64, 

p < 0.001; worry and anxiety: r = 0.60, p < 0.001; rumination and anxiety: r = 

0.70, p < 0.001). Contrary to hypotheses, empathy was not directly associated 

with anxiety (r = -0.04, p = 0.77). However, empathy positively correlated with 

worry (PSWQ), while worry, rumination (RRS) and anxiety (STAI) were all highly 

intercorrelated (Table 3). 

Table 3 

Correlations between Behavioral Questionnaires. 

 TEQ PSWQ RRS total  STAI trait 

TEQ 1.00    

PSWQ r = .30, p = 
.04 

1.00   

RRS total r = .15, p = 
.30 

r = .64, p < 
.001 

1.00  

STAI trait r = -.04, p = 
.77 

r = .60, p < 
.001 

r = .70, p < 
.001 

1.00 

Note. Significant correlations are shown in bold.  
TEQ = Toronto Empathy Questionnaire; PSWQ = Penn State Worry 
Questionnaire; RRS = Ruminative Responses Scale; STAI = State Trait Anxiety 
Inventory 

 

Given the lack of a direct effect between empathy anxiety, but a significant 

positive correlation between empathy and worry, an inconsistent mediational 

model was run to test for indirect effects. While classical mediation involves 

causal and directional relationships among variables, neither aspect is a 

necessary part of inconsistent mediation (i.e., suppression hypothesis). Instead, 
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inconsistent mediation arises when the addition of a third variable actually 

increases the predictive validity between a predictor and outcome variable. Thus, 

significant indirect effects may exist even in the absence of a significant c (X Y) 

pathway (MacKinnon et al., 2000; Zhao et al., 2010). Therefore, it was 

hypothesized that empathy and anxiety would be indirectly related through the 

process of worry.  

Results from this analysis demonstrated a significant positive indirect 

effect between empathy and anxiety through worry, suggesting that higher 

empathy relates to higher worry, which in turn increases anxiety (TEQ: p = .04, 

PSWQ: p < .001, Bootstrapped 95% CI: [.055 - .597]). These effects were 

observed bidirectionally (STAI  PSWQ  TEQ), revealing an overall positive 

indirect relationship between empathy and anxiety, but only with the inclusion of 

worry. Furthermore, worry and rumination were included in a single model, which 

additionally revealed significant positive indirect effects between empathy and 

anxiety through both worry and rumination (TEQ: p = .03, PSWQ: p = .01, RRS: 

p < .001, Bootstrapped 95% CI: [.020 - .325]). This relationship was observed 

bidirectionally as well (STAI  RRS  PSWQ  TEQ), however, the positions 

of worry and rumination could not be interchanged as empathy only shared a 

direct relationship with worry (Figure 17). 
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Figure 17: Behavioral results. Empathy demonstrated a significant positive 
indirect relationship with anxiety, through inconsistent mediation of worry. These 
effects were observed bidirectionally. Empathy also revealed a positive indirect 
relationship with anxiety through worry and rumination.  
TEQ = Toronto Empathy Questionnaire; PSWQ = Penn State Worry 
Questionnaire; RRS = Ruminative Responses Scale; STAI = State Trait Anxiety 
Inventory 
 
 
Neuroimaging Results 

Task- Related Region of Interest Analysis 

Using an established socioemotional process network (TPJ, insula, 

mPFC, amygdala), we first evaluated regional activations when individuals were 

processing fearful and neutral human faces (F > N and N > F). Results revealed 

that greater left TPJ activation was related to F > N faces, indicating enhanced 

face processing and supporting mentalizing. Greater bilateral anterior insula 

activation frequently associated with interoceptive awareness, was also related to 

F > N faces. Finally, increased mPFC activation was related to N > F faces, 

suggesting internal mentation, reflection or rumination (Figure 18; Table 4). No 

significant results were found related to amygdala. Upon further investigation, 
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significant increased amygdala activations were observed in both main effects, in 

line with many studies that have shown amygdala activations for all face 

processing (Decety & 

Sommerville, 2003; 

Todorov & Engell, 2008), 

and thus differences did 

not emerge in either 

contrast. Nevertheless, 

these results support that 

integral components of a 

canonical socioemotional 

networks were activated 

during this Face Processing Task.  

Figure 18: Neuroimaging Task Results. All results are FWE-corrected, p < .05. 
Red indicates Fearful>Neutral (F>N) faces and blue indicates Neutral>Fearful 
(N>F) faces. A) Greater left TPJ activation was related to F>N. B) Greater 
bilateral insula activations related to F>N. C) Increased mPFC activation was 
related to N>F. TPJ = temporoparietal junction; mPFC = medial prefrontal cortex 
 
 

Table 4: Neuroimaging Task Results, as shown in Figure 18. 

Region  Peak t-
statistic 

x y z 

Temporoparietal Junction (TPJ) L 3.98 -54 -44 32 

Insula R 4.20 40 12 -6 
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Insula L 3.99 -38 16 -8 

Medial Prefrontal Cortex (mPFC) R/L 4.42 2 30 -
22 

Coordinates in MNI Space. 

Questionnaire Regressions 

Next, questionnaires measuring empathy, anxiety and worry were 

regressed into task data to investigate how these individual traits modulate 

processing within this socioemotional network. Higher empathy (TEQ) was found 

to be related to greater activation in the left TPJ for F > N faces, suggesting that 

higher empathy is related to enhanced face processing and mentalizing, 

specifically for emotional faces. Regression of STAI revealed that higher trait 

anxiety was related to greater bilateral insula activations for N > F faces. 

Although on average, individuals showed increased insula activations for F > N 

faces, these results demonstrate an interacting effect of anxiety, suggesting 

either that people higher in anxiety process the neutral faces as more negative, 

or exhibit prolonged interoceptive processing and emotional carry-over from the 

fearful faces. Similarly, higher worry (PSWQ) was found to be related to greater 

mPFC activation for N > F, indicating more internal mentation, and supporting the 

latter idea of continued processing of emotional stimuli into the neutral condition. 

Finally, regression with the RRS revealed that higher total rumination was 

associated with increased activations of bilateral TPJ, bilateral insula and mPFC 

for N > F faces, an amalgamation of the three results from empathy, anxiety and 

worry (Figure 19; Table 5). 
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Figure 19: Neuroimaging results for questionnaire score regressions. All results 
are FWE-corrected, p < .05. Red/yellow indicates Fearful>Neutral (F>N) faces 
and blue indicates Neutral>Fearful (N>F) faces. TEQ: Higher empathy related to 
greater activation in the left TPJ (F>N). STAI: increased anxiety related to 
greater bilateral insula activations (N>F). PSWQ: More worry was related to 
greater activation in the mPFC (N>F). RRS total: Higher total rumination was 
related to grater activations in bilateral TPJ, bilateral insula, and mPFC (N>F) 
TEQ = Toronto Empathy Questionnaire; PSWQ = Penn State Worry 
Questionnaire; STAI = State Trait Anxiety Inventory; RRS = Ruminative 
Responses Scale; TPJ = temporoparietal junction; mPFC = medial prefrontal 
cortex 

 

Table 5: Neuroimaging results for questionnaire score regressions, as shown in 
Figure 19 
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Region  Peak t-
statistic 

x y z 

TEQ      

Temporoparietal Junction (TPJ) L 4.76 -58 -38 22 

STAI      

Insula R 3.34 46 0 2 

Insula L 3.13 -36 2 -6 

PSWQ      

Medial Prefrontal Cortex (mPFC) R/L 3.57 10 50 -8 

RRS      

Temporoparietal Junction (TPJ) R 3.92 54 -20 16 

Temporoparietal Junction (TPJ) L 4.32 -54 -38 34 

Insula R 4.04 32 16 -2 

Insula L 4.87 -34 12 10 

Medial Prefrontal Cortex (mPFC) R/L 3.88 12 52 -6 

Coordinates in MNI Space. 

Because rumination revealed overlapping neural correlates with empathy, 

anxiety and worry, the behavioral data was revisited to assess rumination as a 

connecting point. Median splits of TEQ, STAI, and PSWQ were performed, and 

independent samples t-tests were calculated on degree of rumination between 

the Lower and Upper half groups of each questionnaire. Results showed that 

individuals in the Upper halves of empathy, anxiety and worry also had higher 

total rumination on average (TEQ: t(47) = 1.98, p = 0.05; STAI: t(47) = 7.59, p < 

0.001; PSWQ: t(47) = 4.75, p < 0.001). Rumination scores were then further 
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divided into the three subscales-Reflection, Brooding and Depressive 

Rumination. Within the Reflection subscale, individuals in the Upper halves of 

empathy, anxiety and worry all had higher Reflective Rumination (TEQ: t(47) = 

2.00, p = 0.05; STAI: t(47) = 2.54, p = 0.0 l ; PSWQ: t(47) = 2.56, p = 0.01). 

However, for the Brooding (TEQ: t(47) = 1.18, p = 0.25; STAI: t(47) = 5.34, p < 

0.001; PSWQ: t(41) = 4.93, p < 0.001) and Depression subscales (TEQ: t(47) = 

1.73 , p = 0.09; STAI: t(47) = 9.10, p < 0.001; PSWQ: t (47) = 4.75, p < 0.001), 

only individuals in the Upper halves of anxiety and worry had significantly higher 

Brooding and Depressive Rumination (Figure 20). 

 



 

 
 

 

 

103 

Figure 20: Median splits of TEQ, STAI and PSWQ showed that the Upper halves 
of all three questionnaires were related to higher total rumination (RRS total). 
Analysis of the three RRS subscales revealed that empathy, anxiety and worry 
were all related to higher Reflective Rumination. However, only the Upper halves 
of anxiety and worry were associated with higher Brooding and Depressive 
rumination. TEQ, Toronto empathy questionnaire; STAI, State-Trait Anxiety 
Inventory; PSWQ, Penn state worry questionnaire; RRS, Ruminative Responses 
Scale. 
 
Functional Connectivity 

Next, FC was performed between seeds and all regions comprising the 

socioemotional network. Significant increased FC was observed between the left 

amygdala and left insula (peak t-statistic = 4.72; -38, -6, -4), as well as the left 

amygdala and left TPJ (peak t-statistic = 4.37; -52, - 30, 28) for F > N faces. This 

demonstrates that on average, individuals displayed increased communication 

between these regions when viewing emotional faces compared to neutral ones. 

However, when relating these findings to questionnaire scores, higher empathy, 

worry and total rumination were all related to increased connectivity between the 

left amygdala and left insula in the N > F contrast (TEQ: r = 0.36, p = 0.0 l ; 

PSWQ: r = 0.39, p = 0.01 ; RRS: r = 0.39, p = 0.01), suggesting not only 

enhanced communication between these regions in response to emotional faces, 

but sustained connectivity into the neutral condition for people higher on these 

traits. Similarly, increased total rumination was related to greater connectivity 

between the left amygdala and left TPJ in N > F (RRS: r = 0.24, p = 0.04; Figure 

21). 
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Figure 21: On average, individuals displayed increased functional connectivity 
(FC) between the left amygdala and left insula, as well as left amygdala and left 
TPJ for F > N faces. Higher empathy, worry and rumination was found to be 
positively correlated with FC between the left amygdala and left insula for N > F 
faces. Additionally, higher total rumination was related to increased connectivity 
between the left amygdala and left TPJ for N > F faces. TEQ, Toronto Empathy 
Questionnaire; STAI, State-Trait Anxiety Inventory; PSWQ, Penn State Worry 
Questionnaire; RRS, Ruminative Responses Scale; TPJ, temporoparietal 
junction. 
 

Whole-Brain Analysis 
 
Finally, we wanted to explore whether increased bottom-up processing or 

decreased top-down control seemed to be driving his putative emotional carry-

over from Fearful to Neutral trials. In other words, could we find either: (1) 

evidence for increased bottom-up processing in individuals high on these 

measures, suggesting greater sensitivity to social and emotional information; 

and/or (2) decreased top-down attentional control in individuals high on these 



 

 
 

 

 

105 

measures, suggesting more difficulty in switching between emotional and non-

emotional states? To test this, we performed an exploratory whole-brain analysis 

using the median split groups (with the addition of median split RRS total), 

comparing the Lower and Upper half groups of each questionnaire in the F > N 

and N > F contrasts. Results showed that in F > N, the Lower half groups were 

all associated with increased activations in frontoparietal attentional networks, 

with strong similarities and regional overlap between anxiety, worry and 

rumination [average Cohen's d for Lower>Upper across questionnaires for left 

dorsolateral PFC (dlPFC) = 1.12, and for left intraparietal sulcus (IPS) = 0.98]. 

For empathy, one overlapping but non-significant cluster in the left dlPFC was 

observed (FWE-corrected, p = 0.10). No significant results were found for F > N, 

Upper > Lower. Therefore, individuals on the Upper end of any or all of these 

measures appear to exhibit decreased top-down attentional control during 

the F > N contrast, leading to both enhanced processing of emotional stimuli and 

prolonged processing into neutral situations (Figure 22). 
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Figure 22: Median splits of TEQ, STAI, PSWQ, and RRS total revealed that the 
Lower halves of these traits were associated with enhanced activations in the 
frontoparietal attention network, with TEO exhibiting one overlapping but non-
significant cluster in the left dlPFC. This increased top-down activation for 
individuals in the Lower halves of these traits may facilitate switching between 
emotional and non-emotional states. All results are FWE-corrected. TEQ, 
Toronto Empathy Questionnaire; STAI, State-Trait Anxiety Inventory; PSWQ, 
Penn State Worry Questionnaire; RRS, Ruminative Responses Scale; dlPFC, 
dorsolateral prefrontal cortex. 
 

Discussion 

The present study aimed to investigate the convergent neural correlates 

that may underlie a relationship between empathy and anxiety. We used an 

emotional Face Processing Task shown to reliably elicit activation from brain 

regions in a canonical socioemotional network, self-report questionnaires 

measuring empathy, anxiety and internally generated thought (i.e., worry and 
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rumination), to examine how these traits were related to functional activation 

within, and communication between, regions comprising a socioemotional 

processing network. Our results show that empathy, anxiety and worry each 

engaged a different component of this socioemotional network, while rumination 

related to increased activations across all cortical regions in the network. 

Furthermore, higher empathy, worry and rumination were all associated with 

increased bottom-up connectivity, while anxiety was related to worry and 

rumination through decreased top-down attentional control. Taken together, our 

data demonstrate that in the context of socioemotional processing, empathy 

shares an indirect relationship with anxiety through the ruminative tendencies of 

worry. 

Behaviorally, our results showed a positive correlation between empathy 

and worry, as measured by the TEQ and PSWQ, respectively. Empathy is 

closely tied to perspective-taking and mentalizing, which requires using one's 

own mental state to gain insight into another's thoughts or feelings. 

Comparatively, worry tends to be a future-oriented state that focuses on potential 

threats, but also represents an attempt at mental problem solving  (Borkovec et 

al., 1983). Thus, this positive relationship between empathy and worry suggests 

that predispositions towards empathic arousal and perspective-taking may be 

natural to engage in problem-solving simulations on behalf of other individuals. 

Additionally, we observed a significant indirect relationship between empathy and 

anxiety through the process of worry, as well as through worry and rumination. 
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While rumination shares many similarities to worry, it has been suggested that 

rumination is a process of "compulsively focusing attention on the symptoms of 

one's distress, and on its possible causes and consequences, as opposed to its 

solutions" (Nolen-Hoeksema, 1998). This idea both supports the observation that 

rumination is most closely related to anxiety and provides a scaffold for how 

empathy relates to worry, which in turn relates to rumination, and thus anxiety. 

Relationships to Functional Activation  

Questionnaire regressions further revealed that each of these processes-

empathy, anxiety and worry-related to increased activations within different 

cortical regions comprising a socioemotional network. First, empathy was found 

to relate to increased activation in the left TPJ for F > N faces. The TPJ is known 

to be a multimodal association area that integrates input from visual, auditory, 

somatosensory and limbic areas, and has reciprocal connection to the PFC, 

making it a central locus for processing multisensory information and cognitive 

aspects related to the self (Decety & Lamm, 2006). In concert with the posterior 

STS, the TPJ is also thought to be specialized for processing faces and eye gaze 

(Blakemore, 2008), and thus aids in mentalizing (Bernhardt & Singer, 2012). 

While the right TPJ is more commonly implicated in empathetic responses, 

studies have shown involvement of bilateral TPJ when participants read stories 

about character's mental states or false beliefs (Young et al., 2010), and 

specifically the left TPJ when participants imitated others (Decety & Lamm, 

2006). Taken together, this suggests that increased empathy may be related to 
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enhanced face processing and mentalizing during the current study, particularly 

for emotional faces. 

Regression of STAI trait revealed increased activations in bilateral anterior 

insula for Neutral trials, and similarly, higher worry was related to increased 

mPFC activation for Neutral trials, indicating that these traits are related to 

prolonged processing of emotional stimuli. Research suggests that the insula 

plays an important role in vicariously sharing emotions (Bernhardt & Singer, 

2012), as well as representing and integrating interoceptive and affective states 

(Craig, 2002, 2009). In fact, in one study looking at high and low degrees of 

alexithymia, the greater the individual's deficits in understanding their own 

emotions, the less insula activation they showed while empathizing with others in 

pain (Bird et al., 2010). Therefore, these increased activations in the anterior 

insula supports the notion that trait anxiety is related to increased emotional 

sensitivity and interoceptive awareness. 

Furthermore, the mPFC has been linked to many aspects of social 

cognition, including monitoring one's own emotional state (Dvash & Shamay-

Tsoory, 2014), understanding emotional states of others (Amodio & Frith, 2006), 

and internal mentation (Andrews-Hanna, 2011). Depressed participants show 

significantly greater activation in the mPFC than controls during experimentally 

induced rumination (Cooney et al., 2010) and individuals with generalized anxiety 

show sustained activation of the mPFC into resting epochs, which correlates with 

PSWQ scores (Paulesu et al., 2009). Together, this suggests that higher anxiety 
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may promote continued interoceptive awareness into Neutral trials, while higher 

worry may play a role in cognitively processing those feelings (i.e., interoceptive 

processing and introspection). Finally, regression of RRS total showed that 

rumination was related to increased activations in bilateral TPJ, bilateral anterior 

insula, and mPFC for Neutral trials, suggesting that rumination is globally related 

to prolonged processing of emotional information, and moreover, alludes to 

relationships with empathy, anxiety and worry via overlapping neural correlates 

(summary in Figure 23). 

 

Figure 23: Summary figure of neuroimaging findings related to each trait. 
Behaviorally and neurally, empathy shared direct relationships with worry and 
rumination. Additionally, anxiety exhibited behavioral relationships and common 
neural correlates with worry and rumination. Empathy was found to only share a 
significant indirect behavioral relationship with anxiety through worry, and this is 
reflected in the convergent neural correlates of worry and rumination. Pink 
indicates increased regional activations for F > N. Blue indicates increased 
regional activations for N > F. Green with black arrows denotes increased FC for 
N > F. Purple represents decreased top-down attentional control for F > N when 
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comparing the Upper > Lower halves of questionnaires. Top Left: empathy was 
positively related to increased activation in the left TPJ for F > N, and increased 
FC between the left amygdala and insula for N > F. Top Right: anxiety was 
related to increased activations in bilateral insula for N > F, and decreased 
activations in the frontoparietal attentional network for Upper > Lower. Bottom 
Left: worry was related to increased activation in the mPFC for N > F, increased 
FC between the left amygdala and insula for N > F, and decreased activations in 
the frontoparietal attentional network for Upper > Lower. Bottom Right: 
rumination was related to increased activation in the mPFC, bilateral insula and 
bilateral TPJ for N > F, increased FC between the left amygdala and insula as 
well as the left amygdala and T PJ for N > F, and decreased activations in the 
frontoparietal attentional network for Upper > Lower. 
 
Empathy Relates to Reflection, Worry to Depressive Brooding 

Upon revisiting the behavioral data to further assess rumination as a 

connecting point between empathy and anxiety, median splits revealed that 

higher empathy, anxiety and worry were all related to higher total rumination. 

However, when assessing the rumination subscales, individuals in the Lower and 

Upper halves of empathy showed no differences on Brooding and Depression, 

suggesting that empathy is most closely tied to Reflective Rumination. In line with 

this finding, research indicates that self-reflection is positively correlated with 

perspective-taking and empathic concern (Joireman et al., 2002). On the other 

hand, the Lower and Upper halves of anxiety and worry showed significant 

differences in levels of Brooding and Depressive Rumination. Evidence suggests 

that the Brooding subscale is more pathological than Reflection, and Depressive 

Rumination is known to consist of items that overlap with measures of 

depression symptomatology  (Treynor, 2003; Watkins & Moulds, 2009). 

Furthermore, one study showed that rumination (measured separately from self-

reflection) is in fact negatively related to perspective-taking, and is instead 
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associated with personal distress (Joireman et al., 2002). Both worry and 

rumination have been described as unproductive and repetitive thought 

processes (Segerstrom et al., 2000) that exacerbate and prolong negative affect 

(McLaughlin & Nolen-Hoeksema, 2011), and it is believed that this repetitive 

negative thinking is what increases vulnerability to multiple anxiety and 

depressive disorders (McEvoy et al., 2013). Therefore, while empathy shares a 

similar style of repetitive thinking and continued processing of emotional 

information through reflection, only worry and anxiety demonstrated a 

relationship with ruminative subscales associated with repetitive negative 

thinking typical of many clinical mood disorders. Because the relationship 

between empathy and anxiety was only found indirectly through worry, or worry 

and total rumination, this suggests that the tendency towards negative affect in 

worry and rumination may be a critical component necessary to link empathy to 

anxiety. Thus, empathy may be directly tied to worry through mentalizing and 

simulations of situational outcomes, but the indirect relationship to anxiety seems 

to rely on persistent negative affect induced by repetitive negative thinking found 

in the ruminative tendencies of worry. 

Neuroimaging Findings 

We next evaluated region-to-region FC within this canonical 

socioemotional network for the Face Processing Task and assessed the 

modulatory role these individual differences play. Interestingly, although no 

functional activation differences emerged in the amygdala, significant increased 
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FC was observed between the left amygdala and left insula, as well as the left 

amygdala and left TPJ during Fear trials. When these findings were then related 

to our self-report measures, we found that higher empathy, worry and rumination 

were all related to increased connectivity between the amygdala and insula 

during Neutral trials, while rumination was additionally related to connectivity 

between the amygdala and TPJ for Neutral trials. Rumination of all types has 

been shown to relate to increased and sustained amygdala reactivity (Mandell et 

al., 2014), lasting throughout subsequent non-emotional trials (Siegle et al., 

2002), and our results add that rumination may also be related to altered 

amygdala connectivity. Additionally, in support of our findings connecting 

empathy, worry and rumination through increased bottom-up connectivity, 

studies on autism spectrum disorders (ASDs), widely thought to be related to 

deficits in empathy, show decreased FC between the amygdala and insula (von 

dem Hagen et al., 2012), while resting state fMRI accounts report increased FC 

between these regions in relationship to state anxiety (Baur et al., 2013). Of 

interest, these FC results add to a growing list of curiously left-lateralized findings 

given the emotional nature of the task. However, worry, rumination and 

mentalizing are largely verbal or linguistic by nature (Fresco et al., 2002) and 

furthermore, participants were instructed to actively view and evaluate each face, 

hence promoting a more motivated "approach" response (Harmon-Jones et al., 

2006), both of which are predominantly left-lateralized. Nevertheless, collectively 

with the results from regional functional activation, these findings reinforce the 
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assertion of enhanced and prolonged emotional processing in association with 

these traits and outline a common neural mechanism linking empathy with 

worry/rumination (summary in Figure 23). 

Reduced Top-Down Attention Drives Prolonged Emotion Processing 
 

Finally, we pursued an exploratory whole-brain analysis to assess whether 

these neural commonalities were being driven by increased bottom-up 

processing, and/or decreased top-down control. Compared to the Upper halves, 

the Lower halves of anxiety, worry and rumination, but not empathy, were all 

associated with increased activations in the frontoparietal attentional network for 

fearful than neutral faces. This implies that in a naturalistic socioemotional 

setting, higher scores on these traits are all related to decreased top-down 

attentional control. Decreased activation in the dlPFC is thought to underlie 

disinhibition, allowing for sustained engagement of emotional-processing 

structures (Siegle et al., 2002). In support of this notion, higher brooding 

tendencies are associated with more errors when attempting to inhibit negative 

information (Vanderhasselt et al., 2011). Notably, these results demonstrate a 

common neural mechanism between anxiety, worry and rumination, but a 

dissociation from empathy, providing the indirect link between empathy and 

anxiety through worry that was previously observed behaviorally (summary in 

Figure 23). 

Limitations and Future Directions 
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It should be noted that all measures of empathy, anxiety, worry and 

rumination were collected through self-report questionnaires, which have their 

limitations. In light of this, future studies should continue to investigate the 

relationship between empathy and anxiety using performance measures, or other 

tasks using a broader range of stimulus types that cover more diverse emotional 

states. Future research should additionally extend these findings by untangling 

the relationship between anxiety, worry and rumination with cognitive and 

affective empathy, which display both behavioral and neurologically distinct 

mechanisms (Preckel et al., 2018). Furthermore, the present study was 

conducted as part of a much larger investigation on emotion regulation in young 

adults, and as such, only one questionnaire for each construct was collected. 

While a multi-method multi-trait approach would be ideal, we have attempted to 

demonstrate that the utilized questionnaires have strong internal reliability and 

discriminant validity in measuring their putative constructs. Additionally, all of our 

participants were considered psychologically healthy, and while the measured 

empathy/anxiety/worry/rumination scores covered a broad range it would be 

worthwhile to explore whether individuals with clinical disorders show 

corresponding results. 

Previous literature has documented that many psychological disorders 

such as ASD (Baron-Cohen et al., 2005)and antisocial personality disorder (Blair, 

2001) demonstrate decreased empathy and impaired social functioning, however 

other studies have also provided evidence that social information processing is 
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often impaired in individuals with anxiety disorders (Luebbe et al., 2010). It is 

possible that by excluding the extreme ends of each spectrum, our observed 

linear relationships may not be capturing the whole picture. Finally, although our 

sample size was ample with nearly equal numbers of males and females, looking 

at gender differences was beyond the scope of this article. However, because 

there are known gender differences in empathy (Schulte-Rüther et al., 2008), 

emotional processing and prevalence of psychiatric disorders (Brody, 1997; 

McLean et al., 2011; McRae et al., 2008; Nolen-Hoeksema, 2001), future studies 

should explore how these neural mechanisms may vary by gender.  

 
Summary 

In conclusion, the present study sought to investigate neural 

commonalities that may support correspondence between trait empathy and 

anxiety in a healthy population. While a direct behavioral relationship was not 

observed between these traits, the results revealed indirect links between 

empathy and anxiety through the mediation of worry, and shared associations 

with higher self-reflection and ruminative thinking style. These findings, first seen 

behaviorally, were echoed through convergent neural correlates found in worry 

and rumination (Figure 23). First, empathy alone was related to worry and 

ruminative thinking through increased bottom-up communication of emotional 

processing regions (i.e., FC between the amygdala and insula). Further, results 

showed that worry and rumination shared commonalities with anxiety through 

decreased activations in the frontoparietal attentional network. Together this 
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suggests that the enhanced and prolonged bottom-up processing of emotional 

information seen in empathy, in combination with the decreased top-down 

attentional control and repetitive negative thinking central to worry and 

rumination, may result in higher general anxiety in socioemotional encounters. 
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CHAPTER V: A CLOSER LOOK AT EMOTION REGULATION 
 

“He who does not control the signs of fear will experience fear in a greater 
degree, and he who remains passive when overwhelmed with grief loses his best 

chance of recovering elasticity of the mind” 
 

Charles Darwin  

 

EXPERIMENT 4:  

Cortical Morphometry and Structural Connectivity Relate to Executive Function 

and Estradiol Level in Healthy Adolescents 

 

Adolescence represents a dynamic developmental stage that corresponds 

with dramatic changes in brain architecture as it remodels itself to sustain the 

demands of a young adult physiology (Arain et al., 2013; Asato et al., 2010; 

Blakemore & Choudhury, 2006; Paus, 2005). Previous studies consistently 

demonstrate a nonlinear change in cortical grey matter (GM) while in contrast, 

white matter (WM) exhibits a steady linear increase during adolescence (Arain et 

al., 2013; Giedd et al., 1999; Paus, 2005; Elizabeth R Sowell et al., 1999). This 

monumental neural reorganization driven by gonadal hormone exposure is 

thought to increase neural efficiency between the prefrontal cortex (PFC) and 

other posterior cortical structures. These structures subserve executive functions 
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(EF), a set of processes necessary for seamless integration of top-down cortical 

control which forms the basis of goal-directed behavior (Blakemore & Choudhury, 

2006; Caballero et al., 2016; Giedd et al., 1999; Paus, 2005; Smolker et al., 

2015; Elizabeth R Sowell et al., 1999).  

Relationship between Executive Function and Cortical Morphometry 

Despite EF’s critical role in guiding future-oriented behavior, inconsistencies 

exist regarding the morphological features that support it during adolescence. 

While some studies demonstrate that increases in total cortical and PFC GM 

volume (GMV) relate to higher scores on working memory and response inhibition 

tests   (Kharitonova et al., 2013; Mahone et al., 2009; Yurgelun-Todd, 2007); others 

show that GMV decreases in the PFC relate to increased ability to regulate 

emotion, better working memory capacity and higher scores on verbal memory 

tests (Caballero et al., 2016; Yurgelun-Todd, 2007). Similarly, higher IQ during 

adolescence is associated with cortical thinning of left superior orbitofrontal cortex 

and superior motor area, and higher bilateral hemispheric surface area (SA) 

(Schnack et al., 2014). Thus, bi-directional morphological results in relation to EF 

need not be interpreted as contradictory, instead they could possibly reflect the 

fact that GM maturation follows an inverted-U shape over development, peaking 

at different ages depending on the region (Ducharme et al., 2015; E R Sowell et 

al., 2001). Therefore, GM is considered closely related to maturation of a brain 

region (Crone, 2009; Giedd, 2004), suggesting that controlling for age is 

paramount when examining cortical GM in adolescent samples. 
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Relationship between Executive Function and Structural Connectivity 

In a more consistent pattern than GM maturation during adolescence, 

studies examining fractional anisotropy (FA; a WM integrity descriptor) during this 

period indicate relatively linear increases coinciding with improved EF 

performance. Specifically, increases in FA in the posterior corpus callosum during 

adolescence are associated with better working memory and IQ scores (Giedd, 

2004; Giorgio et al., 2010; Nagy et al., 2004). Similarly, research indicates 

increased FA of fronto-temporal-subcortical WM tracts (inferior fronto-occipital 

longitudinal fasciculus (iFOF), superior longitudinal fasciculus (SLF), arcuate 

fasciculus and the cortico-spinal tract) support enhanced communication between 

disparate regions of the cortex and reflect increases in top-down cognitive control 

of behavior (Asato et al., 2010; Peper et al., 2015). While previous studies show 

specific changes in GM and FA and indicate relationships with some facets of EF, 

a comprehensive cortical morphometry and structural connectivity investigation 

concerning the full range of EF constructs is lacking. 

Measuring Executive Function in Children and Adolescents  

A tool often used to investigate multiple EF constructs and occasionally, 

their underlying neural substrates, is the Behavior Rating Inventory of Executive 

Function (BRIEF). This reliable and validated psychological battery is designed to 

measure EF behavior in children and adolescents (5–18 years) during everyday 

situations through behavioral observation (Clark et al., 2010). Initial factor analytic 

studies of the BRIEF support two robust indices: a Behavioral Regulation Index 
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(BRI)—emphasizing inhibitory and emotional control (EC), and a Metacognition 

Index (MCI)—emphasizing working memory, planning, and strategic response 

preparation (Mahone et al., 2009). The sum of the two indices provides a Global 

Executive Composite (GEC), whereby elevated scores indicate more observed 

problems with EF behavior. Neurobiologically, research indicates that the BRIEF 

captures unique variance in predicting PFC development in children and 

adolescents  (Mahone et al., 2009) and provides an economical port of entry to 

both behavioral regulation and cognitive issues that may in turn relate to cortical 

morphometry and structural connectivity measurements. 

Relationship between Executive Function, Cortical Morphometry and Structural 

Connectivity 

However, findings from the few studies that have investigated cortical 

morphometry in healthy, typically developing adolescents in relation to EF are 

inconsistent, likely due to the magnitude of change during adolescence. While 

some studies demonstrate that increased frontal GMV relates to decreased 

Working Memory and Emotional Control (Faridi et al., 2015; Mahone et al., 

2009), others show the inverse pattern: decreased temporal lobe GMV relates to 

decreased Inhibition and Emotional Control (Faridi et al., 2015). Conversely, 

relationships between structural connectivity and the BRIEF during this variable 

period reflect an evident pattern: reductions in FA relate to decreased EF 

behavior. A variety of pediatric clinical populations exhibit reduced FA in 

temporal, frontal and corpus callosal regions in association with deficits on the 
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GEC (Antshel et al., 2005; Herting et al., 2014; Wozniak et al., 2007). The sole 

study linking EF behavior with FA in a healthy adolescent sample investigated 

the frontal aslant tract (FAT), a newly discovered white matter tract which 

connects posterior inferior frontal gyrus (IFG) with the pre-supplementary and 

supplementary motor areas (pre-SMA and SMA), regions proposed to underlie 

inhibition. The study indicates the FAT develops in a protracted manner into late 

adolescence/early adulthood, and that right lateralization of this fiber pathway is 

significantly associated with decreased EF behavior as measured by the BRIEF 

(Garic et al., 2018). Taken together, scant evidence indicates that EF behavior is 

associated with both GM and FA changes during childhood and adolescence, yet 

the results are conflicting. Therefore, a comprehensive cortical morphometry and 

structural connectivity study using the BRIEF to assess EF behavior within a 

healthy sample of adolescents can help clarify previous findings. 

Relationship between Executive Function, Cortical Morphometry, Structural 

Connectivity and Estradiol 

During this developmental period of high flux, the hormone estradiol, the 

predominant estrogen, has been shown to have a significant impact on the 

structural reorganization of the prefrontal cortex (McCarthy, 2008; Nguyen et al., 

2013), a crucial region underlying EF (Yuan & Raz, 2014). The hormone has 

complex effects in the two genders however, because estrogen receptor 

distribution in the prefrontal cortex varies (Cooke et al., 2017; Gillies & McArthur, 

2010). Therefore, estradiol may have both similar and different (sometimes 
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opposite effects) due to underlying brain dimorphisms. Nonetheless, this hormone 

influences cognitive function through complex interactions with dopaminergic and 

oxytocinergic systems that govern EF (Kuhn et al., 2010; Steinberg, 2005), the 

description of which is not within the scope of this paper. The complex, menstrual-

phase dependent evidence from studies in adult women points to estradiol level 

playing both a facilitative and/or hindering role in cognitive function. Some studies 

report higher levels of circulating estradiol being associated with improved working 

memory performance (Hampson & Morley, 2013), while others show increased 

estradiol had a negative impact on general processing speed, working memory 

performance (Sommer et al., 2018), and slower response times and decreased 

accuracy on EF tasks that were instead related to progesterone level during the 

luteal phase (Hidalgo-Lopez & Pletzer, 2017). Alongside the adult literature, 

morphometric studies in young adults demonstrate increased circulating levels of 

estradiol are associated with cortical thinning of the IFG (Witte et al., 2010), a 

region linked to self-regulation (Smolker et al., 2015; Witte et al., 2010). Structural 

connectivity evidence points to elevated estradiol level influencing decreases in 

FA, which is associated with reduced behavioral control during early pubertal 

development (Peper et al., 2015). Elevated estradiol level in adolescent girls 

shows a negative relationship with right angular gyrus (AG) and the superior 

longitudinal fasciculus (SLF) FA, a brain region and a WM tract involved in 

attention, spatial and social cognition (Herting et al., 2012). However, scant 
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evidence between the relationship between EF behavior, estradiol and specific 

brain changes exists.  

Aims 

Therefore, the present study aimed to comprehensively investigate the 

relationship between EF behavior (as measured by the BRIEF questionnaire) and 

estradiol level, individually and interactively on cortical morphometry and FA in a 

healthy adolescent sample. Specifically, the aims were to examine the relation 

between: 1) the BRIEF and estradiol level, 2) the BRIEF, cortical morphometry and 

FA, 3) estradiol level, cortical morphometry and FA, and 4) any interaction between 

the BRIEF and estradiol level with cortical morphometry and FA.  

 

Hypotheses 

We hypothesized based on the limited literature findings that: 1) EF 

behavior and estradiol level will be inversely related, 2) Decreased EF behavior 

will relate to decreased GMV of the LPFC and decreased FA of WM tracts 

subserving EF (iFOF/SLF) 3) Increased estradiol level will relate to decreased FA 

and cortical morphometry of the LPFC and, 4) increased estradiol level combined 

with decreased EF behavior would subsequently exacerbate these previous 

findings. This comprehensive study, therefore, investigated how individual 

differences in EF behavior and estradiol level relate to variation in aspects of 

cortical morphometry and FA in a healthy, adolescent sample. 
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Methods 

Participants 

Cross-sectional data were obtained from the Pediatric MRI Data Repository 

(Release 4.0) of the NIH MRI Study of Normal Brain Development, a project 

developed to characterize healthy brain maturation in relation to behavior in a 

large, multisite study (Evans, 2006). This multi-center project conducted 

epidemiologically based recruitment of a large, demographically balanced sample 

across a wide age range, using strict exclusion factors and comprehensive 

clinical/behavioral measures. A mixed cross-sectional and longitudinal design was 

used to create an MRI/clinical/behavioral database from approximately 500 

children, aged 7 days to 18 years, to be shared with researchers and the clinical 

medicine community. Using a uniform acquisition protocol, data were collected at 

six Pediatric Study Centers and consolidated at a Data Coordinating 

Center.  Enrolled subjects underwent a standardized protocol to characterize 

neurobehavioral and pubertal status. The data was demographically 

representative of the U.S. population in terms of variables including gender, race, 

and socioeconomic status (Waber et al., 2012). Exclusion criteria included but 

were not limited to IQ < 70, history of medical illness with CNS implications, and 

any Axis I psychiatric disorder (other than simple or social phobia, adjustment 

disorder, oppositional defiant disorder, enuresis, encopresis, or nicotine 

dependency; see (Waber et al., 2007) for a complete list of inclusion and exclusion 

criteria). Participants underwent brain MRIs and extensive neuropsychological 
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testing on up to three occasions at two-year intervals. For the purposes of this 

report, a sample of 55 participants (age range 7-18) with cross sectional data (1 

timepoint) was selected with structural imaging data (T1), diffusion tensor imaging 

data (DTI), behavioral (BRIEF) and hormonal data (estradiol). 7 participants were 

missing estradiol data, therefore they were not included in subsequent analyses 

involving estradiol. Collection site was treated as a nuisance factor in all 

subsequent analyses.  

Behavior Rating Inventory of Executive Function (BRIEF) 

The BRIEF was completed on the same day as the scan by a parent or 

guardian that had contact with the child within the prior 6 months. The 86-item 

questionnaire takes approximately 10 minutes to administer and can be 

administered and scored by a research assistant. The test was divided into the 

Behavioral Regulation Index (BRI) which comprised: Inhibit, Shift, Emotional 

Control subscales, and the Metacognition Index (MCI) which comprised: Initiate, 

Working Memory, Plan/Organize, Organization of Materials, and Monitor 

subscales. A higher score on each of the subscales signified decreased EF 

behavior. Subscales (Table 6) were used for further correlation and regression 

analyses with cortical, FA and hormonal measurements, controlling for age and 

gender. Multiple comparison correction was carried out using the Benjamini & 

Hochberg, 1995 procedure (Benjamini & Hochberg, 1995), controlling the false 

discovery rate (FDR) at p<.05.  

Inhibit Ability to control impulses (inhibitory control) and to stop 
engaging in a behavior 
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Shift Ability to move freely from one activity or situation to another; 
to tolerate change; to switch or alternate attention 

Emotional 
Control 

Ability to regulate emotional responses appropriately 

Initiate Ability to begin an activity and to independently generate 
ideas or problem-solving strategies. 

Working 
Memory 

Ability to hold information when completing a task, when 
encoding information, or when generating goals/plans in a 
sequential manner. 

Plan/Organize Ability to anticipate future events; to set goals; to develop 
steps; to grasp main ideas; to organize and understand the 
main points in written or verbal presentations. 

Organization 
of Materials 

Ability to put order in work, play and storage spaces (e.g., 
desks, lockers, backpacks, and bedrooms). 

Monitor Ability to check work and to assess one’s own performance; 
ability to keep track of the effect of one’s own behavior on 
other people. 

Table 6: BRIEF subscale descriptions 
 

Physiological Measures 

Estradiol  

At each visit during the assessment day, all subjects provided two separate 

1-3cc samples of saliva at two time points between 12 and 6 pm. The maximum 

range for the collection of the two hormonal time points was 7 hours and 40 min. 

Saliva was collected while the subject was relaxed and not after potentially 

stressful procedures (e.g. MRI). Samples were collected, stored at –20 to -80°C, 

and shipped in batches from each site to UCLA. Samples were assayed by 

published RIA methods for estradiol in Dr. McCracken's laboratory at UCLA. 

Estradiol level was moderately skewed 0.89 (SE = 0.34) and kurtosis 0.10 (SE = 

0.67), so appropriate log10 transformation was performed. Log10-transformed 

estradiol levels (skewness -0.05 (SE = 0.34) and kurtosis -0.985 (SE = 0.67)) were 
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included as regressors in all subsequent multiple regression analyses. An average 

of the two-time points was used for further correlation and regression analyses, 

controlling for time of collection. Due to the strong hormonal impact on pubertal 

status, the sample (N=55) was divided into gender-specific pre (14 F, 9 M) and 

post (16 F, 8 M) pubertal groups (as indicated by the Tanner Stage) and use as a 

categorical variable to measure the impact of puberty on EF (as indicated by the 

BRIEF subscales), cortical morphometry and structural connectivity. We tested the 

multiple regression slopes (-weights) of the pre and post pubertal groups (Figure 

24) in the cortical morphometry analyses (including BRIEF subscale-by-estradiol 

interactions). We additionally performed independent samples T-tests comparing 

pre and post-pubertal groups by BRIEF subscales, estradiol level and structural 

connectivity. 

Figure 24: Normalized estradiol values divided by gender and pre‐ and post-

puberty groups 
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Neuroimaging Methods 

Imaging Data Acquisition 

 
Cortical Morphometry 

High-resolution, T1-weighted images were acquired using a 1.5-Tesla RI 

scanner from General Electric (GE) or Siemens Medical Systems (Siemens) 

(Evans, 2006). Imaging data were obtained for each participant on the day of or 

within a maximum of 28 days of psychometric testing at each visit. GE: SPGR, 

TR=22ms, TE=10-11ms, flip angle=30deg, sagittal orientation, FoV=250x250, 

Matrix=256x256x124-180 slices, 1-1.5 variable mm slice thickness. Siemens: 

SPGR, TR=25ms, TE=11ms, flip angle=30deg, sagittal orientation, FoV=256X256, 

Matrix=256X256X160-180, 1mm slice thickness. 

Diffusion Tensor Imaging (DTI) 

Data were acquired at a subset of sites (Boston, Cincinnati, Philadelphia, 

St. Louis) with a diffusion-encoded multislice spin echo EPI sequence. To avoid 

orientation bias, data were acquired on a 3 X 3 X 3 mm matrix covering the entire 

brain with straight axial slices. GE: diffusion encoded spin echo EPI, TR=3s, 

TE=minimum full, flip angle=90deg, axial orientation, FoV=192 if brain 19cm, 

Matrix=64X64X48; if brain larger than 19 cm FoV=384 with Matrix=128X128X60, 

4 series of 6 diffusion directions b=1000. Siemens: diffusion encoded spin echo 

EPI, TR=3s, TE=minimum full, flip angle=90 deg, axial orientation, FoV=192 if 
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brain less than 19cm with Matrix=64X64X48; if brain larger than 19cm FoV=384 

with Matrix=128X128X60, 4 series of 6 diffusion directions b=1000. 

Image Processing 

Surface Based Morphometry (SBM) 

Cortical reconstruction and volumetric segmentation was performed with 

the Freesurfer image analysis suite (v5.6.0), 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 (Bruce Fischl et al., 

1999). Briefly, this processing includes motion correction and averaging (Reuter et 

al., 2010) of volumetric T1-weighted images, removal of non-brain tissue using a 

hybrid watershed/surface deformation procedure (Ségonne et al., 2004), 

automated Talairach transformation, intensity normalization (Sled et al., 1998), 

tessellation of the grey matter white matter boundary, automated topology 

correction (B. Fischl et al., 2001; Segonne et al., 2007), and surface deformation 

following intensity gradients to optimally place the grey/white and 

grey/cerebrospinal fluid borders at the location where the greatest shift in intensity 

defines the transition to the other tissue class (Dale & Sereno, 1993; B Fischl & 

Dale, 2000; Bruce Fischl et al., 1999). Once the cortical models are complete, a 

number of deformable procedures were carried out for further data processing and 

analysis including surface inflation, registration to a spherical atlas which utilized 

individual cortical folding patterns to match cortical geometry across subjects, 

parcellation of the cerebral cortex into units based on gyral and sulcal structure 
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and creation of a variety of surface-based data including maps of cortical volume, 

surface area (SA), thickness, curvature, sulcal depth, and local gyrification index 

(Desikan et al., 2006; Bruce Fischl et al., 1999, 2004). The resulting probability 

maps were input into a general linear model (GLM) evaluating regressions 

between all vertices and BRIEF subscales, estradiol level, as well as the BRIEF 

subscale interaction with estradiol level (calculated by multiplying the raw BRIEF 

score with the estradiol level) controlling for age, gender, time of estradiol 

collection (when estradiol was present in the analysis), intracranial volume (ICV) 

and collection site. Vertex-wise threshold was set at p <  0.001 level. Cluster-wise 

threshold was corrected for at p < 0.05 level using non-parametric permutation 

testing with Monte Carlo simulation. 

DTI Data 

DTI images were acquired from the NIHPD database already brain 

extracted, corrected for eddy-current and EPI distortion. DTI images were then 

further processed using FSL’s (v5.0.8, https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/FSL) 

FDT toolbox (http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/ FDT) (Behrens et al., 2003). A 

diffusion tensor model was fit at each voxel, resulting in FA images. FA images 

from all subjects were registered to an MNI 1mm skeletonized DTI template using 

FNIRT, a non-linear registration tool in FSL. FA values for each subject were then 

extracted from masks of WM tracts created by the John Hopkins University (JHU) 

WM atlas: forceps major and minor and bilateral: anterior thalamic radiation, 

corticospinal tract, cingulum bundle cingulate region (CBc), cingulum bundle 
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hippocampal region (CBh), inferior fronto-occipital fasciculus (iFOF), inferior 

longitudinal fasciculus (ILF), superior longitudinal fasciculus (SLF) and uncinate 

fasciculus.  FA values were used in further regression analyses using Pearson 

correlation coefficient, in SPSS (IBM SPSS Statistics for Macintosh, Version 22.0) 

using bootstrapping and permutation testing (3,000 simulations) to adjust for small 

sample size. All analyses were controlled for age, gender and collection time when 

estradiol was a included as a variable. Multiple comparison correction was carried 

out using the Benjamini & Hochberg, 1995 procedure, controlling the false 

discovery rate (FDR) at p<.05. Significant tracts were isolated using the tract 

visualization program TrackVis (Ruopeng Wang and Van J. Wedeen at Martinos 

Center for Biomedical Imaging, Massachusetts General Hospital, Charlestown, 

Mass., USA; trackvis.org, Version 0.6.1). A 3 mm-diameter disk-shaped ROI was 

placed in the tract of interest, which allowed for full capture of fibers of interest. 

 

Results 

Behavioral/Hormonal Results 

No significant results were found when investigating the relationship 

between EF behavior and estradiol level (Table 7A).  Given the notable effects of 

age/gender in the sample, a separate analysis investigating the unique role of 

age/gender on the relationship between BRIEF subscales and estradiol level was 

explored (i.e. not controlling for age and gender, Table 7B). This resulted in no 
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significant findings, suggesting age and gender do not have an impact on 

executive function (EF) behavior and estradiol level in this sample.   

  Male  
(N=18) 

Female 
(N=30) 

Correlation of estradiol with EF 
Behavior 

  
M 

S
D 

M SD 
  A.    Not 

Corrected for 
Age/Gender 

B.    Corrected 
for Age/Gender 

Positive Pubertal 
Status 

8 
  

17 
            

Age (years)  
13
.0
2 

3.
02 

13.
75 

3.5
6 

  
r p-value r p-value 

log-estradiol 
level (pg/ml) 

0.
79 

0.
24 

0.8
6 

0.2
9 

  
1 [-] 1 [-] 

BRIEF Behavior 
Regulation 

34
.2
9 

6.
07 

36.
07 

6.7
9 

  
0.03 0.86 0.03 0.96 

BRIEF Emotional 
Control 

12
.1
8 

2.
19 

13.
4 

3.1
8 

  
-0.05 0.74 -0.05 0.52 

BRIEF Global 
Executive 
Composite 

98
.8
8 

17
.2
3 

98.
87 

17.
57 

  
0.12 0.45 0.12 0.43 

BRIEF Initiate 
11
.5 

2.
5 

11.
62 

2.0
3 

  
0.28 0.07 0.28 0.11 

BRIEF Inhibition 
12
.2
2 

3.
04 

11.
93 

1.8
1 

  
0.08 0.63 0.08 0.67 

BRIEF 
Metacognition 

64
.2
2 

12
.1
2 

62.
83 

12.
91 

  
0.18 0.24 0.18 0.23 

BRIEF Monitor 
11
.7
2 

2.
74 

11.
66 

3.0
2 

  
0.04 0.78 0.04 0.85 

BRIEF 
Organization of 
Materials 

11
.3
3 

2.
79 

10.
69 

3.3
9 

  
0.15 0.34 0.15 0.27 

BRIEF 
Plan/Organize 

34
.2
2 

23
.5 

53.
59 

23.
74 

  
0.06 0.71 0.06 1 
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BRIEF Shift 
9.
72 

2.
08 

10.
28 

2.1
5 

  
-0.05 0.76 -0.05 0.66 

BRIEF Working 
Memory 

13
.2
2 

3.
39 

12.
45 

2.7
1 

  
0.16 0.31 0.16 0.27 

 
Table 7: Showing non-significant relationship between Male and Female 
estradiol level and EF Behavior subscales, A) Not Corrected and B) Corrected 
for age/gender, FDR corrected for multiple comparisons. Abbreviations: BRIEF, 
Behavior Rating Inventory of Executive Function; EF, executive function; FA, 
fractional anisotropy; pDLPFC, posterior dorsolateral prefrontal cortex; SA, 
surface area. 
 
Neuroimaging Results 

Next, we interrogated the BRIEF subscales, estradiol level, and their 

interaction, with cortical morphometry and FA. Of note, pubertal status showed no 

relationship with cortical morphometry or FA. The focus of this paper therefore, 

presents only estradiol level in relationship to EF, cortical morphometry and 

structural connectivity, as well as the impact of BRIEF subscale-by-estradiol 

interaction on brain measurements. The interaction between EF behavior and 

estradiol level is of particular interest; due to the fact previous studies suggest both 

variables have a close relationship to cortical morphometry and structural 

connectivity.   

Given the possible effects of age/gender in the sample, an analysis 

investigating the unique role of age and/or gender on cortical morphometry was 

explored. The results indicate a negative correlation between age and the right 

superior frontal gyrus [-log(p) = -4.00, p=0.0001] and right superior temporal sulcus 

SA [-log(p) = -4.00, p=0.0001], suggesting higher age is related to less SA in these 

regions. No relationship was observed between gender and cortical morphometry. 
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Because the focus of the paper is concerned with EF behavior and estradiol level, 

age and gender are used as covariates in the remaining analyses. 

Therefore, the following sections present morphometric and FA results in 

the following manner: relationships of EF with: cortical GM and b) FA (Table 7, 

Figure 20); relationships of estradiol level with: a) cortical GM and b) FA (Table 8, 

Figure 21); relationships of the interaction of EF and estradiol level with:  a) cortical 

GM and b) FA (Table 9, Figure 22). To be consistent throughout the results and 

discussion we refer to the positive relationship between EF behavior and estradiol 

level from the standpoint of higher BRIEF subscale scores (i.e., decreased EF 

behavior) and elevated estradiol level, to explain their effects on cortical 

morphometry and FA.  

Executive Function Results 

Cortical Morphometry 

To examine relationships between cortical morphometry and EF (as 

measured by the BRIEF subscales), each subscale was regressed with surface-

based morphometry (SBM) measures (GMV, surface area and cortical thickness), 

controlling for age and gender. This analysis yielded a negative relationship 

between the Shift subscale and SA in the right pdlPFC [-log(p) = -2.19, p=0.006], 

indicating decreased ability shifting attention was related to less SA in the right 

pdlPFC (Figure 25A, Table 8).  
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Figure 25: Executive function behavior relationship with cortical morphometry and 
structural connectivity. (N = 51). (A) Significant negative relationship between 
surface area (SA) in the right pdlPFC and the BRIEF Shift subscale. (B) Significant 
relationships between two white matter tracts on a template atlas (forceps minor 
and major) with BRIEF Plan/Organize subscales and BRIEF Inhibit subscales, 
respectively. 
 

Measure EF Behavior Hemisphere Directionality Region/T
ract 

SA Shift R - pdlPFC 

FA Plan/Organize None - Forceps 
Minor 

FA Inhibit None + Forceps 
Major 

 
Table 8: Relationships of EF Behavior with cortical GM and FA.  Abbreviations: 
SA = surface area, FA = fractional anisotropy, pdlPFC = posterior dorsolateral 
prefrontal cortex. EF, executive function; FA, fractional anisotropy; pdlPFC, 
posterior dorsolateral prefrontal cortex; SA, surface area. 
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White Matter Integrity 

Having examined grey matter relationships with EF behavior, we next 

investigated FA. The Plan/Organize subscale showed a negative relationship with 

FA of the forceps minor (R2=.07, p=0.01). Conversely, the Inhibit subscale showed 

a positive relationship with FA in the forceps major (R2=.04, p=0.02). These results 

indicated decreased ability putting order into play was associated with lower FA in 

the forceps minor, while decreased control over impulses was associated with 

higher FA in the forceps major (Figure 25B, Table 8). 

 

Estradiol Level Results 

Cortical Morphometry 

No significant results were observed between cortical morphometry and 

estradiol level. 

White Matter Integrity 

Next, we examined the relationship between estradiol level and FA. A 

negative relationship between estradiol level and FA was observed in the right 

inferior fronto-occipital fasciculus (iFOF) (R2=.09, p=0.01), indicating higher 

estradiol level related to lower FA in the right iFOF (Figure 26, Table 9). 
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Figure 26: Estradiol relationship with structural connectivity (N = 51). (a) 
Significant negative relationship between right hemisphere iFOF fractional 
anisotropy (FA) and estradiol level on template atlas. 
 
Measure Variable Hemispher

e 
Directionality Region/Tract 

FA Estradiol R - R iFOF 

 
Table 9: Relationship of estradiol level with FA. Abbreviations: FA = fractional 
anisotropy iFOF = inferior fronto-occipital fasciculus. 
 

Executive Function and Estradiol Interaction Results 

Cortical Morphometry 

Because we hypothesized that estradiol level may interact with EF behavior, 

we investigated the BRIEF subscale-by-estradiol interaction and its effect on 

cortical morphometry. A negative relationship was observed between the Inhibit-

by-estradiol interaction and GMV in the right PMC and between the Working 

Memory-by-estradiol and GMV in the right PMC [ -log(p) = -4.00, p=0.0001; -log(p) 

= -2.47, p=0.003, respectively]. These results indicated that increased difficulty 

inhibiting one’s actions and increased levels of estradiol related to less GMV in the 

right PMC. Additionally, increased difficulty holding information online and 
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increased levels of estradiol related to less GMV in the right PMC (Figure 27A, 

Table 10). 

Figure 27: BRIEF subscale and estradiol interaction relationships with cortical 

morphometry and structural connectivity. (A) Significant negative relationship 
between volume in the right PMC and the Inhibit‐by‐estradiol interaction and 
Working Memory‐by‐estradiol interaction. (B) Significant negative relationship 
between right iFOF FA and Initiate‐by‐estradiol and Working Memory‐by‐estradiol 

interactions on a template atlas 
 

Meas
ure 

BRIEF subscale-by-estradiol 
level 

Hemispher
e 

Directio
n 

Region/
Tract 

Volum
e 

Inhibit-by-Estradiol R - PMC 

Volum
e 

Working Memory-by-Estradiol R - PMC 

FA Initiate-by-Estradiol R - R iFOF 

FA Working Memory-by-Estradiol R - R iFOF 

 
Table 10. Relationships of BRIEF-by-estradiol subscales interaction with cortical 
GM and FA. Abbreviations: iFOF: inferior fronto-occipital fasciculus, PMC: 
primary motor cortex. 
 

White matter integrity 
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Finally, we examined the relationship between BRIEF subscales-by-

estradiol and FA interaction. The results showed negative relationships between 

the Initiate-by-estradiol interaction and FA in the right iFOF (R2=0.15, p=0.01), and 

between the Working Memory-by-estradiol interaction and FA in the right iFOF 

(R2=0.16, p=0.008). The results suggested that increased estradiol level and 

decreased motivation of task initiation related to lower FA values in the right iFOF 

(Figure 27B, Table 10). 

 

Discussion 

Our results provide comprehensive evidence that individual differences in EF 

behavior and estradiol level, in a healthy adolescent sample, are linked to variation 

in aspects of cortical GM morphometry and FA of white matter tracts connecting 

the cerebral hemispheres and disparate anterior-posterior regions of the brain. 

Overall, decreased EF behavior related to decreased cortical grey matter 

morphometry and bidirectional white matter integrity, while increased estradiol 

level related to decreased white matter tract integrity. Lastly, increased magnitude 

of the interaction between EF behavior and estradiol level related to decreased 

cortical grey matter morphometry and white matter tract integrity. Below we 

discuss each finding and its relative implications. 

Relationship between Executive Function and Estradiol Level 

Firstly, we wanted to determine the relationship between estradiol level and 

EF behavior. We did not find any significant relationships between estradiol level 
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and EF behavior, regardless of correcting or not correcting for age/gender. 

Previous evidence suggests that estradiol level is indeed related to EF (Hampson 

& Morley, 2013; Hidalgo-Lopez & Pletzer, 2017), albeit the results differ depending 

on the age range of the sample. It is possible our age range (7 to 18) did not have 

enough variability to produce statistically significant results.  

Relationship between Executive Function and Cortical Morphometry 

We next aimed to determine how EF behavior, aspects of cortical morphometry 

and FA are related.  We first hypothesized decreased EF behavior should be 

associated with decreased aspects of cortical morphometry of the LPFC and 

decreased FA of tracts that support communication between prefrontal structures, 

as they have prominent roles in cognitive and emotional function. Our cortical 

morphometry results demonstrated decreases in EF behavior relating to moving 

freely from one activity to another, tolerating change and switching attention (Shift 

subscale) was associated with decreased SA in the right pdlPFC.  Previous 

research indicates shifting, an EF feature imperative for changing one’s own 

behavior according to environmental contexts, relies on the dlPFC (Karbach & 

Unger, 2014; Ravizza & Carter, 2008). Furthermore, a recent cortical morphometry 

study indicates that multi-task training leads to increases in right dlPFC GMV 

(Takeuchi et al., 2014), supporting the notion that shifting behavior depends on the 

dlPFC.  

WM results indicated decreases in EF behavior relating to putting order into 

work and play (Plan/Organize subscale) was associated with decreased FA in the 
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forceps minor. Research demonstrates the forceps minor is a fiber bundle which 

connects the lateral and medial surfaces of the frontal lobes and crosses the 

midline via the genu of the corpus callosum (Genova et al., 2013). When damaged 

by disease, the forceps minor is linked to robustly diminished processing speed 

and cognitive impairment, indicating its interhemispheric connections between the 

PFC contribute to EF (Biesbroek et al., 2016; Genova et al., 2013). The association 

between damage to these tracts and reduced performance in the Trail-Making task 

has been reported in schizophrenia (Pérez-Iglesias et al., 2010) and traumatic 

brain injury (Kraus et al., 2007). Previous studies in Multiple Sclerosis (MS) have 

also noted a correlation between reduced FA in the forceps minor and Paced 

Auditory Serial Addition Test (PASAT) performance (Hecke et al., 2010). Our 

results therefore echo previous findings: decreased EF behavior is related with 

decreased FA of the forceps minor. 

Conversely, decreased EF behavior related to controlling impulses (Inhibit 

subscale) was associated with increased FA in another WM tract, the forceps 

major. The forceps major is a is a fiber bundle which connects the occipital lobes 

and crosses the midline via the splenium of the corpus callosum (Prasad et al., 

2015), and is thought to aid visuo-spatial function (Tamura et al., 2007). Lesions 

of the forceps major are associated with deficits in multi-tasking (Burgess et al., 

2000), allocation of attentional resources and other information processing 

requiring integrated hemispheric function (Rossi et al., 2012). An increase of FA in 

the forceps major suggests efficient and speedy processing of incoming visuo-
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spatial material and thus may result in difficulties inhibiting behavior. Indeed, 

patients with conditions posited to arise from axonal overconnectivity such as 

autism spectrum disorder (ASD), attention deficit hyperactivity disorder (ADHD) 

and schizophrenia exhibit reduced inhibitory control (Solso et al., 2016; Tamm et 

al., 2012; R. Taylor et al., 2016). Thus, our findings suggest that FA changes in the 

forceps major affect attention-based cognitive functions such as impulse control 

and highlight the complex relationship between white matter structure and EF 

behavior. 

Relationship between Executive Function, Cortical Morphometry and Structural 

Connectivity 

We next investigated whether estradiol level had any relationship to cortical 

morphometry and FA. We next hypothesized decreased cortical morphometry in 

the LPFC and reduced FA, as studies indicate that decreased cortical 

morphometry and FA may both be related to increases in estradiol level in 

adolescent individuals (Herting et al., 2012; Peper et al., 2011; Witte et al., 2010). 

Contrary to our hypothesis, we found no such relationship with cortical 

morphometry. However, our results indicated that increased estradiol level related 

to decreased FA of the right iFOF. The iFOF, a long association WM bundle 

connects the inferior and lateral regions of the PFC through the inferior temporal 

lobes, terminating in lateral occipital regions (Ashtari, 2011). Research indicates 

the iFOF plays a critical role in attention and visual processing (Catani & Thiebaut 

de Schotten, 2008; Yupeng Wu et al., 2016). Our findings mirror results indicating 
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significant differences in long-range association fibers including the iFOF during 

adolescence when relationships with estradiol level were considered (Herting et 

al., 2012). The present study’s results point to a relationship between estradiol 

level and this important WM tract connecting anterior-posterior regions of the 

cortex which may underlie EF behavior. 

Relationship between Executive Function, Cortical Morphometry, Structural 

Connectivity and Estradiol 

The final aim of the study was to determine the relationship between the 

interaction between BRIEF subscales and estradiol (i.e., BRIEF subscale-by-

Estradiol) with cortical GM and FA. At last, we hypothesized that decreased EF 

behavior would be related to increased levels of estradiol, which may consequently 

relate to reductions in aspects of cortical morphometry and structural connectivity. 

Our cortical morphometry findings indicated that decreased EF behavior related to 

controlling impulses (Inhibit subscale) and holding information online (Working 

Memory Subscale) coupled with increased estradiol level was associated with less 

GMV in the PMC.  Studies indicate extensive connections exist from the anterior 

PFC to PMC (Fregni et al., 2005), which are thought to coordinate the integration 

of higher level EF processes and motor planning in service of goal attainment.  

Moreover, research demonstrates the LPFC has an increased number of estradiol 

receptors (Almey et al., 2015) which may result in increased sensitivity of estradiol 

in this region posited to underlie EF processes. Indeed, estradiol’s impact on 

working memory is well documented, with high levels of estradiol impairing LPFC-
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dependent working memory, while low level estradiol weakly facilitating it (Bimonte 

& Denenberg, 1999; Holmes et al., 2002; Wide et al., 2004). Therefore, our results 

append to existing findings, suggesting that changes in cortical morphometry may 

reflect more complex interactions between EF behavior and estradiol level 

affecting the LPFC. 

Finally, our study’s WM analyses suggested more difficulties with EF 

behavior related to beginning an activity (Initiate subscale), holding information 

online when completing a task (Working Memory subscale) and elevated estradiol 

level were associated with lower FA in the right iFOF. Previous research indicates 

that elevated estradiol level is related to decreases in EF behavior in adolescents 

(Lenroot & Giedd, 2010; Peper et al., 2009, 2011) and that FA in the iFOF may be 

an important neural correlate of EF (Santiago et al., 2015). Thus, our results 

suggest an important relationship between the interaction of EF behavior and 

estradiol level on FA in the iFOF, a WM tract providing communication between 

disparate anterior-posterior brain regions, putatively underlying EF behavior. 

Limitations and Future Directions 

The study had several limitations. First, the study design was cross-

sectional and not longitudinal, which prevented depiction of individual trajectories, 

differences in change and direct estimation of relationships between change 

across different morphometric measurements. The conclusions from the present 

study should be replicated in longitudinal studies. Although a longitudinal approach 

has many merits, because multimodal imaging and hormonal data was only 
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available for a large enough sample during one visit per participant, our study’s 

aims were only possible with a cross-sectional approach. Second, although 

pubertal status was taken into account (using the Tanner Stage), menstrual cycle 

data was not recorded for the female participants, which could further result in 

fluctuations in estradiol level across the cycle and affect EF behavior. Thirdly, since 

the BRIEF subscales are highly intercorrelated, discerning their individual impact 

on brain morphometry is difficult, but speak to their contribution to EF as a whole. 

Fourthly, no other hormones related to the menstrual cycle were collected. 

Literature suggests that during the menstrual cycle, both estradiol and 

progesterone levels fluctuate rapidly, and a difference of a few hours can matter 

dramatically for estradiol levels. Rapidly changing effects of this hormone, coupled 

with age differences, suggest that these are important factors to keep in mind when 

researching the effects of cycling in females. Lastly, the measurement of estradiol 

level from saliva has drawbacks, especially in an adolescent population. Although 

great care was taken to understand the relationship between estradiol level, EF 

behavior and aspects of cortical morphometry and structural connectivity, saliva 

measurements are greatly affected by the use of exogenous hormones such as 

birth control or transdermal creams (Lewis et al., 2002). Furthermore, results 

should be interpreted cautiously due to lack of contraceptive and menstrual cycle 

data. 

Future studies should continue to combine EF behavior (such as the BRIEF 

subscales), estradiol level and multi-modal neuroimaging methods in order to 
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disentangle the function-estradiol-structure relationship in this critical 

neurodevelopmental period in cortical morphometry and structural connectivity 

thought to underlie EF processes. Specifically, the roles of peptide hormones like 

oxytocin and vasopressin should be investigated in the neural development of the 

adolescent brain and its relationship to EF processes. 

 

Summary 

To our knowledge, this is the only study investigating how individual 

differences in EF behavior and estradiol level relate to aspects of cortical 

morphometry and FA in a healthy, adolescent population. Our study implies that 

decreased EF behavior and elevated estradiol level relate to decreased aspects 

cortical morphometry and FA. Specifically, EF behavior and its interaction with 

estradiol level related to decreases in aspects of cortical morphometry in the 

pdlPFC, comprising the LPFC, an area well known to subserve goal directed 

behavior (Asplund et al., 2010; Yamagata et al., 2012). Further, EF behavior and 

its interaction with estradiol level were associated with bidirectional differences of 

FA measurements in interhemispheric connections (forceps minor and major, 

respectively) and long-range association fibers (iFOF) connecting anterior-

posterior regions of the cortex. Thus, the results imply that variation in EF behavior 

and estradiol level relate to WM tracts supporting communication between cortical 

regions. 
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EXPERIMENT 5: 

Gender Differences in Functional Connectivity during Emotion Regulation 

 

Beliefs in gender differences in emotion pervade our culture, with the striking 

stereotype being that women are more emotionally responsive to negative stimuli 

than men. While some empirical evidence mirrors the anecdotal conception (Fabes 

& Martin, 1991; Fischer, 1993; Grossman & Wood, 1993; Hess et al., 2000; Plant 

et al., 2000; Timmers et al., 2003), some researchers (Garnefski et al., 2004; 

Nolen-Hoeksema, 2001; Thayer et al., 1994) conjecture the basis for differences 

in emotion  arise due to variations in emotion regulation (ER). Yet, despite the 

increasing recognition that deficient ER is at the core of various affective disorders 

(Berking et al., 2014; Dalili et al., 2015; Green et al., 2007; Joormann & Stanton, 

2016; O’Driscoll et al., 2014; M. L. Phillips et al., 2008), and importantly, that 

women show an increased prevalence for these conditions (Kessler et al., 1993; 

Leach et al., 2008; Nolen-Hoeksema, 2001, 2012; Thomsen et al., 2005), the 

neural basis of gender differences in ER remains poorly understood.  

ER describes processes that individuals use to influence the experience 

and expression of emotions (Giombini, 2015; James J. Gross, 2015; Ochsner & 

Gross, 2005). ER is a complex process that includes the initiation, inhibition, or 

modulation of internal emotional states and emotion-related cognitions, 

physiological processes and behaviors (Compare et al., 2014). Importantly, an 

individual’s ability to manage emotional experience and adapt to changing 
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environments is crucial for mental health (James J. Gross & Muñoz, 1995).  The 

most prominent neurobiological ER model focuses on the modulatory effect of 

the prefrontal and cingulate regions involved in top-down control over the 

affective instantiation regions as a function of one’s regulatory goal, tactic, nature 

of stimuli and emotions being regulated (Ochsner & Gross, 2005; Ochsner et al., 

2012). Specifically, brain regions implicated in top-down control include the dorso 

and ventrolateral, and dorso and ventromedial prefrontal cortex (dlPFC, vlPFC, 

dmPFC, vmPFC), orbitofrontal cortex (OFC), inferior parietal cortex (IPC) and 

anterior cingulate cortex (ACC), while those underlying emotion generation 

comprise the insulae, amygdalae and basal ganglia (Ochsner & Gross, 2005; 

Ochsner et al., 2012). Within this model however, few (and equivocal) findings 

have emerged from functional neuroimaging studies investigating gender 

differences. For example, McRae et al., 2008 showed lower increases in 

prefrontal activity (ACC, IPC) and greater decreases in amygdala activity during 

ER efforts in men compared to women, despite no difference in self-reported 

negative emotion between genders. Domes et al., 2010 found the opposite 

activation pattern, indicating greater prefrontal activity (vmPFC) in men compared 

to women during employment of ER, with no notable gender differences in 

amygdala activity or self-report regulation success. Interestingly, both studies 

indicate a more efficient ER process in men, suggesting less effortful cognitive 

control (McRae et al., 2008) and more precise recruitment of areas putatively 

underlying ER (Domes et al., 2010) in men compared to women. In parallel, Mak 
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et al., 2009’s study argues that while men tend to utilize brain regions underlying 

cognitive control  (lateral PFC and ACC) to a greater extent than women during 

ER, women tend to use emotion-associated ones (medial OFC), with comparable 

self-reported regulation success. In an effort to synthesize this contradictory 

information, a recent meta-analysis assembling the aforementioned studies 

proposes men may be more efficient (i.e., use less effortful cognitive control) in 

ER as evidenced by greater increases of fronto-parieto-temporal activity, and 

greater decreases of limbic/subcortical activity, while women may experience 

emotions with greater frequency and intensity as evidenced by increased activity 

in limbic regions (Whittle et al., 2011).  

While some information regarding gender differences in ER may be 

gleaned from functional activity studies, connectivity within ER-related brain 

regions may provide another avenue for understanding how men and women 

differ in regulatory mechanisms. Our previous work has detailed right-

hemispheric functional pathways responsible for inhibitory regulation of emotional 

reactivity between the right anterior middle frontal gyrus (aMFG) and the OFC, 

and between the right OFC with the amygdala (Depue et al., 2016). Previously, 

we proposed this network may function hierarchically, with higher-order 

maintenance and updating of task goals performed by the right aMFG, and 

modulation of the amygdala (downstream effectors) implemented by an 

intermediary region (OFC) that exhibits direct anatomical connectivity. Similar 

results were found by Banks et al., 2007, a study that showed individuals who 
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are more successful in regulating their emotion demonstrate greater effective 

connectivity (EC, a measure of connectivity relative to the task) between 

amygdala and lateral and medial PFC. Yet presently, scant functional 

connectivity (FC) data between these regions exists that examines gender 

differences related to ER. One such resting-state study found FC within the 

centromedial amygdala displayed gender-specific variations in association with 

trait-level ER (Yan Wu, Li, et al., 2016). The authors suggest connectivity 

patterns and higher ER (as determined by a self-reported behavioral measure) in 

this sub-region of the amygdala in women was linked to internal and emotional 

focus, while men’s connectivity pattern and higher ER related to a greater ability 

to downregulate negative emotion compared to women. Lastly, one study 

investigating gender differences in EC during negative emotion processing 

demonstrated EC from the right amygdala to the dmPFC is significantly stronger 

in men compared to women, with the authors concluding that men may have a 

more evaluative rather than purely affective, in-the-moment, brain response 

during negative emotion processing (Lungu et al., 2015). To the best of our 

knowledge, however, no study to date has utilized a network-based approach to 

examine gender differences in FC during an ER task. 

 

Aim 

The present fMRI study investigated whether FC between brain regions 

putatively underlying ER differed between men and women during an ER task.  
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Hypotheses 

Based on prior studies investigating gender differences during ER, we 

have three hypotheses: (1) women will rate negative stimuli as more distressing, 

as compared to men; (2) women will show increased connectivity between brain 

regions putatively underlying emotional response (amygdala, hippocampus), as 

compared to men; (3) men will show increased connectivity between regions 

underlying top-down control of emotion (parietal cortex, dlPFC, VLPFC), as 

compared to women. 

 

Methods 

Participants and Procedure 

A total of 55 healthy young adults without a reported history of neurological or 

psychiatric disorders were recruited for this study. Seven participants were 

excluded from analyses due to incomplete behavioral data (n=1), various 

scanning issues resulting in incomplete fMRI data (n=4), and disclosed 

psychiatric diagnosis following consent (n=2). This left 48 (20 women) 

participants in the final sample. Men and women were comparable in age and 

years of education (t(46)=-3.99, p=0.69 and t(46)=-.15, p=0.88, respectively).  

fMRI Task - Emotion Regulation Task (ERT)  

The ERT was divided into three parts: (A) ER Baseline (B) Emotion Regulation 

(ER) (C) ER Rating. Only parts A & B were BOLD scans, part C was structural.  
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(A) ER Baseline:  

The ER Baseline task employed a hybrid event-related design that contained 

mini-blocks presented in pseudorandom order. 20 negative International Affective 

Picture System (IAPS) pictures and 10 neutral pictures were displayed (Lang et 

al., 2005). The pictures were displayed for 4 seconds. This design was chosen to 

balance considerations for the psychological state of the participant with 

statistical power. Following presentation of each stimulus, participants rated the 

image for how negative it made them feel, using a 4-point Likert scale (1 = None 

to 4 = Extremely negative; 2 seconds to rate; Figure 28). This allowed acquisition 

of a subjective negative baseline rating for each participant. A pseudorandom 

variable jittered ITI was incorporated to increase design efficiency for 

hemodynamic response estimation (0-10 sec). Resultant behavioral ratings from 

the task were further used to calculate ER Suppression Score (see part C).  

Please rate how negative the emotional 
pictures make you feel. You should answer 

according to the following scale.

1 2 3 4 
Press a number

+

2000 ms

4000 ms

Jitter

10 seconds 
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Figure 28: Example of a single trial from ER Baseline Task (Image displayed not 
part of actual stimuli set). 
 

(B) Emotion Regulation (ER): 

The ER task also employed a hybrid event-related design with mini blocks 

presented in pseudorandom order, whereby a different set of negative and 

neutral pictures selected from the IAPS database  were displayed (Lang et al., 

2005). Neutral and negative stimuli valence (M=5.68, SD=0.71; M=2.97, 

SD=0.61, respectively) and arousal (M=4.82, SD=0.62; M=5.27, SD=0.39, 

respectively) values both were statistically different between the two sets t(78)= 

18.35, p<.01; t(78)=-3.84, p<.01, respectively. First, the words ‘SUPPRESS’ in 

the color red or ‘VIEW’ in the color blue appeared as cues for 500 ms to prepare 

the participant for the upcoming picture. Next, negative pictures surrounded by a 

red border (Suppress trials) and neutral pictures surrounded by a blue border 

(View trials) were presented for 3.5 seconds (Suppress trials n = 30, View trials n 

= 12) (Figure 29). The participant was instructed to “‘decrease or detach’ from 

the emotion when the border was red, and ‘simply view’ the picture when the 

border was blue”. The “Suppress” instructions were worded simply in order to 

encourage the participant to use their default ER method. A pseudorandom 

variable jittered ITI was incorporated to increase design efficiency for 

hemodynamic response estimation (0-4 sec). The pictures repeated once, with a 

60 second break in-between. To test the successful induction of negative 

emotion during the ER Task, a two-tailed paired samples t-test was conducted 
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between mean ratings of the View (M=1.3, SD=0.52) and Suppress (M=2.5, 

SD=0.52) pictures, which revealed a significant difference between the two 

conditions t(47) = -10.59, p<0.01.  

 
 
 
 
 
 
 
 
 
Figure 29: Example of a single trial of each condition from Emotion Regulation 
(ER) (Image displayed not part of actual stimuli set).  
 

(C) ER Rating  

During a structural scan, the same images used in part B were then displayed 

without any border for 4 seconds. Following presentation of each image, 

participants rated how negative the image made them feel, using a four-point 

Likert scale (1 = None to 4 = Extremely negative, displayed in the same way as 

ER Baseline). To test whether the participants were successfully able to down-

regulate their emotional response to the images, a two-tailed paired samples t-

test was conducted between the negative Baseline Ratings (M=2.7, SD=0.50) 

+
SUPPRESS

+
VIEW

View Trial

3500 ms

500 ms

Jitter

8 seconds 

+
Suppress Trial

3500 ms

500 ms
8 seconds 

Jitter

+
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and ER negative ratings (M=2.4, SD=0.52), showing a significant difference in 

scores t(46) = 5.4, p<0.01. Furthermore, the negative ER ratings from this part 

were subtracted from the earlier acquired negative baseline ratings (part A) in 

order to calculate a Suppression Score. The Suppression Score was derived 

from negative ratings only (rather than ratings on “View” trials) to ensure an 

accurate measurement of negative affect down-regulation success (i.e. 

comparing a response to negative stimuli before and after ER). The Suppression 

Score was used as an independent variable in subsequent FC analyses which 

served as the dependent variable.  

Self-Report ER Strategy Questionnaire 

Immediately after the scan, participants exited the scanner and were asked to 

view the ER task (part B) pictures on a computer screen. Each photo was 

followed by the instructions “type any strategies you may have used while down-

regulating your emotion on the following screen.” The resultant statements were 

coded and summed by two independent raters and categorized as: “Cognitive 

Reappraisal” if they were characterized by reframing the emotional situation (ex. 

“I tried not to think negatively, but to think positive”) (Ochsner & Gross, 2005), 

Attentional Control if they were characterized by volitionally diverting attention to 

something unrelated (ex. “I focused on my breathing and tried be analytical about 

the wound”) (Webb et al., 2012), and Other if it was characterized by another ER 

strategy (“It looks like stock photo, no real threat”). Data for 4 participants was 
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not available due to technical errors, and 2 subjects were removed for 

misunderstanding task instructions, leaving N=43 for analysis.  

Imaging Data Acquisition  

Functional 

 Functional blood oxygenation level-dependent (BOLD) images were collected 

using gradient-echo T2*-weighted echoplanar imaging (TE = 28 ms; TR = 2000 

ms; flip angle = 79°; FoV = 204 mm; voxel size = 3.2 mm3, 38 interleaved slices). 

Slices were oriented obliquely along the AC–PC line. 

Imaging Data Analysis 

All analyses and visualizations were conducted using the CONN toolbox 

18.b (Whitfield-Gabrieli & Nieto-Castanon, 2012) based on SPM12 (Penny et al., 

2007) in the 2017 version of MATLAB. Spatial preprocessing in the CONN 

toolbox included realignment, normalization and smoothing (8 mm FWHM 

Gaussian filter) using SPM12 default parameter settings. Anatomical volumes 

were segmented into gray matter, white matter and cerebrospinal fluid (CSF) 

areas, and the resulting masks were eroded to minimize partial volume effects. 

The temporal time series characterizing the estimated subject motion, as well as 

the blood-oxygen-level dependent (BOLD) fMRI time series within the subject-

specific white matter mask (five principal component analysis (PCA) parameters) 

and the CSF mask (five PCA parameters), were used as temporal covariates and 

removed from the BOLD functional data using linear regression. Stimuli onsets 

and duration were specified in the toolbox, so that BOLD time series could be 



 

 
 

 

 

158 

appropriately divided into task-specific mini blocks. Single trial regressors for the 

main effects were constructed by modeling each of the conditions versus low-

level fMRI baseline. For ER Baseline: Negative, Neutral; for ER Task: View, 

Suppress. The contrasts of interest were created by comparing conditions 

against one another: For ER Baseline, Negative>Neutral, Neutral> Negative and 

for ER Task, View> Suppress and Suppress>View. For each regressor, a 

double-gamma hemodynamic response function (HRF) was convolved with an 

event vector starting at the cue onset through stimulus presentation (baseline 

duration of 6 sec + variable jittered ITI, and for ER Task – 4 sec + variable jittered 

ITI). This data was subsequently temporally filtered and the resulting residual 

BOLD time series were then band-pass filtered (0.008 – inf Hz), as this filter 

benefits from keeping higher-frequency information fitting event-related tasks. A 

region of interest (ROI) based correlation approach was used to evaluate 

temporally correlated BOLD signal between 28 a priori selected 10mm ROI 

(sphere around provided coordinates with 10mm radius) from CONN’s default 

atlas which combines FSL’s Harvard-Oxford atlas and FOX’s ROIs. The selection 

of these ROIs was based on previous research demonstrating their involvement 

in ER (Depue et al., 2016; Kohn et al., 2014; Picó-Pérez et al., 2017). They 

included: bilateral – ventral frontal pole (FP), orbital frontal cortex (OFC), IFG 

operculum (IFG oper), middle frontal gyrus (MidFG), inferior frontal gyrus (IFG, 

pars opercularis), inferior frontal gyrus (IFG, pars triangularis), posterior 

supramarginal gyrus (pSMG), angular gyrus (AG), anterior parahippocampal 



 

 
 

 

 

159 

gyrus (aPaHC), posterior parahippocampal gyrus (pPaHC), hippocampus, 

amygdala, and the subcallosal Cortex (SubCalc), dorsal anterior cingulate gyrus 

(dACC) (Table 11). 

Table 11 

 
Selected Regions of Interest (ROIs) for Connectivity Matrices 

 

 
ROI Abbreviation ROI Name MNI Coordinates 

    X Y Z  

R FP  R Ventral Frontal Pole 26.15 52.14 8.25 

L FP   L Ventral Frontal Pole 

-

24.72 52.95 7.5 

R OFC  R Orbital Frontal Cortex 29.11 23.07 -16.23 

L OFC L Orbital Frontal Cortex 

-

29.54 23.66 -16.57 

R IFG Oper  R IFG, Operculum Cortex 41.11 18.62 4.91 

L IFG Oper  L IFG, Operculum Cortex -39.7 18.32 4.52 

R MidFG  R Middle Frontal Gyrus  39.11 18.62 42.78 

L MidFG  L Middle Frontal Gyrus  

-

38.07 18.43 42.06 

R IFG tri R IFG, pars triangularis  51.86 27.76 7.7 

L IFG tri   L IFG, pars triangularis  

-

49.71 28.49 8.66 

R IFG oper  R IFG, pars opercularis 52.21 15.41 16.2 
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L IFG oper L IFG, pars opercularis  

-

50.64 14.51 15.39 

R pSMG 

R Supramarginal Gyrus, 

posterior division 55.2 -40.36 33.6 

L pSMG  

L Supramarginal Gyrus, 

posterior division 

-

54.88 -46.02 33.24 

R AG  R Angular Gyrus  51.93 -51.8 32.35 

L AG   L Angular Gyrus  

-

50.35 -55.7 29.76 

dACC  

Dorsal Anterior Cingulate 

Gyrus   0.8 18.29 24.34 

R dACC 

R Anterior Dorsal Cingulate 

Gyrus 6.55 36.56 22.69 

L dACC 

L Anterior Dorsal Cingulate 

Gyrus -6.2 36.65 20.78 

R aPaHC  

R Parahippocampal Gyrus, 

anterior division  22.35 -8.05 -30.25 

L aPaHC  

L ParahippocampalGyrus, 

anterior division  

-

21.86 -9.1 -30.3 

R pPaHC 

R Parahippocampal Gyrus, 

posterior division  22.9 -30.53 -16.75 
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L pPaHC 

L Parahippocampal Gyrus, 

posterior division  

-

21.89 -32.42 -16.88 

R Hip R Hippocampus 26.49 -20.95 -14.25 

L Hip L Hippocampus 

-

25.17 -23.19 -13.8 

R Amy R Amygdala 23.08 -3.98 -17.68 

L Amy L Amygdala 

-

22.99 -4.94 -17.73 

SubCalc SubcallosalCortex -0.07 20.53 -14.83 

 

The CONN toolbox was used to conduct an ROI-to-ROI analysis, by grouping 

voxels into ROIs based upon CONN’s default atlas. Each ROI value represents a 

mean functional connectivity estimate within that particular ROI. Connectivity 

values were computed as the Fisher-transformed bivariate correlation coefficient 

between a pair of ROI BOLD time series, where a positive correlation indicates 

positive FC and a negative correlation indicates negative FC between ROIs. To 

explore the effects of the different conditions (ER Baseline: Negative, Negative 

vs. Neutral; ER Task: Suppress, Suppress vs. View) and the two groups (men 

and women), Wilks’ lambda or F-statistics were used to illustrate main effects of 

each group together with the main and cross effects of the conditions. Effect 

sizes for connectivity contrasts between all ROI sources were calculated 

alongside T, and F values; and false discovery rate-corrected (FDR) p-values 
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were calculated for each specified second-level analysis. The T-stat represents 

the results of between-subjects conditions contrasts when testing each individual 

connection separately between each pair of seed and target ROIs, while the F-

stat represents the same results but testing each individual seed region 

separately and looking for any effects across all target ROIs. We were interested 

which particular 28 a priori ROIs show differences in FC between genders, 

therefore we report T-stats and FDR-corrected (p-value of 0.05) (seed-level) 

results below. The CONN toolbox ROI-to-ROI analyses results are considered 

appropriately corrected for multiple comparisons across all brain and analysis 

voxels when the voxel-level and the extent cluster-level thresholds use an 

analysis-wise false positive control FDR-corrected p-values method (Whitfield-

Gabrieli & Nieto-Castanon, 2012).  

 

Results 

Behavioral Results 

To examine subjective emotion ratings prior to emotion regulation (ER Baseline; 

part A), we conducted an independent samples t-test comparing the means of 

self-reported negative affect between genders (based on 5000 bootstrap 

samples). Due to our small sample size, we performed the bootstrapped t-test to 

guarantee a good approximation of population measurements and conducted 

Levene’s test for homogeneity of variances due to unequal sample sizes. The 

results showed a statistically significant difference between men’s (M=2.57, 
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SD=0.54) and women’s (M=2.99, SD=0.33) negative ER Baseline ratings, t(45)=-

3.04, p=0.004, 95% CI [ -0.70 to -0.14]. Levene’s test indicated unequal 

variances (F=5.40, p=.03), so degrees of freedom were adjusted from 45 to 44.6. 

No gender differences were observed between neutral ER baseline ratings 

t(45)=-1.35, p=0.18, 95% CI [-0.21 to 0.04] (Figure 30).  

 

Figure 30: Gender differences in ratings of self-reported negative affect during 
the ER Baseline Task (part A). Each subject was asked to look and respond 
naturally to neutral (Neutral) and negative pictures (Negative). Error bars 
represent standard error the mean (SEM), 
* represents p<0.01.  
 

To examine subjective emotion ratings during emotion regulation (ER Task; part 

B), as well as any gender differences in the ability to down-regulate negative 

emotion (Suppression Score), we conducted an independent samples t-test 
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comparing the means of self-reported negative affect between genders (based 

on 5000 bootstrap samples) and tested for homogeneity of variances with 

Levene’s test. The results showed a statistically significant difference between 

men’s (M=2.29, SD=.52) and women’s (M=2.64, SD=.47) negative ER ratings 

t(45) =-0.35, p=0.02, 95% CI [-.65 to -.06], but not between their neutral ER 

ratings t(45)=-.75, p=0.45, 95% CI [-0.45 to 0.16] (Figure 31) or their 

Suppression Score t(45)=-.58, p=0.56, 95% CI [-0.30 to 0.17] (Figure 32).  

 

 

Figure 31: Gender differences in ratings of self-reported negative affect during 
the ER Task (part B). Each subject was asked to “simply view” the neutral 
pictures (“View” Pictures) and to “decrease or detach from the emotion” for 
negative pictures (“Suppress” Pictures). Error bars represent standard error of 
the mean (SEM), * represents p<0.05. 
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Figure 32: Gender differences in negative emotion down-regulation success 
(Suppression Score). The Suppression Score was derived from subtracting 
negative ER ratings (part C) from the earlier acquired negative baseline ratings 
(part A). Error bars represent standard error of the mean (SEM). 
 

Finally, data regarding self-report ER strategy was analyzed. In order to 

determine inter-rater agreement, Cohen’s kappa was run and returned an 

outstanding level of agreement for “Cognitive Reappraisal” (kappa = 0.885 (95% 

CI 0.76, 0.80), p < 0.001) and “Attentional Control” (kappa = 0.866 (95% CI 0.67, 

0.86), p < 0.001) and substantial for “Other” (kappa = 0.696 (95% CI 0.59, 0.73), 

p < 0.001).  Then, to investigate any gender differences between the number of 

times a particular type of ER strategy was employed, we conducted a 2 (Gender) 

× 3 (type of ER Strategy: Cognitive Reappraisal, Attentional Control, Other) 

analysis of variance (based on 5000 bootstrap samples). Neither the main effect 
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of gender nor the ER Strategy X gender interaction reached statistical 

significance, therefore this variable was not used in subsequent analyses).  

Neuroimaging Results 

Gender Differences in Functional Connectivity during ER Baseline (part A) 

To examine whether men and women exhibited neurobiological differences when 

viewing negative stimuli, we tested the ER Baseline (part A) prior to emotion 

regulation. As shown in Figure 33, Table 12) below, during the Negative 

Condition of the ER Baseline, compared to men, women showed increased FC 

between L FP, L Hip and L pPaHC, and between the R Hip and R AG.   

Figure 33: Gender differences in 
functional connectivity during the negative 
condition of ER Baseline. 
 

 

 

 

 

 

 

 

 

 

Table 12     

L

L FP

L pPaHC

R Hip

R AG

L Hip

Posterior

Anterior

ER Baseline
Women > Men

Negative Condition
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ER Baseline     

ROI ROI T p-FDR Effect Size 

L pPaHC L Hip -3.31 0.04 0.19 

L pPaHC L FP -3.24 0.04 0.14 

R Hip R AG -3.35 0.04 0.17 

ROI Abbreviations: pPaHC – posterior parahippocampal gyrus; Hip – 
Hippocampus; FP – Frontal Pole; AG – Angular Gyrus. 
 

Gender Differences in Functional Connectivity during ER Task (part B) 

To examine whether men and women exhibited FC differences during emotion 

regulation (ER Task; part B), we examined gender differences with respect to 

suppression, as well as the correlation of FC during the ER Task with self-

reported negative affect (ER Ratings, (part C)), and Suppression Score (ER 

Negative Baseline Ratings – Negative ER Ratings).  

ER task 

As shown in Figure 34, Table 13, women compared to men, during the 

Suppress Condition of the ER Task, showed increased FC between L IFG Oper 

and R pPaHC, between R IFG Oper and L pPaHC, and between L Hip and L 

pPaHC. In addition, women showed decreased connectivity between L pSMG, R 

pSMG and R AG.  
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Figure 34: Gender differences in functional 
connectivity during the suppress condition of 
the ER Task. Note: Color bar represents the 
strength of the t-statistic. 
 

 

 

 

 

 

 

 

 

Table 13     

     

ER Task    

ROI ROI T p-FDR Effect Size 

R AG L pSMG -3.94 0.007 0.27 

L pSMG R pSMG -3.86 0.009 0.31 

R pPaHC L IFG Oper 3.33 0.04 0.07 

L pPaHC  R IFG Oper 3.38 0.02 0.12 

L pPaHC  L Hip 3.26 0.02 0.18 

ROI Abbreviations: AG – Angular Gyrus; pSMG – posterior supramarginal gyrus, 
pPaHC – posterior parahippocampal gyrus; IFG Oper – Inferior frontal gyrus, 
pars opercularis, Hip - Hippocampus 
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ER Task Regressed with Self-Reported Negative Affect 

When assessing the relationship between ER Task FC and self-reported 

negative affect (negative ratings from ER Rating Task (part C)), women’s 

decreased self-reported negative affect compared to men’s related to increased 

FC between R pSMG and L IFG Oper, and between R pSMG and R IFG Oper, L 

OFC and dACC during suppression (Figure 35, Table 14). 

 

Figure 35: Gender differences in 
functional connectivity during the 
suppress condition of the ER Task, 
regressed with self-reported negative 
affect. Note: Color bar represents the 
strength of the t-statistic. 
 

Table 14     

     

ER Task Connectivity with Self-Reported Negative Affect 

ROI ROI T p-FDR 

Effect 

Size 

R pSMG L IFG Oper 3.24 0.01 0.41 

ER Task
Regression with Self-Reported 

Negative Affect
Women > Men

Suppress Condition

-3.84 3.84

L

Anterior

Posterior

R pSMG

R IFG OperdACC
L OFC 

L IFG Oper
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R pSMG R IFG Oper 3.84 0.01 0.43 

R pSMG L OFC 3.49 0.01 0.35 

R pSMG dACC 3.36 0.01 0.35 

ROI Abbreviations: pSMG – posterior supramarginal gyrus; IFG Oper – inferior 
frontal gyrus, pars opercularis; OFC – orbitofrontal cortex; dACC – dorsal anterior 
cingulate gyrus. 
 

ER Task Regressed with Suppression Score 

Lastly, we assessed the relationship between ER Task FC and Suppression 

Score (ER negative ratings (part C) subtracted from ER negative baseline 

ratings). In the Suppress contrast, increased Suppression Score (better 

suppression) in women, compared to men, was associated with increased FC 

between L IFG tri and R IFG Oper, and between L IFG tri and R dACC (Figure 

36, Table 15).  
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Figure 36: Gender differences in FC 
during the ER task, Suppress 
Condition, regressed with Suppression 
Score. Note: Color bar represents the 
strength of the t-statistic. 
 

 

 

 

 

 

 

 

 

 

 

Table 15 

ROI Abbreviations: IFG tri – Inferior Frontal Gyrus, pars triangularis; IFG Oper – 
Inferior Frontal Gyrus, pars opercularis; dACC – dorsal anterior cingulate gyrus.  
 

ER Task Connectivity with Suppression Score 

ROI ROI T p-FDR 

Effect 

Size 

L IFG tri R IFG Oper 4.83 0.0005 0.63 

L IFG tri R dACC 3.18 0.0300 0.47 

ER Task 
Regression with Suppression 

Score
Women > Men

Suppress Condition

-4.83

L

Anterior

Posterior

4.83

L IFG tri
R dACC

R IFG Oper
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Discussion 

The present fMRI study investigated whether gender differences existed in 

FC between brain regions underlying regulation of negative emotion during an 

ER task. Behaviorally, we observed that despite women rating the negative 

stimuli as more distressing compared to men, they had comparable Suppression 

Scores. However, the ER task revealed gender differences in FC. Specifically, in 

women enhanced ability to down-regulate negative emotion related to increased 

recruitment of a cingulo-opercular network, and in men, to posterior regions of a 

ventral attention network. Altogether, our results suggest men and women may 

utilize distinct executive control neural mechanisms in the control of negative 

emotion. To our knowledge, this is the first study to explore FC differences 

between men and women while engaging in ER and relate those differences to 

self-reported negative affect and suppression ability. 

Behavioral Findings 

Women self-reported as having more negative affect than men across 

tasks as we predicted, yet this difference disappeared in the process of down-

regulating negative emotion. Our results are consistent with previous findings 

showing women are more expressive, experientially reactive and sensitive to 

negative stimuli (Gard & Kring, 2007; Hampson et al., 2006; Kring & Gordon, 

1998; H. Li et al., 2008). Moreover, our results mirror the Domes et al., 2010 and 

McRae et al., 2008 observations. Namely, that despite their heightened 

emotional reactivity, women suppressed their negative emotion to a comparable 
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degree as men. This disassociation implies that there could be gender-related 

differences in the pattern of FC associated with ER. Furthermore, no gender 

differences were observed in what ER strategy was employed, in contrast to 

other research examining this topic (Tamres et al., 2002). We speculate that 

within our sample, a combination of ER strategies was used, although a paucity 

of research remains on such “coactive” emotion regulation, with most research to 

date simply reporting that individuals indeed deploy a variety of ER strategies 

(James J. Gross, 2002).  

Neuroimaging Findings 

We observed that while viewing negative stimuli (ER Baseline task), 

women exhibited increased FC between the left ventral FP, hippocampus and 

pPaHC, as well as between right AG and hippocampus compared to men. 

Connectivity between ventral FP and hippocampus has been consistently 

associated with the recollection memory network (Adnan et al., 2016; Greenberg 

et al., 2005) and memory-based decision making (Weilbächer & Gluth, 2017).  In 

regard to the pPaHC, this structure has been shown to be a key node of the 

recollection memory network, which together with lateral parietal cortices are 

preferentially engaged when individuals recall rich contextual details (Adnan et 

al., 2016), particularly about novel scenes (Howard et al., 2013). Furthermore, 

the AG is part of a largely right-lateralized, well validated ventral attention system 

specialized for the detection of behaviorally relevant stimuli (Corbetta & Shulman, 

2002). Notably, research suggests women are more likely to direct attention 
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towards a novel item than men (Brown, 2013; Stoet, 2010). Together, our FC 

findings suggest that compared to men, women may engage a bottom-up 

emotional memory processing network when simply viewing negative stimuli, 

likely due to the allocation of attention to the highly salient stimuli.  

During the regulation of negative emotion (ER Task), we observed women 

exhibited increased FC between the bilateral IFG and hippocampus and pPaHC, 

while men exhibited increased FC between the AG and bilateral pSMG. The IFG 

has been well established as a crucial brain region recruited during the volitional 

inhibition of affective response (Aron et al., 2014; Konishi et al., 1999; Ochsner et 

al., 2012), as well as pivotal in coordinating encoding processes in conjunction 

with the hippocampus (Addis & McAndrews, 2006). The AG and pSMG, regions 

which underlie attention re-allocation to behaviorally salient stimuli (Corbetta & 

Shulman, 2002), have previously been associated with a more automatic ER 

process (Viviani, 2013). Furthermore, a recent meta-analysis suggested the ER 

process may be explained not only as frontal regions inhibiting limbic regions, but 

also those underlying attention (Frank et al., 2014). In contrast to previous 

findings arguing men may utilize brain regions underlying top-down cognitive 

control to a greater extent than women during ER (Mak et al., 2009), our results 

suggest that women employ a bilateral top-down cingulo-opercular control 

network in order to suppress negative emotion. Regarding the FC findings in 

men, ER theorists have suggested the existence of an automatic (Mauss et al., 

2007; M. L. Phillips et al., 2008),  or unconscious variety of emotion regulation 
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(Bargh & Williams, 2007) which contrasts with the deliberate voluntary form 

typically interrogated (Ochsner & Gross, 2005; Ochsner et al., 2012) and relies 

on the attentional reorienting mechanisms located in the ventral attention network 

(Viviani, 2013). Therefore, we speculate women may utilize a more deliberate ER 

process reliant on frontal regions, while men may employ a more efficient (less 

cognitively effortful) ER process dependent on regions within the posterior 

regions of the ventral attention network.  

In parallel, we found decreased self-reported negative affect in women 

(compared to men) related to increased connectivity between right pSMG and left 

IFG, dACC and OFC. The dACC lies in a unique anatomical position, with 

connections to both the limbic system and PFC, and has an important role in 

integrating neuronal circuitry for affect regulation (Stevens et al., 2011). 

Moreover, the dACC plays a crucial role in conflict monitoring (Lau et al., 2006; 

Stuss & Levine, 2002; Thomsen et al., 2005) as well as integration of attentional 

and emotional stimuli (Yamasaki et al., 2002). Hence, dACC connectivity with 

frontal and parietal structures in our results may point to a deliberate effort on the 

part of women to resolve the heightened emotional conflict during the ER 

process. Similarly, previous studies implicate the OFC in top-down modulation of 

autonomic responses to emotional experiences (Ohira et al., 2006; Mary L. 

Phillips et al., 2003), and it appears larger in women than men (Gur et al., 2002). 

Therefore, our findings suggest decreased self-reported negative affect in 

women may relate to the recruitment of a fronto-parietal top-down control 
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network in order to modulate the autonomic physiological responses evoked by 

the highly salient emotional stimuli.  

Lastly, we observed that in women (compared to men), better suppression 

of negative emotion related to increased connectivity between bilateral IFG and 

R dACC. Along with the IFG, robust evidence exists for the recruitment of the 

dACC during the ER process as a conflict monitoring tool (Mak et al., 2009; 

McRae et al., 2008; Ochsner & Gross, 2005; Ochsner et al., 2012; Weissman et 

al., 2005). That is, the dACC may underlie monitoring cognitive conflict and 

recruits other prefrontal regions to resolve this conflict when necessary (Botvinick 

et al., 2004; J. Fan et al., 2003), putatively in order to reduce amygdala activity 

(Etkin et al., 2006). Previous studies investigating gender differences in ER 

suggest women tend to utilize emotion-associated brain areas, while men tend to 

utilize cognitive ones (Kohn et al., 2014; Mak et al., 2009), and even that men 

may possess a greater ability to regulate their emotions compared to women 

(Kong et al., 2014). In contrast, our novel FC findings demonstrate that women 

downregulate negative emotion as successfully as men by recruiting a cingulo-

opercular network.   

To our knowledge, these results provide the first FC evidence that indicate 

women suppress negative emotion as well as men by exhibiting a cingulo-

opercular network, while men exhibit a posterior region of the ventral attentional 

network. Since women reported increased negative affect compared to men, we 

suggest that the heightened emotional response required utilization of the top-
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down cingulo-opercular control network to effectively downregulate the negative 

emotion. Men recruited posterior regions of the ventral attentional network while 

suppressing negative emotion, perhaps due to finding the negative stimuli less 

aversive as women, and conceivably requiring an efficient and automatic form of 

ER. The FC findings contribute an alternate avenue for investigating gender 

differences within the neural correlates of ER, which may explain women’s 

greater prevalence of developing affective disorders, particularly depression and 

anxiety (Kessler et al., 1993; Leach et al., 2008; Nolen-Hoeksema, 2001, 2012; 

Thomsen et al., 2005). Indeed, research suggests that in major depressive 

disorder, functional and structural abnormalities within cingulo-opercular 

pathways could contribute to maladaptive forms of self-focused processing and 

rumination (Pizzagalli, 2011).  

Limitations and Future Directions 

A few limitations in our study should be noted. The lack of control of 

hormonal cycle or contraception method for female participants poses a problem. 

Indeed, it has been shown that social processes, and in particular the neural 

response to emotion regulation, may vary as a function of hormonal phase of the 

women (Dan et al., 2019). In the same vein, testosterone has been shown to 

modulate brain networks important for social-emotional processing in men 

(Votinov et al., 2020) and should be taken account in future investigations. It 

should also be noted that we had small, unequal sample sizes which may reduce 

statistical power (Rusticus & Lovato, 2014). Further, due to the fact our functional 
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connectivity analysis included a large number of individual ROIs, caution should 

be exercised in order to avoid the reverse inference fallacy (Poldrack, 2000). 

However, we assert that sensitivity and specificity are high enough, and therefore 

our analysis has a high positive predictive value— that is, a high likelihood of 

implying the down regulation of negative emotion (Poldrack, 2011). Additionally, 

subjective negative affect ratings may not be the most valid measures to reflect 

emotional experiences, and that the inclusion of physiological responses to 

emotion could have provided a more reliable index (Ohira et al., 2006).  

 

Summary 

In conclusion, the present study demonstrated gender-specific FC 

patterns associated with negative emotion suppression during an ER task, which 

corresponded with self-reported negative affect and its downregulation success 

in a group of healthy individuals. Specifically, the results indicated women utilize 

a cingulo-opercular network to downregulate negative emotion, while men 

employ posterior regions of the ventral attention network, with comparable 

suppression outcomes. We speculate the dissociation in the use of executive 

control mechanisms is likely due to increased emotional reactivity commonly 

observed among women and an enhanced need to resolve heightened emotional 

conflict. The findings may provide a better understanding of the mechanisms 

underlying gender differences with respect to ER. Enhanced knowledge of 

gender-specific neural bases of ER may help illuminate women’s vulnerability to 
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affective disorders and critically, may facilitate the design of personalized 

therapeutic interventions, for instance utilizing neurofeedback (Linhartová et al., 

2019), to target gender-specific neural networks underlying ER. 
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CHAPTER VI: GENERAL DISCUSSION 
 
 

“Sustained shortfalls in emotional intelligence are, sadly, no minor matter. There 
are few catastrophes, in our own lives or in those of nations, that do not 

ultimately have their origins in emotional ignorance.” 
 

Alain de Botton 
 
 

An Integrative Neurocognitive EI Model 
 

Through the different studies this dissertation presented, we utilized a 

myriad of neuroimaging analyses to elucidate the neural correlates of the 

proposed cognitive-emotional EI framework, comprising empathy and ER. In 

Experiment 1, we demonstrated that these processes are intimately related 

through the temporal interplay of the CEN, DMN and SN, and that these flexible 

network (re)configurations relate to trait empathy and ER. In Experiment 2, we 

showed that empathy is related to sensitivity to one’s own bodily changes 

(interoception), which is anchored in regions of the SN. In Experiment 3, we 

suggested that enhanced bottom-up processing seen in empathy and worry, 

reliant on the SN, contributed to trait anxiety due to decreased activation of CEN 

regions. In Experiment 4, we demonstrated that in a healthy adolescent sample, 

decreased structural brain measurements and increased estradiol related to 

decreased ER. In Experiment 5, we showed men and women use different parts 
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of the CEN to down-regulate negative emotion, albeit with comparable 

suppression scores. Collectively, the studies imply that harmonious 

socioemotional communication may arise from effective communication between 

neurocircuitry underlying the CEN, DMN and SN, and is furthermore modulated 

by gender, as well as physiological and psychological characteristics. In addition, 

we propose a role for the SN as a “switch” between internal and external 

attention which may contribute to favorable socioemotional communication 

outcomes.  Therefore, this dissertation contributes a neural basis for the 

proposed cognitive-emotional EI framework, bridging the conceptual divide 

between “emotional” and “cognitive” EI processes and creating a new integrative 

neurocognitive EI model (Figure 37).  

Figure 37: Schematic illustration of the proposed neurocognitive EI model. As 
the self observes emotions in the other, regions anchored in the SN contribute to 
automatically sharing the emotion (Affective Empathy). Facilitated by the SN, 
attention is externally modulated, whereby understanding emotion (Cognitive 
Empathy) is achieved by simulating the observed emotion reliant on the interplay 
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between the SN, DMN and CEN. To modulate the resultant emotion, CEN brain 
regions come online to down-regulate limbic regions such as the amygdala, 
which eventually lead to behavior execution. Based on iterative observations of 
the other, the cycle may begin again to produce desired emotional attunement. 
  

While real-world emotional attunement reflects a bi-directional process, in 

which the state of the self and other may both change in response to one 

another, for the sake of parsimony, we focus here only on the emotional 

landscape of the self. It is also important to note that an individual’s 

understanding of, and response to, another’s emotions reflects both their 

capacity as well as their propensity to engage in these attunement processes 

(Cameron et al., 2017; Zaki, 2014).  

During an emotional interchange, the self observes concrete cues from 

the other such as facial, bodily or vocal expressions that prompts creation of an 

embodied emotion in the self (Affective Empathy). Although previous findings 

anchor this type of automatic processing solely in the SN (Decety et al., 2013), 

our results extend this conclusion by indicating that Affective Empathy may arise 

from the dynamic interplay between the SN, CEN and DMN (Experiment 1); and 

furthermore, that Affective Empathy shares rsFC with interoception, the 

awareness of changes in bodily sensations (Experiment 2). Affective Empathy, 

therefore, enables a direct mapping of another’s emotion on the brain system of 

the observer, without an explicit need for complex cognition (Adolphs, 2002; Carr 

et al., 2003; De Waal & Preston, 2017; Jabbi & Keysers, 2008). To wit, this type 

of rudimentary emotional processing serves as the blueprint from which the self 

can draw experience to better understand the other’s emotional state. 
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In addition to the SN being implicated in monitoring and processing body 

state changes, it also plays a critical and causal role in engaging the brain’s 

attentional, working memory and higher-order control processes (CEN) while 

disengaging other systems that are not immediately task relevant (Menon & 

Uddin, 2010). In the context of the neurocognitive EI model proposed, the self’s 

SN may generate a state of heightened physiological awareness due to the 

other’s emotional state, which subsequently results in either internal or external 

attention allocation. In the case of shifting attention internally, the CEN and DMN 

may come online for better understanding and subsequently regulating the 

instantiated emotion. In the case of shifting attention externally, sustained use of 

the SN may be needed to gather additional emotional information from the other. 

Given its crucial role in attention allocation, atypical SN activity may lead to 

psychopathology. Indeed, SN hyperactivity has been implicated in anxiety 

disorders, suggesting that when the SN goes into overdrive, pathology 

subsequently results (Feinstein et al., 2006; Paulus & Stein, 2006; M. B. Stein et 

al., 2007). In line with this thinking, we demonstrated that increased anxiety in 

Experiment 3 was related to increased SN, but decreased CEN processing.  

Therefore, in the context of the neurocognitive EI model, we propose the SN has 

a crucial role in triggering a cascade of cognitive control signals that have a 

major impact on how emotional stimuli are subsequently processed.  

Once concrete emotional cues are available and attention is directed 

inward, various facets of cognitive control enable the observer to simultaneously 



 

 
 

 

 

184 

represent their own and the other’s emotional state and inhibit their default 

egocentric perspective in order to take the perspective of the other – i.e., 

Cognitive Empathy (Chakrabarti and Baron-Cohen, 2006; Coplan and Goldie, 

2012; O’Connell et al., 2013). Previous research suggests that Cognitive 

Empathy involves switching between the representations of self and other in 

service of inferences based on emotional cues that require temporal binding of 

the available information; therefore, it relies on brain regions anchored in the SN, 

CEN and DMN (Atique et al., 2011; Corradi-Dell’Acqua et al., 2014; Goel et al., 

1995; Lamm et al., 2011; Morelli et al., 2014; Van Overwalle, 2009). While in 

agreement, our studies provide novel perspectives on this claim using enhanced 

neuroimaging methodologies. Namely, the dynFC findings from Experiment 1 

suggest mentalizing is indeed an effortful process that may not be able to occur 

at the same time as other taxing cognitive processes. In addition, the rsBOLD 

findings from Experiment 2 suggest flexibility between networks underlying 

mentalizing relates to an improved sense of interconnectedness between one’s 

own mind and body. Therefore, taking the other’s perspective needs more 

cortical resources and time compared to the automatic sharing of emotion, i.e., 

Affective Empathy.  

Additionally, research suggests Cognitive Empathy shares neural 

resources with ER (Kalisch, 2009; Ozonoff et al., 1991; Sabbagh et al., 2006; 

Urry et al., 2009), which is thought to be mediated by neural circuits involving 

regions anchored in the CEN that putatively down-regulate the amygdala 
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(Davidson et al., 2000; Etkin et al., 2015). Our studies corroborate this evidence, 

and additionally contribute valuable information regarding gender differences 

within this process, and ER’s relationship to empathy and estradiol. In 

Experiment 1, we show a behavioral and dynFC overlap between Cognitive 

Empathy and Cognitive Reappraisal. In Experiment 4, we show that in an 

adolescent sample, increased estradiol and decreased structural brain 

measurements were related to decreased executive functions (i.e., ER). Finally, 

in Experiment 5, we show men and women utilize different parts of the CEN to 

down-regulate negative emotion. Therefore, we provide evidence that suggests 

ER is a complex cognitive process that may be modulated by gender, 

physiological and psychological variables.  

Following ER due to another’s emotional distress, behavior execution may 

occur (for example, comforting the other); or the iterative process may continue 

based on sensory information gathered from the other, processed by the SN. We 

also note that previous research shows reward value assigned to the observed 

other modulates the extent of embodiment and related neural responses in an 

observer (Sims et al., 2014; Trilla et al., 2015), therefore, this model is highly 

context dependent.  

 

Clinical Implications  
 

The proposed integrative neurocognitive EI model has clear applications 

for clinical disorders arising from deficits in either empathy, ER, or both. For 
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example, mentalization-based approaches to treating borderline personality 

disorder (Fonagy & Luyten, 2009) depend on representing and attending to the 

emotions of self and others. Cognitive-behavioral therapy (Beck, 2011) can also 

be understood to promote the use of higher order executive control processes. 

Moreover, promising research suggests these EI constructs can be trained, 

leading to improved psychological outcomes (Bagheri et al., 2017). The 

(demonstrably trainable) emotion abilities we have discussed have been found to 

be lower in several clinical populations, including major depression (Demiralp et 

al., 2012), social anxiety disorder (Kashdan & Farmer, 2014), autism spectrum 

disorder (Erbas et al., 2013), eating disorders (Selby et al., 2013), and borderline 

personality disorder (Suvak et al., 2011). In combination with the recently 

suggested genetic links of EI (Vladimir et al., 2019), this integrative 

neurocognitive EI model illuminates avenues for treatment such as deep brain 

stimulation (DBS) to target a subset of networks underlying specific deficits, 

rather than single brain regions (Bewernick et al., 2010; Ramasubbu et al., 

2018).  

 

Future Directions 
 
 

The proposed neurocognitive EI model can also be useful in the design of 

future EI training programs. For example, evidence already exists that 

mindfulness meditation improves EI by increasing cognitive and emotional 

functioning (Charoensukmongkol, 2014; Chu, 2010). Therefore, implementation 



 

 
 

 

 

187 

of meditation techniques, in combination with real-time fMRI approaches, and 

psycho-physiological measurements (for ex., skin conductance) could improve 

socioemotional communication.  It is worth noting given the problems of “reverse 

inference” associated with neuroimaging (Poldrack, 2011) there are important 

limitations when attempting to infer psychological differences based on observed 

neural differences; thus, this particular use of our model should be treated with 

some caution. With regard to emotion recognition, the model suggests that a 

primary training target may be the sculpting of new attentional dispositions. That 

is, if individuals were trained to shift attention to the most emotionally informative 

facial, bodily, and voice cues in particular contexts, emotion recognition, and 

subsequently empathy, may improve. With regard to improving ER, our model 

suggests that ER skills are part of the higher-order cognitive repertoire, and thus 

ER may benefit from greater emotional working memory capacity; it is unclear at 

present, however, whether training programs can effectively increase working 

memory capacity for the emotions of self and others, thus research on this topic 

is needed.  

 
Conclusion 

 
 

 EI is a crucial ability that allows the processing of emotion in both self and 

others, leading to harmonious social encounters. The work presented here 

contributes important neurobiological insights in regard to two constructs 

underlying EI: empathy and ER. Firstly, we demonstrate that networks underlying 
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these constructs dynamically communicate to support optimal emotional 

processing, reconciling the seemingly opposing perspectives of functional 

segregation and integration. Secondly, we show empathy has neurobiological 

links to interoception and anxiety, providing evidence for theories positing 

relationships among these constructs. Thirdly, we illustrate that ER is a complex 

higher-order cognitive process that may be modulated by brain structure and 

function, as well as hormones and gender. Finally, the proposed integrative 

neurocognitive EI model based on this data can serve as a blueprint for 

developing EI training programs and offers a (currently lacking) performance-

based neurobiological cognitive test of EI.  

Perhaps now more than ever, there is a dire need for embracing the 

nuances of human emotion.  In addition to the social isolation experienced by 

many individuals during the Covid-19 global pandemic, social unrest and political 

divisiveness arose during this time, fueled by the tendency to see groups as not 

belonging, fitting in or just being different, otherwise known as “othering” (Brons, 

2015). This disturbing pattern also affects the environment, as experts estimate 

that humans are driving one million species of plants and animals to extinction by 

refusing to cooperate to pass conservation legislature (Tollefson, 2019). 

Understanding how other’s emotional landscapes are different from ours not only 

offers enormous interpersonal benefits, but has the potential to ripple throughout 

society at large, resulting in a more harmonious and peaceful world.  
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