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ABSTRACT 

 Involuntary attention to faces is a behavior seen from birth and is a key factor underlying the 

development of social skills. Maturation of social skills continues through increased regulation of 

involuntary attention to social stimuli. Autism Spectrum Disorders (ASD) are neurodevelopmental 

disorders typified by inattention to faces and poor development of social skills. It has been hypothesized 

that abnormal activity of the amygdala, a region thought to respond to salience, may underlie abnormal 

social attention in ASD. However, the relationship between amygdala activity and involuntary attention 

to social stimuli is unclear, particularly in the context of developing social skill. To investigate these 

relationships, this dissertation describes three studies conducted evaluating the relationship between 

functional connectivity (FC) of the amygdala and involuntary attention to faces. The first study 

investigated amygdala FC during involuntary attentional orienting to emotional faces from late 

childhood through late adolescence, to better understand the relationship between amygdala FC and 

the development of mature social attention. Results found that amygdala FC with cognitive control 

regions increased with age, while FC with attentional orienting and emotion processing regions 

decreased with age. Results also showed a developmental shift from increased amygdala FC for negative 

stimuli in late childhood to increased amygdala FC for positive stimuli in late adolescence. The second 

study investigated amygdala FC during involuntary attentional orienting to emotional faces in children 

with ASD. Results found that amygdala FC was increased with cognitive control regions during orienting 

to both positive and negative emotions, but that FC with attentional orienting and emotion processing 
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regions differed by valence. The third study investigated amygdala FC during the conscious inhibition of 

involuntary attention to emotional faces in children with ASD. This study demonstrated that amygdala 

FC with cognitive control and emotion processing regions was increased in children with ASD during 

inhibition of attention to facial stimuli. Together these studies show that effective FC between the 

amygdala and cognitive control regions leads to better regulation of involuntary attention to emotional 

faces, while ineffective FC between amygdala and cognitive control regions may account for abnormal 

social attention in ASD. 
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CHAPTER I: GENERAL INTRODUCTION 

 

Involuntary Attention 

Involuntary or spontaneous attention is a key cognitive ability in everyday life.  While most 

cognitive or behavioral tasks that individuals engage in require goal-directed or focused attention to the 

task at hand, the ability to have our attention shift towards an external stimulus allows us to quickly 

recognize relevant changes in the environment, and adapt our behavior accordingly.   The concept of 

“relevance” is an important one, as it would clearly not be advantageous for our attention to be shifted 

from a goal-directed task every time something in our environment changed.  Rather, the relationship 

between top-down or cognitively controlled attention and bottom-up or stimulus-driven attention 

would ideally be calibrated to the point where involuntary attention is only drawn by environmental 

stimuli that are relevant to an individual.  One category of stimulus that is typically processed as 

“relevant” is faces, as information contained in facial expression is communicative (Haxby, Hoffman, & 

Gobbini, 2002), and should therefore be relevant for the intended recipient of the expression.  Indeed, 

involuntary orienting of attention to faces is stronger than for non-face objects, while voluntary 

inhibition of attention to faces is more difficult than inhibition of attention to non-face objects 

(Bindemann, Burton, Langton, Schweinberger, & Doherty, 2007).   

This strong attentional bias towards faces is seen from birth (Goren, Sarty, & Wu, 1975; Morton 

& Johnson, 1991; Rosa Salva, Farroni, Regolin, Vallortigara, & Johnson, 2011), and is thought to be 

indicative of infants finding faces, and particularly direct eye-gaze, rewarding (Farroni, Csibra, Simion, & 

Johnson, 2002; Farroni, Johnson, & Csibra, 2004). Spontaneous attention towards faces is thought to 

play a key role in early social development, as infants gain information about both identity and the 

thoughts and intentions of other individuals as their attention is drawn to facial features, particularly 

eye-gaze (Farroni, Massaccesi, Menon, & Johnson, 2007).  A key skill that develops through attending to 
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faces is joint attention, or the coordination of attention between oneself, another person, and some 

third entity (Mundy et al., 2007).  Responding to joint attention entails orienting to the third entity that 

another person is looking at, a process that is thought to involve involuntary orienting to gaze (Corkum 

& Moore, 1998; Moore & Corkum, 1994).  Joint attention abilities in infancy have been shown to predict 

later theory of mind abilities (Vaughan Van Hecke et al., 2007), or the ability to understand the thoughts 

of others, which is a crucial component of social competence from childhood onwards.  Thus, the 

natural inclination of humans to attend to faces can be considered a necessary precursor of the 

development of skills required for social competence. 

Autism Spectrum Disorders (ASD), are a class of neurodevelopmental disorders in which 

abnormal social attention and reciprocity are core components.  In particular, deficits in attention to, 

and interpretation of facial stimuli (Sasson, 2006) are seen across all age ranges in ASD.  It has been 

hypothesized that decreased involuntary orienting of attention to social stimuli such as emotional faces 

may contribute to deficits in social interaction in ASD (Dawson, Meltzoff, Osterling, Rinaldi, & Brown, 

1998), and that the lack of attentional orienting to faces may be due to faces being highly salient, to the 

point of being aversive to individuals with ASD (Kylliäinen & Hietanen, 2004; Richer & Coss, 1976), 

leading to involuntary attention being directed away from facial stimuli to avoid processing them further 

(Dalton et al., 2005; Joseph, Ehrman, McNally, & Keehn, 2008; Kliemann, Dziobek, Hatri, Baudewig, & 

Heekeren, 2012).  If this hypothesis is correct, then decreased involuntary attention to facial stimuli 

early in life may directly lead to the underdevelopment of joint attention and theory of mind skills, both 

of which are deficient in ASD (Baron-Cohen, 2000; Mundy, Sigman, Ungerer, & Sherman, 1986; 

Osterling, Dawson, & Munson, 2002).  It is unclear whether this increased salience may be due to 

increased involuntary perceptual processing of salient aspects of the stimuli, an impaired ability to 

voluntarily inhibit attention to those aspects of the stimuli, or possibly both.  This dissertation will 
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therefore evaluate both the voluntary control of attention to emotional faces and the involuntary 

orienting of attention to emotional faces in ASD. 

The Amygdala and Salience Processing 

A key brain region for processing emotional stimuli is the amygdala (Phelps, 2006).  The 

amygdala is a small bilateral structure in the medial temporal lobe with connections to a wide array of 

cortical and sub-cortical regions.  This broad connectivity allows the amygdala to modulate a large 

number of neural systems and cognitive processes in response to emotional stimuli (Whalen, 1998).  An 

early example of this was the identification of the amygdala as a key region in learning the emotional 

properties of a stimulus, most notably in fear conditioning (LeDoux, 2003), as well as appetitive 

conditioning (Holland & Gallagher, 2004).  Another cognitive process strongly affected by amygdala 

activity is emotional memory, which the amygdala strengthens through modulation of consolidation 

processing of the hippocampus (McGaugh, 2004).  While the amygdala was first thought to process only 

negative or aversive stimuli and emotions (LeDoux, 2003), later work showed that it responded to 

positive emotional stimuli as well (Fitzgerald, Angstadt, Jelsone, Nathan, & Phan, 2006; Murray, 2007), 

though it remains unclear whether the influence of the amygdala on cognitive systems is the same for 

positive and negative stimuli. 

Due to its role as a core emotion-processing region, the amygdala is a central region in the brain 

for processing the salience of facial stimuli (Adolphs, 2010).  Amygdala activity has been shown to be 

particularly responsive when attending to eyes, with fearful eyes eliciting the strongest amygdala 

response (Gamer & Büchel, 2009; Whalen et al., 2004), a finding thought to represent increased 

attribution of salience to eyes conveying immediately relevant social information.  One study found that 

amygdala activation was greater for angry faces directed towards participants than for identical faces 

not directed towards participants (Sato, Yoshikawa, Kochiyama, & Matsumura, 2004), suggesting 
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differential activation of the amygdala based on the perceived relevance of an emotional stimulus.  

Indeed, if emotional faces are presented repeatedly, amygdala response habituates, or decreases, in 

both adults (Breiter et al., 1996; Fischer et al., 2003) and children and adolescents (Hare et al., 2008; 

Swartz, Wiggins, Carrasco, Lord, & Monk, 2013), further suggesting that amygdala response to facial 

stimuli declines as the apparent relevance of facial stimuli decreases.   

In light of findings such as these, many consider the human amygdala to function not only as an 

emotion processing region, but as a relevance detector, in which social and emotional stimuli make up a 

large part of what humans consider relevant (Sander, Grafman, & Zalla, 2003).  One of the ways in which 

the amygdala fulfils this role is in allocating attentional resources to emotional stimuli (Whalen, 1998). It 

has been suggested that amygdala response to emotional content in particular may influence 

attentional orienting to stimuli, as well as enhancing the processing of emotional stimuli (Pourtois, 

Schettino, & Vuilleumier, 2013).  It is possible that deficits in this aspect of amygdala function may lead 

to the symptoms of inappropriate attention to social stimuli seen in various emotional disorders.  

Indeed, dysfunction of the amygdala has been hypothesized to play a major role in the social deficits 

seen in ASD (Baron-Cohen et al., 2000; Schultz, 2005).   

Abnormal Amygdala Function in ASD 

There have been many findings of abnormal amygdala response to emotional and neutral (non-

emotional) face stimuli in ASD (Wiggins & Monk, 2013).  However, the result of those findings is unclear, 

with some studies showing decreased amygdala response to faces in ASD subjects (Ashwin, Baron-

Cohen, Wheelwright, O’Riordan, & Bullmore, 2007; Critchley et al., 2000; Dapretto et al., 2006; 

Hadjikhani, Joseph, Snyder, & Tager-Flusberg, 2007; Pelphrey, Morris, McCarthy, & LaBar, 2007), and 

others showing increased amygdala response to faces in ASD subjects (Dalton et al., 2005; Kliemann et 

al., 2012; Monk et al., 2010; Swartz et al., 2013; Tottenham et al., 2013; S. Weng et al., 2011).  One 



5 

 

hypothesis that reconciles these findings comes from Dalton et al. (2005), who found that amygdala 

activation was greater than controls in ASD subjects after controlling for the amount of time spent 

looking at the stimuli using eye-tracking techniques. The rationale for this measure of control was that if 

subjects were exposed to the stimuli for long amounts of time (>2 seconds), it was likely that ASD 

subjects were spending less of that time than control subjects attending to the stimuli, given their 

generally lower rates of direct social attention, and that was leading to spurious findings of decreased 

amygdala responsiveness.  Given this finding, and others that supported this hypothesis (Kliemann et al., 

2012), it appears that the amygdala is hyper-responsive during attention to faces in ASD. 

Additional support for the hypothesis of amygdala hyper-responsivity in ASD comes from 

findings showing decreased habituation to face stimuli.  Adults with ASD showed a longer duration of 

right amygdala activation than age-matched controls when repeatedly presented with neutral faces 

(Kleinhans et al., 2009), while children and adolescents with ASD showed similarly extended amygdala 

response to neutral and sad faces, though no differences in habituation to fearful or happy faces (Swartz 

et al., 2013).  Both of these studies also found that measures of social impairment in individual ASD 

subjects were related to the extent to which they habituated to neutral faces, though not to other 

emotional faces (Kleinhans et al., 2009; Swartz et al., 2013).  These findings support the hypothesis that 

abnormal amygdala response to faces may be related to social deficits in ASD. 

It has been hypothesized that abnormal amygdala function in ASD may be related to poor or 

inefficient modulation of amygdala activity by the prefrontal cortex, a region thought to underlie 

cognitive control (Bachevalier & Loveland, 2006; Courchesne & Pierce, 2005; Geschwind & Levitt, 2007; 

Loveland, Bachevalier, Pearson, & Lane, 2008; Mundy, 2003).  In particular, it has been hypothesized 

that the prefrontal cortex has diminished communication with the rest of the brain in ASD, a hypothesis 

that has been supported by findings of decreased functional connectivity, or temporal correlation of 
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activity, between the prefrontal and parietal cortices (Courchesne & Pierce, 2005), regions crucial for 

many cognitive control functions.  However, it is not clear whether this pattern extends to connectivity 

between prefrontal and subcortical regions.   

Changes in Amygdala Function in Typical Development 

 While amygdala response to facial stimuli has been shown to be abnormal in ASD, this does not 

mean that amygdala responses to facial stimuli in neurotypical individuals are invariable.  To the 

contrary, one of the most reliable changes in amygdala response to social stimuli, including emotional 

faces, occurs over the period from childhood through adolescence.  A number of studies looking at 

differences in amygdala response between childhood, adolescence, and adulthood have reliably found 

that, overall, amygdala response to facial stimuli decreases with maturity across these three periods 

(Baird et al., 1999; Killgore, Oki, & Yurgelun-Todd, 2001; Monk et al., 2003; Thomas et al., 2001), with an 

exception being increased amygdala reactivity to faces around the onset of puberty (Hare et al., 2008).  

This decrease in amygdala reactivity is thought to reflect increased cognitive control of amygdala 

reactivity (Hariri, Mattay, Tessitore, Fera, & Weinberger, 2003), related to increased prefrontal 

development (Casey, Galvan, & Hare, 2005; Galvan et al., 2006; Hare et al., 2008; Yurgelun-Todd & 

Killgore, 2006), and connectivity (Barnea-Goraly et al., 2005) from childhood through adolescence.  

Concurrent development also occurs in the maturation of social cognition, as an increased ability to 

process facial identity (Carey, Diamond, & Woods, 1980a) and emotions (McGivern, Andersen, Byrd, 

Mutter, & Reilly, 2002) as well as understand social and emotional cues develops across this period 

(Herba & Phillips, 2004).  This may be related to the development of automatic emotion regulation 

(Mauss, Bunge, & Gross, 2007), in which attention to non-relevant emotional content is down-regulated.  

This facilitates spending increasing amounts of time with peers in a school environment where social 
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relationships between peers increase in importance (Buhrmester, 1990), and measures of social 

competence are related to popularity and social acceptance (Adams, 1983).   

In addition to increased social abilities, maturation from childhood to adulthood involves an 

attentional shift from negative to positive attentional bias.  In behavioral studies, young children show 

an attention bias towards threatening information (Kindt, Hout, Jong, & Hoekzema, 2000), while adults  

show bias towards positive information (Kisley, Wood, & Burrows, 2007) and show decreasing attention 

to negative information across adulthood (Mather & Carstensen, 2005).  While few neuroimaging 

studies have investigated the mechanisms underlying the shift from negative to positive bias, one study 

that found increasing attention bias towards happy faces with age also found correlations with activity 

in prefrontal and cingulate regions, as well as the caudate body and cuneus (Lindstrom et al., 2009), 

suggesting that prefrontal and subcortical regions may have had a role in modulating attention.  Thus, 

the natural and predictable change in amygdala reactivity to social stimuli such as faces, as well as the 

contribution of prefrontal regions in shifting attentional priorities, provides an opportunity to study how 

the relationship between the amygdala and regions involved in both the orienting and control of 

attention may influence social processing.  This dissertation aims to expand our understanding of how 

the development of prefrontal control of amygdala reactivity affects involuntary attention to facial 

emotions. 

Measuring Functional Networks of Attention to Facial Emotions 

Understanding how the amygdala might influence involuntary attention, and how frontal 

regions may influence the amygdala, requires investigating the relationship between the amygdala and 

regions that underlie both the orienting of attention and the cognitive control of attention.  One 

measure that can describe this relationship is functional connectivity (FC).  FC refers to the temporal 

correlation of patterns of activation between two (or more) brain regions, and is thought to measure the 
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strength of neural communication between those regions; regions with high FC are thought to be more 

strongly functionally related during the time of measurement than regions with lower functional 

connectivity.  By investigating which regions show strong or weak FC with the amygdala during tasks 

that invoke involuntary attention to emotional faces, we can better understand how amygdala reactivity 

to those stimuli relates to the function of regions involved in social attention.   

Regions involved in visuospatial orienting and directing attention, include the superior parietal 

lobe, intraparietal sulcus, temporoparietal junction, dorsofrontal cortices (frontal eye fields), thalamus, 

and superior colliculus (Corbetta & Shulman, 2002; Keehn, Müller, & Townsend, 2013; Posner & 

Petersen, 1990). Amygdala connectivity with these regions during involuntary orienting to facial 

emotions may indicate that attentional orienting is being influenced by stimulus salience.  Connectivity 

between the amygdala and the superior and middle temporal gyri, which are involved in processing 

facial emotions (Adolphs, 2001; Haxby, Hoffman, & Gobbini, 2000), may indicate effects of interpreting 

emotional  facial expressions.  Amygdala connectivity with the inferior frontal gyrus (IFG), which is 

thought to exert cognitive control over exogenous or involuntary orienting to salient stimuli in the 

environment (Corbetta, Patel, & Shulman, 2008; Posner & Petersen, 1990), may indicate top-down 

attempts to regulate attentional orienting to emotional faces.  Similarly, amygdala connectivity with the 

pregenual anterior cingulate cortex (ACC) and insula which are involved in both detecting relevant 

stimuli in the environment (Menon & Uddin, 2010) and modulating emotional response to that stimuli 

(Albert, López‐Martín, Tapia, Montoya, & Carretié, 2012; Allman, Hakeem, Erwin, Nimchinsky, & Hof, 

2001) may indicate differences in attempts to regulate reactivity to facial stimuli.  By measuring 

differences in amygdala FC with these regions, this dissertation aims to investigate how amygdala 

connectivity relates to involuntary attention to emotional faces, both between ASD and control 

participants, as well as across developmental age groups in typically developing children and 

adolescents. 
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The studies in this dissertation used a method of measuring FC known as a psychophysiological 

interaction (PPI) that is often used to measure differences in FC across different cognitive tasks (Friston 

et al., 1997), as opposed to methods that measure temporal correlations of regions in a task-free or 

resting state.  To measure FC using PPI, a region is chosen that is thought to be relevant to the task 

being measured, termed the seed region, and the activity of that region is measured for the duration of 

the task.  This pattern of activity is then convolved with the temporal parameters of the psychological 

task being measured that are weighted to reflect the contrast of interest.  The resulting cross product of 

the seed region timecourse and task parameters results in an interaction term, which is used as a 

template to interrogate similar task-related activity patterns – functional connectivity – across the brain.  

By comparing functional connectivity values of a single seed region across groups, group differences can 

be measured for both the strength and direction of functional connectivity in a contrast between two 

tasks.  As PPI templates are interaction terms between an eigenvariate and a difference value between 

two task conditions, a “negative” PPI value could arise either from a region’s activity being negatively 

correlated with that of the seed region, or alternatively, by connectivity with the seed region being 

stronger for the control task than the task of interest (i.e. stronger for task B than A in an A > B contrast).  

To ensure correct interpretation of negative PPI values, single subject correlations between amygdala 

seed regions and each cluster found in Analyses of variance (ANOVAs) were performed, per Friston et al. 

(Friston et al., 1997).   

An important consideration when designing the studies in this dissertation was the ages at 

which we would evaluate ASD subjects.  While much of the neuroimaging research of face processing in 

ASD has been done on adults, it is likely that any abnormal involuntary attention due to increased 

attribution of salience that may exist in infancy and early childhood may be diminished in adults, due to 

increases in cognitive control that are seen in individuals with ASD after childhood (Luna, Doll, Hegedus, 

Minshew, & Sweeney, 2007).  Conversely, in young children with ASD that may show robust neural and 
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behavioral effects of abnormal salience attribution, using functional magnetic resonance imaging (fMRI) 

to scan young children during task performance is not realistic given the low tolerance of movement in 

fMRI, while scalp-mounted imaging technologies such as electroencephalography (EEG) or near infrared 

spectroscopy (NIRS) that are more robust against movement are unable to accurately detect signal from 

subcortical regions such as the amygdala.  An optimal age range was that of late childhood, defined here 

as approximately 8 to 13 years of age, in which the strong prefrontal development of adolescence is less 

likely to moderate differences that exist in amygdala reactivity to social stimuli, while the ability to 

perform cognitive tasks with a minimum of motion was more likely.  As this age range is also one in 

which emotional influence on attention to facial stimuli appears to be strongest in typical development 

(Barnes, Kaplan, & Vaidya, 2007), we hypothesized that differences related to amygdala reactivity may 

also be further accentuated at these ages in children with ASD, allowing a clearer view of the 

relationship between abnormal amygdala connectivity and involuntary attention to facial emotions in 

ASD.   

 

 

 

Dissertation Goals 

 In examining amygdala FC with regions involved in both involuntary attentional orienting to 

emotional faces and cognitive control of involuntary attention, this dissertation focused on 

understanding that relationship in two contexts: in ASD, in which the influence of prefrontal cognitive 

control regions on subcortical salience processing regions is poorly understood, and in neurotypical 

development from late childhood through late adolescence, in which changes in prefrontal cognitive 

control have been well established.  Chapter II describes a study that uses a social dot-probe task to 
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evaluate the development of amygdala connectivity during involuntary attentional orienting to 

emotional faces from late childhood through late adolescence.  The task, which involves responding to 

the location of a target on the left or right side of the screen, invokes involuntary attention by 

presenting two face stimuli on the left and right of the screen immediately prior to the appearance of 

the target.  In emotional tasks (either Angry or Happy), the faces consisted of one emotional face and 

one neutral face of the same individual.  As involuntary attention is typically oriented towards a higher-

salience over a lower-salience stimulus, attention is likely to be drawn towards the emotional face.  To 

measure the extent of attentional bias, reaction time to the target stimulus is compared between trials 

when the target is on the same side of the screen as the emotional face, and when the target is on the 

opposite side.  As previous research has documented that the development of prefrontal cortex and the 

myelination of axons connecting prefrontal regions with the rest of the brain continue to develop from 

childhood through late adolescence, we used an involuntary attentional orienting task to investigate 

how increased prefrontal connectivity influenced the contribution of the amygdala to attention towards 

emotional faces.  In particular, we were interested in seeing whether a relationship between age and 

amygdala connectivity might provide insight into the transition from an immature negative attentional 

bias to a mature positive attentional bias 

 Chapter III describes a study that uses the social dot-probe task from Chapter II to evaluate 

connectivity differences between ASD and control children, as well as within-group differences between 

involuntary attentional orienting to positive and negative facial emotions.  By evaluating amygdala 

connectivity during both Angry and Happy trials, we were able to investigate whether the valence of 

emotional faces differently affected involuntary attention in children with ASD, which could provide 

insight into potential mechanisms for abnormal social attention in the disorder.  While this task did not 

require conscious cognitive control of involuntary attention, we anticipated that group differences in 

involuntary orienting to emotional faces may involve prefrontal modulation of amygdala activity.  
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Chapter IV describes a study which uses an emotional Stroop-like task to evaluate amygdala 

connectivity in ASD during the conscious cognitive control of attention to facial stimuli.  The task, which 

involves responding to the direction of a directional target word, requires ignoring a social distractor 

stimulus: a negatively emotive face with offset eye gaze that is either congruent or incongruent with the 

direction target word.  By requiring the conscious inhibition of involuntary attention to the facial stimuli, 

we were able to evaluate the extent to which children with ASD showed prefrontal FC with the 

amygdala, and whether prefrontal FC differed in location between ASD and control children.  

Importantly, the study in Chapter IV evaluated only cognitive control of involuntary attention, and not 

involuntary attentional orienting, as the target and distractor stimuli were designed to be in such close 

proximity that one could not attend to the target without simultaneously seeing the distractor, thus 

requiring cognitive control rather than avoidant orienting of attention.  Together, these studies 

contribute to our understanding of the role that functional connectivity of the amygdala plays both in 

the abnormal social attention seen in ASD, as well as in the development of higher order social 

cognition. 
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CHAPTER II: DEVELOPMENT OF AMYGDALA CONNECTIVITY DURING INVOLUNTARY ATTENTION TO 

POSITIVE AND NEGATIVE FACIAL EMOTIONS ACROSS LATE CHILDHOOD AND ADOLESCENCE 

 

Introduction 

 The period spanning late childhood through late adolescence is characterized by the continual 

maturation of social cognition, specifically the increased executive control of social and emotional 

processing (Yurgelun-Todd, 2007).  It is thought that these changes reflect the neurodevelopment of 

both the prefrontal cortex and of white matter tracts that allow more efficient distant neural 

communication (Blakemore & Choudhury, 2006).  While previous research has suggested that increased 

prefrontal communication facilitates social cognition in adolescence primarily by modulating the 

affective response to social stimuli such as emotional faces (Nelson, Leibenluft, McClure, & Pine, 2005), 

higher order social cognition may also mature through enhanced prefrontal regulation of exogenous or 

involuntary orienting (Konrad et al., 2005; Schul, Townsend, & Stiles, 2003) to social stimuli.  However, it 

is not known whether involuntary orienting to facial stimuli is affected by the changes in neural 

communication that occur across late childhood and adolescence. 

A key skill that develops in adolescence is an increased ability to understand social and 

emotional cues (Herba & Phillips, 2004), a skill that has been attributed in part to an increasing use of 

environmental contextual cues in late childhood (Hoffner & Badzinski, 1989).  This increased use of 

context is likely related to the maturation of prefrontal regions that modulate attentional resources in a 

top-down manner, particularly the inferior frontal cortex (IFC) (Aron, Robbins, & Poldrack, 2004), and 

the anterior cingulate cortex (ACC) (M. L. Phillips, Drevets, Rauch, & Lane, 2003).  The IFC is part of the 

ventral attention network, which is responsible for exogenous or involuntary orienting to salient stimuli 

in the environment (Corbetta et al., 2008; Posner & Petersen, 1990).  Functional maturity of the IFC may 
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therefore increase control over attentional orienting to facial emotions, even if that control is not 

necessarily conscious (Mauss et al., 2007).  The ACC has been strongly implicated in the inhibition of 

emotional responses (Albert et al., 2012; Allman et al., 2001), and has been shown to be more active 

when emotional content interferes with task performance, suggesting that it is involved in the 

redirection of attention (Shafritz, Collins, & Blumberg, 2006).  As the development of white matter tracts 

(Barnea-Goraly et al., 2005) and the development and pruning of gray matter (Gogtay et al., 2004) 

continue in both the IFG and ACC through much of adolescence, it is likely that their influence in 

regulating attentional and emotional responses to social stimuli would be seen in the development from 

preadolescence through adolescence.    

One example of where this type of development can be seen is in the progression from negative 

to positive attentional bias from childhood to adulthood.  In behavioral studies, young children show an 

attention bias towards threatening information (Kindt, Hout, Jong, & Hoekzema, 2000), while adults  

show bias towards positive information (Kisley et al., 2007) and show decreasing attention to negative 

information across adulthood (Mather & Carstensen, 2005).  While few neuroimaging studies have 

investigated the mechanisms underlying the shift from negative to positive bias, one study that found 

increasing attention bias towards happy faces with age also found correlations with activity in prefrontal 

and cingulate regions, as well as the caudate body and cuneus (Lindstrom et al., 2009), suggesting that 

prefrontal and subcortical regions may have had a role in modulating attention.  While that study found 

no neural activity that correlated (positively or negatively) with age for negative bias, the fact that they 

were looking for linear correlations from 9-40 years of age may have obscured non-linear trajectories of 

bias development.  Regardless, it is likely that modulation by prefrontal regions likely influenced the 

perceived salience of the emotional face stimuli. 
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The amygdala has been shown to be a central region for processing the salience and value of 

social (and non-social) stimuli (review: Adolphs, 2010).  While much of the early work on amygdala 

function, particularly in animal models, emphasized its role in processing negative or aversive stimuli 

(LeDoux, 2003), later functional imaging work with humans showed that the amygdala reacted to both 

positive and negative stimuli (Fitzgerald et al., 2006; Murray, 2007; Whalen et al., 1998).  Amygdala 

activity is also thought to play a role in allocating attentional resources to salient stimuli (Whalen, 1998), 

and it has been suggested that amygdala response to emotional content influences attentional orienting 

to stimuli, even as its activity is modulated by prefrontal regions (Pourtois et al., 2013).  The left and 

right amygdala differ in their processing of affective stimuli: the right amygdala has been shown to be 

involved in the quick and shallow processing of affective stimuli, and has been shown to habituate to 

neutral faces more quickly than the left amygdala (Phillips et al., 2001), while the left is thought to 

underlie more sustained evaluation of affective stimuli (Costafreda, Brammer, David, & Fu, 2008; 

Markowitsch, 1998; Wright et al., 2001).  However, as most of the work describing laterality differences 

was performed in adults, it is unclear whether these differences exist in childhood and adolescence.   

Functional magnetic resonance imaging (fMRI) studies of facial emotion processing during late 

childhood and adolescence have found that this age range is one in which amygdala reactivity to 

emotional face stimuli changes substantially.  Two studies found that children between the ages of 9 

and 17 showed greater amygdala activation to fearful faces relative to neutral faces than did adults 

(Guyer et al., 2008; Monk et al., 2003).  Another study, comparing the relative amygdala response to 

fearful faces and neutral faces in adults and younger children found that adults showed greater 

amygdala activity when viewing fearful than neutral faces, while children around the ages of 9-13 years 

old showed greater amygdala activity when viewing neutral than fearful faces (Thomas et al., 2001).  A 

fourth study found  that adolescents (13-18 years old) showed greater amygdala activation to fearful 

relative to neutral faces in a social version of the Go No-Go task (involving emotional faces) than both 
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children (7-12 years old) and adults (19-32 years old) (Hare et al., 2008).  These findings suggest that 

amygdala response to emotional stimuli changes between late childhood and adulthood, but that these 

changes may not be linear. 

 While understanding the activity of the amygdala illustrates differences in how adolescents may 

process the salience of emotional stimuli relative to children and adults, examining the functional 

connectivity – or the temporal correlation of activation patterns – of the amygdala with regions involved 

in the modulating and orienting of attention will provide insight into how amygdala activity relates to 

the development of regulatory regions necessary for mature social cognition.  As the period of late 

childhood and adolescence is one of significant maturation of white matter connections between 

prefrontal and posterior and subcortical regions (Barnea-Goraly et al., 2005), it is likely that neural 

communication (and thus functional interaction) between the amygdala and prefrontal regions differs 

with age.  As much of the work describing the functional relationship prefrontal and subcortical regions 

has been performed chiefly in adults, the extent to which these relationships change from childhood 

through adolescence is unclear.  It is possible that connectivity may in fact be stronger between the 

amygdala and some prefrontal regions earlier in life, but that the relationship is more susceptible to 

change from external stimuli, as was seen in a paper by Monk et al. (2003).  By evaluating the functional 

connectivity of the left and right amygdala separately, we may be able to determine if laterality 

differences play a role in the development of social processing during this period.  These findings will 

connect gaps between the social and neurological development seen in adolescence, and may provide 

evidence that the networks underlying social processing skills such as involuntary orienting to emotional 

stimuli develop considerably over this period.  

The current experiment examined the development of amygdala connectivity during involuntary 

attention to social stimuli in children and adolescents between the ages of 8 and 19.  Children 
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performed a dot-probe task in which two faces on the left and right of a screen briefly preceded the 

appearance of a target star on one side, whose location had to be reported by participants.  The pairs of 

faces could either include one emotional (Happy or Angry) and one Neutral face of the same person, or 

two identical Neutral faces.  As the appearance of the faces is irrelevant to the task requirements, it 

ought not to influence behavior.  However, if it does affect behavior, this indicates that attention was 

involuntarily influenced by the perceived salience of the faces, specifically by their emotional content.  If 

reaction times are faster for targets in the location of the salient (emotional) face than for targets in the 

location of the neutral face, this suggests that attention was oriented towards the salient emotional 

face.  By comparing reaction times for targets on the same side as the emotional face with reaction 

times for targets on the opposite side as the emotional face, we can measure the extent to which the 

emotional content of faces drew attention relative to neutral faces, known as the emotional bias.  

Children were grouped by age into Late Childhood (LC: 8-10 years old), Early Adolescence (EA: 11-13 

years old), and Late Adolescence (LA: 14-19 years old) groups.  Age groups were chosen to differentiate 

ages around the onset of puberty (11-13) from earlier and later ages, as hormonally driven changes to 

gray matter development are thought to affect social processing early in adolescence (McGivern et al., 

2002).    

To assess neural activity related to involuntary attention to emotional faces, we compared trials 

in which one face was emotional (Angry or Happy) and one was neutral (Angry and Happy trials, 

respectively), with trials in which both faces were emotionally neutral (Neutral trials).  We then used a 

psychophysiological interaction analysis to assess functional connectivity of the amygdala during 

emotional (Happy or Angry) relative to Neutral trials.  We used an anatomical mask of the left and right 

amygdala as seed regions for a whole-brain functional connectivity analysis.  To evaluate age-group 

differences in connectivity regardless of the emotion being processed, we conducted separate two-

sample t-tests of left and right amygdala connectivity maps comparing age groups, collapsing across 
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emotional conditions.  We predicted that there would be effects of age on amygdala connectivity with 

frontal regions such as the ACC regardless of emotion, based on work showing significant development 

of frontal-subcortical white matter tracts over this age range (Barnea-Goraly et al., 2005).  In addition, 

an age-group (LC (8-10), EA (11-13), LA (14-19)) X emotion (Happy > Neutral, Angry > Neutral) analysis of 

variance was performed for connectivity maps for each seed to test the prediction that there would be 

Age Group X Emotion interactions in connectivity that reflect a shift from negative to positive emotion 

bias from childhood to adulthood (Mather & Carstensen, 2005).  We predicted that interactions would 

be seen in regions involved in orienting to social stimuli, including the IFC and other regions in the 

ventral attention network, as attention bias progressed from strongly negative in younger children to 

less negative or positive in late adolescent children. 

 

Materials and Methods 

Subjects 

Forty-seven typically developing children from ages 8-19 years were paid for participation.  For 

the purposes of analysis, children were split into three groups: LC, ranging from 8-10 years of age (19 

children, 8 males;  Age: M = 9.27 SD = 0.86; IQ: M = 127.58 SD =12.59), EA, ranging from 11-13 years of 

age (14 children, 9 males; Age: M = 12.55 SD = 0.81; IQ: M = 118.43 SD = 14.24), and LC, ranging from 

14-19 years of age (14 subjects, 8 males; Age: M = 16.62 SD = 1.37; IQ: M = 113 SD = 16.35).  Children 

were screened for history of neurological and psychiatric conditions by interview, for attentional and 

emotional problems by Child Behavior Checklist (CBCL) and for reading problems by Word Attack and 

Letter Work Identification subtests of the Woodcock Johnson Tests of Achievement. 

Task Procedure 
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Stimuli were created in Photoshop (Adobe Systems Inc, CA), presented in E-prime (Psychological 

Software Tools, Inc, PA), and viewed via a magnet-compatible projector through a mirror mounted on 

the head coil.  Head movement was minimized with padding between the head and coil.   

Subjects performed two functional runs of a modified dot-probe task.  Trials consisted of a 

fixation cross presented for 600ms, followed by two photographs of faces on the left and right sides of 

the screen shown simultaneously for 500ms, followed immediately by a white star in the location of one 

of the two faces, for 200ms.  For the task, subjects were instructed to indicate which side of the screen 

the star appeared on via a button press with left or right thumb buttons.  For Angry and Happy trials, 

one of the two faces had an angry or happy expression respectively, while the other face was the same 

individual with a neutral expression.  For Neutral trials, both faces were identical neutral emotions. (Fig 

1) All images came from the NimStim set of face images (Tottenham, Tanaka, et al., 2009). Trials were 

separated by 1300ms inter-trial intervals.  Each functional run lasted 353 seconds and consisted of 36 

Angry trials, 36 Happy trials, with target locations evenly split between emotion and neutral sides of the 

stimuli, creating congruent (target on same side as emotion) and incongruent (target on opposite side as 

emotion) trials.  Targets occurred equally on the left and right sides of the screen for emotional trials, as 

well as for 18 Neutral trials.  Stimuli were presented in a pseudo-randomized order optimized for event-

related fMRI presentation using optseq2 (https://surfer.nmr.mgh.harvard.edu/optseq/). 

Imaging Procedure 

Functional images were acquired on a Siemens Magnetom TrioTim 3T MRI scanner using a T2*-

sensitive gradient EPI sequence with the following parameters: TR = 2500ms, TE = 30ms, 192x192mm 

FOV, and 90 degree flip angle.  Forty three 3mm thick slices were acquired in the axial plane in an 

interleaved descending sequence for 142 time points (the first 2 TRs were included for signal 

stabilization and discarded from analysis). 
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Preprocessing 

Data were analyzed using SPM8 and its custom toolboxes (Wellcome Department of Cognitive 

Neurology, London, UK).   Subjects with movement greater than 3mm in the x, y, or z directions were 

excluded from analysis.  However, as even small  amounts of motion can cause errors in image 

reconstruction and spin history that are may create artifactual results in connectivity analysis, affine 

framewise displacement was also measured using the ArtRepair toolbox for SPM; subjects with more 

than 20% of volumes exceeding 0.5mm of frame-to-frame displacement were excluded from further 

analysis.  Images were slice-time and motion corrected, normalized and smoothed with an 8mm FWHM 

Gaussian kernel.  Regressors for both overall framewise displacement and instances of affine framewise 

displacement above 0.5mm were included.  fMRI responses were modeled by a canonical hemodynamic 

response function convolved with onset vectors for trials in which subjects accurately identified the 

target location within a proscribed amount of time, defined as between 200 and 800ms following the 

appearance of the target, a criteria previously used in dot-probe research (Monk et al., 2006).  These 

criteria were used to maximize the likelihood of responses being related to involuntary attention by 

preventing the inclusion of responses that are likely to be guesses (< 200ms), as well as responses with 

long enough delays that conscious decision making likely influenced the response (> 800ms).  Condition 

regressors included in the model included Angry (angry and neutral face pair) and Happy (happy and 

neutral face pair) which were collapsed across congruent and incongruent trials, as well as Neutral trials 

and fixation periods.  Emotional trials were not separated by congruent and incongruent trials, as both 

contained an emotional and neutral face, and the subject of the current experiment was involuntary 

attention to faces rather than reorienting of attention following presentation of the target. 

Functional Connectivity 



21 

 

Functional connectivity was analyzed using the Psychophysiological Interaction (PPI) toolbox in 

SPM8. Left and right amygdala ROIs based on the AAL brain atlas (Tzourio-Mazoyer et al., 2002) were 

created with the MarsBaR toolbox for SPM (Brett, Anton, Valabregue, & Poline, 2002).  First and second 

runs were analyzed separately to avoid introducing potential motion or signal artifacts in to the time 

series analysis.  For each run, the first eigenvariate time series of activity was extracted from all voxels 

within the left and right amygdala seed regions.  For each subject, design matrices for the left and right 

amygdala were created in which one regressor represented the deconvolved eigenvariate of the 

amygdala seed region, a second regressor represented the task contrast of interest (Angry > Neutral or 

Happy > Neutral), and a third regressor represented the cross-product of these two regressors.  This 

interaction term, the PPI regressor, was then used as a template to interrogate similar task-related 

activity patterns – functional connectivity – across the brain. 

Results from individual subject PPI analyses were used to conduct second-level whole-brain 

analysis.  First, two-sample t-tests were conducted comparing the three age groups for main effects of 

age (EA > LC, LA > EA, LA > LC) regardless of emotional content.  In addition, an Age-group x Emotion 

ANOVA was conducted separately for connectivity maps from the left and right amygdala.  Contrast 

values were extracted from the resulting interaction connectivity map using the MarsBaR toolbox (Brett 

et al., 2002), and were used to conduct post-hoc t-tests using SPSS statistical software (http://www-

01.ibm.com/software/analytics/spss/).  Regressors for sex, IQ, and attentional bias scores (see below) 

were entered for each subject as nuisance variables in all second-level analyses.  For all group-level 

comparisons, a threshold of p < 0.005, k = 50 was used, which is a significance level of p < 0.05 corrected 

for multiple comparisons based on Monte Carlo simulation of random noise distribution (using 

3dClustSim module of AFNI(Forman et al., 1995)). 
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Results 

Behavior 

For each subject, correct responses to targets were combined to compute percent error and 

mean reaction time (RT) for Angry, Happy, and Neutral trials.  Attentional bias to Angry and Happy 

emotions was calculated separately for each subject by subtracting RT for congruent trials (target on 

same side as emotional face) from RT for incongruent trials (target on opposite side as emotional face) 

to create bias scores.  A positive bias score indicates attentional bias towards the emotional face (faster 

response to congruent than incongruent target), while a negative bias score indicates attentional bias 

away from the emotional face (faster response for incongruent than congruent target).  As neutral trials 

do not assess attentional bias, they were measured separately for group differences using a one-way 

analysis of variance for Age group. 

An age-group x emotion x congruence ANOVA for accuracy showed no significant main effects 

(ps > 0.159).  A trend level congruence x emotion interaction (p > 0.063) showed that accuracy 

decreased for incongruent relative to congruent happy trials, while accuracy increased for incongruent 

relative to congruent angry trials.  A trend level congruence x emotion x group interaction (p > 0.075) 

showed that the congruence x emotion interaction was seen most strongly in the LC group.  Accuracy for 

neutral trials showed a trend-level effect of age group, with younger groups showing lower accuracy 

than older groups (p > 0.074). 

An age-group x emotion x congruence ANOVA for RT showed a significant effect of congruence 

(F(2, 44) = 6.570, p = 0.014) with longer RT for incongruent stimuli than congruent, indicating that 

attention was biased towards emotional stimuli for all age groups.  No other main effects or interactions 

were significant (ps > 0.156), indicating that the magnitude of attentional bias did not differ between 

angry and happy faces and by age group.  A significant effect of age group was seen for Neutral trials 



23 

 

(F(2, 44) =4.859, p = 0.012) and post-hoc comparisons showed longer RT in LC than LA children; other 

comparisons were not significant (p > 0.05)  Means and standard errors (SEM) are depicted in Fig 2. 

Functional Connectivity 

Age Group comparisons. 

 Two-sample t-tests were performed comparing amygdala connectivity of each of the age 

groups.  Angry > Neutral contrasts and Happy > Neutral contrasts were combined for each group to 

evaluate general age-related differences of amygdala connectivity during involuntary attention to 

emotional faces.   

Right Amygdala. 

In the right amygdala, greater connectivity was seen in the LC than EA group in left superior 

temporal and middle temporal gyri (Fig 3a).  Greater connectivity was seen in the LA than EA group in 

left superior, middle, and inferior temporal gyri, left hippocampus, and bilateral ventromedial superior 

frontal cortex (Fig 3b).  Greater connectivity was seen in the LA than in the LC group in bilateral middle 

and superior frontal gyri, left middle orbitofrontal gyrus, and left IFG (Fig 3c).   

Left Amygdala. 

In the left amygdala, greater connectivity was seen in the LA than LC group in right middle and 

superior frontal gyri, and in dorsal ACC.   

These findings show that amygdala-prefrontal functional connectivity is stronger in later 

adolescence relative to late childhood and early adolescence whereas amygdala-left temporal lobe 

functional connectivity appears to weaken as children enter adolescence but strengthen through 

adolescence. 
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Age Group X Emotion Interaction. 

Right amygdala connectivity maps showed a Group x Emotion interaction in a network 

encompassing temporal, posterior frontal, and parieto-occipital regions, including the thalamus (see 

Figure 4 for regions and corresponding graphs).  Specifically, the network was positively associated with 

the amygdala to a greater extent in the LC than LA group for Angry faces (relative to Neutral), and 

positively associated with the amygdala to a greater extent in the LA than LC group for Happy faces 

(relative to Neutral).  The LC group showed greater connectivity to Neutral than Happy, while the LA 

group showed greater connectivity to Neutral than Angry.  For all of the regions showing this 

interaction, no significant differences were seen between activation in the LC and EA groups for the 

Angry > Neutral or Happy > Neutral contrasts. 

Regions showing Group X Emotion interaction for the right amygdala included 6 clusters (Table 

1).  The first cluster was comprised of regions in the right hippocampus, right superior temporal gyrus, 

and right thalamus.  The second cluster was comprised of regions in the left precentral and postcentral 

gyri, middle cingulate gyrus, and left inferior parietal lobule.  The third was comprised of regions of the 

right IFG and right insula.  The fourth was comprised of regions of the right precentral and postcentral 

gyri and the right supramarginal gyrus.  The fifth was comprised of regions of the right IFG, right middle 

cingulate gyrus, and right precentral gyrus.  The sixth was comprised of portions of the right cuneus and 

right superior occipital gyrus. 

Regions showing Group X Emotion interaction for the left amygdala included two clusters (Table 

2). The first cluster consisted of regions of the IFG and the left middle frontal gyrus.  The second cluster 

was comprised of regions of the left precentral and postcentral gyri and left inferior parietal lobule (see 

Figure 5 for regions and corresponding graphs). 
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 These results show that both right and left amygdala connectivity change with age, and that 

both appear to progress from stronger connectivity to Angry faces (relative to Neutral), to stronger 

connectivity to Happy faces relative to Neutral.  Additionally, it appears that the number of regions 

showing this age by emotion interaction of connectivity is larger for the right than left amygdala, 

suggesting that development of social processing may be more strongly related to changes in the quick 

and shallow processing of emotionally salient stimuli than in the sustained evaluation of those stimuli. 

Discussion 

 Functional connectivity of the amygdala during involuntary attention to emotional faces differed 

across ages, despite similar behavioral performance.  Age effects on amygdala connectivity were seen in 

prefrontal regions including ACC involved in inhibitory control, which was greater in the LA group than 

both the LC and EA groups.  In addition, the EA group showed decreased amygdala connectivity with the 

left temporal lobe, which is involved in attending to biologically relevant motion, including gaze and 

emotion (Allison, Puce, & McCarthy, 2000) relative to both the LC and LA groups.  The different age 

groups also showed different connectivity based on emotional valence in regions involved in visuo-

spatial awareness and spatial orienting, including the inferior parietal lobule, cuneus, supplementary 

motor area, middle cingulate cortex, and frontal sulcus (precentral /postcentral) (Corbetta et al., 1998; 

Hopfinger, Buonocore, & Mangun, 2000), as well as in regions involved in attention and processing of 

visual emotional stimuli, including the bilateral IFG and right superior temporal gyrus.  For each of these 

areas, the LC group showed stronger connectivity during attention to Angry faces (relative to Neutral), 

while the LA group showed stronger connectivity during attention to Happy faces (relative to Neutral), 

suggesting age-based differences in attending to positive relative to negative emotions. 

 Our behavioral findings indicate that emotional faces involuntarily draw the attention of all 

groups to a similar degree relative to neutral faces.  The task, responding to the location of the target 
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stimulus, does not require attention to the facial stimuli.  However, as the location of the emotional face 

impacted reaction times for task performance, it provides behavioral evidence for spontaneous and 

involuntary attention to the emotional content of face stimuli.  This suggests that age-related 

differences seen in amygdala connectivity truly represent neural differences in attending and processing 

emotional faces, rather than simply behavioral differences in task completion. 

 In attending to both Angry and Happy faces relative to Neutral, the LA group showed greater 

amygdala connectivity with prefrontal regions than both the LC and EA group.  Studies investigating 

emotional response and inhibition have implicated the prefrontal cortex in having a role in the 

regulation of emotion (Quirk & Beer, 2006), and increased prefrontal activity in adults has been 

associated with modulation of amygdala response to negative emotional faces (Hariri et al., 2003) and 

negative non-face stimuli (Hariri, Bookheimer, & Mazziotta, 2000).  Research on adolescence has shown 

that it is a period in which increased structural connectivity of the frontal lobes (Barnea-Goraly et al., 

2005), and frontal lobe recruitment in inhibition (Casey et al., 2005) are seen relative to childhood.  

Increased prefrontal activation to fearful faces is correlated with age even within the ranges of 8-15 

years of age (Yurgelun-Todd & Killgore, 2006).  The increased amygdala connectivity of prefrontal 

regions with age may show the development of automatic emotion regulation (Mauss et al., 2007), in 

which attention to non-task related emotional content is down-regulated, despite no explicit 

instructions to do so.   This may be related to changes in social demands that begin to emerge in early 

adolescence as children spend increasing amounts of time with peers in a school environment where 

social relationships between peers increase in importance (Buhrmester, 1990), and measures of social 

competence are related to popularity and social acceptance (Adams, 1983).  As group differences in 

frontal connectivity were only seen between the oldest group and the two younger groups, this may 

suggest that this process begins to significantly improve after 12 years of age, though a more deliberate 

follow up study could better address this hypothesis.  
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 Another region that showed an effect of age regardless of valence was the left superior and 

middle temporal gyri, where the EA group showed lower amygdala connectivity than both the LC group 

and the LA group, as well as less left hippocampal connectivity than the LA group.  In adults, the regions 

along the superior and middle temporal lobes have been associated with attending to biological motion, 

including emotional expressions (Allison et al., 2000).  The development  of the temporal cortex is 

protracted, as gray matter density – a  measure of synaptic density – peaks in the temporal lobes 

between 14 and 16 years of age, followed by gray matter reductions related to synaptic pruning (Giedd 

et al., 1999).  It has been hypothesized that the high level of synaptic proliferation leading to these ages 

of peak gray matter volume may result in impaired signaling efficiency due to a reduced signal to noise 

ratio from excessive synapses that have yet to be pruned (McGivern et al., 2002). Behavioral studies 

have shown functional deficits that support this hypothesis, showing that processing of facial identity 

(Carey, Diamond, & Woods, 1980b) and emotions (McGivern et al., 2002) both decrease around the age 

of puberty, relative to both younger children and older adolescents and adults.  Additionally, in a study 

of eye-gaze interference, children ages 10-13 were poorer at controlling gaze interference from angry 

faces than fearful faces, while the interference effects showed no emotional valence differences in both 

younger children (6-9 years) and adults (Barnes et al., 2007).  As the white matter tract connecting 

temporal and occipital visual areas undergoes significant myelination across adolescence (Paus, 2005), 

improvements in social perception in later adolescence may relate to a confluence of synaptic pruning 

and more efficient neural communication through myelinated axons.  Increased amygdala connectivity 

with the hippocampus in adulthood relative to adolescence has also been implicated in the mature 

processing of facial emotions (Guyer et al., 2008), an improvement likely due to the relatively late onset 

of myelination of cortico-hippocampal pathways connecting to ventromedial prefrontal cortex, which 

begins only in late adolescence (Benes, 1989).   While behavioral differences between groups were not 

seen in the current task, as the task objective did not involve processing of emotional face stimuli, the 
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decreased temporal lobe connectivity during the EA age range may be explained by these 

developmental dynamics.  

 In the LC group, increased functional connectivity between the amygdala and regions involved in 

emotion processing and attentional orienting was seen for Angry relative to Neutral faces, while 

amygdala connectivity with these regions was increased in Neutral relative to Happy trials.  Conversely, 

the LA group showed opposite patterns of connectivity in these regions with stronger connectivity for 

Happy than Neutral, and stronger connectivity for Neutral than Angry.  The EA group generally showed 

connectivity patterns that fell between the patterns seen for the LA and LC groups within a given cluster.  

It has been proposed that young children have an attention bias towards threatening information (Kindt 

et al., 2000), and that inhibition of threat bias is learned through development, eventually leading to a 

bias towards positive information in adulthood (Mather & Carstensen, 2005).  Previous work with event 

related potentials (ERPs) has shown that the P300 response, an evoked potential related to voluntary 

attention, was higher for angry than happy faces in 7-year-old children, but was higher for happy than 

angry faces for adults (Kestenbaum & Nelson, 1992).  In an fMRI study of age-related attention bias to 

emotional faces in subjects 9-40 years old that found evidence of positive emotion bias with age, the 

youngest group (9-12 years old) showed the strongest bias towards neutral faces relative to happy and 

the strongest activation of left cuneus and caudate, while the oldest (31-40 years old) showed the 

largest bias trend towards happy faces relative to neutral and deactivation of left cuneus and caudate; 

the intermediate age groups (13-17 and 18-30 years old) showed bias and activation responses between 

those of the oldest and youngest groups (Lindstrom et al., 2009). The current findings support previous 

findings of a negative bias in childhood, and suggest that the development from negative to positive bias 

may occur from mid to late adolescence, and is a result of changing patterns of amygdala connectivity 

with emotion processing and orienting regions. 
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More evidence of age-related changes in the current data is that the difference in connectivity 

values between the Angry > Neutral contrast and the Happy > Neutral contrast is greater in the LC group 

than in the LA group for most of the clusters in the interaction.   These more extreme connectivity 

differences in younger children than older suggest that selective attention to emotional content may 

develop with age.   In one study, 9-17 year olds evaluating non-emotional aspects of emotional faces 

showed increased activation of amygdala and fusiform gyrus for fearful relative to neutral faces, while 

adults showed no differences in amygdala response between fearful and neutral faces (Guyer et al., 

2008).  In a similar study, adults evaluating either non-emotional aspects of emotional faces or directly 

evaluating the emotional content showed greater ability to constrain neural activation of anterior 

cingulate, orbitofrontal cortex and right amygdala to the attentional demands of the task, while 

activation of these regions in 9-17 year old adolescents was more strongly influenced by the emotional 

content of the faces than by the task demands (Monk et al., 2003).  Of note, both of these studies found 

greater differences in activation of the right than the left amygdala to fearful faces in adolescents than 

adults.  Similarly, the current study found that 13 of the 16 clusters showing age-related amygdala 

connectivity differences are seeded by the right amygdala.  The right amygdala is thought to be involved 

in the quick and shallow processing of affective stimuli (Costafreda et al., 2008; Markowitsch, 1998; 

Wright et al., 2001) and habituates to neutral faces more quickly than the left amygdala in adults 

(Phillips et al., 2001).  This suggests that improved regulation of attention to emotion with age may be 

related to the development of prefrontal modulation of right amygdala response, as one of the major 

functions of the prefrontal cortex is to manipulate bottom up processes as is contextually appropriate 

(Miller & Cohen, 2001).    

One limitation of the current study is that we were unable to determine whether children were 

consciously trying to down-regulate attention to emotional content, as there were no questions asked 

regarding task strategy.  Evidence of increased emotional down-regulation with age includes age-related 
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decreases in response times, as well as decreased connectivity differences between emotions.  

However, it is unclear whether any emotional down-regulation that may have occurred was conscious or 

automatic, and this should be investigated in this developmental age-group in the future with a task 

better suited to disambiguating these possibilities.  Another limitation is that pubertal status was not 

collected for the current participants.  While this may have allowed us to better categorize individual 

participants, it is unlikely that the makeup of the three groups currently based on age would differ 

significantly if assignment had instead been based on pubertal status. 

 

Conclusions 

 The findings in this study show that amygdala connectivity with regions involved in attending to 

and interpreting emotional stimuli is strongest for negatively valenced emotional stimuli prior to 

adolescence, and develops to the point where it is stronger for positively valenced emotional stimuli in 

later adolescence.  This may be due to increases in emotional regulation from prefrontal connectivity 

with the amygdala, which increases in late adolescence, and may modulate the fast and shallow 

processing of emotional stimuli by the right amygdala.  These findings help to explain the shift from 

negative to positive emotional attention bias that occurs between childhood and adulthood, and 

contribute to the understanding of temporary peri-pubertal declines in social processing ability that 

have been previously shown behaviorally. 
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Table 1 

Regions showing Age x Emotion interaction in right amygdala connectivity 

Right Amygdala Region BA X Y Z Z value 

       
Cluster 1 right hippocampus 

 
33 -28 -2 2.59 

 
right thalamus 

 
21 -22 -5 3.75 

 
right heschls gyrus/ STG 41 48 -22 7 3.31 

 
right superior temporal gyrus 41 42 -37 16 3.12 

 
right hippocampus 

 
18 -34 1 3.08 

 
right heschls gyrus/ STG 41 36 -31 13 2.98 

 
right parahippocampal gyrus/lingual gyrus 27, 30 15 -37 -2 2.89 

       
Cluster 2 left precentral gyrus 4 -33 -19 40 4.08 

 
left supplementary motor area 6 -9 -1 52 3.85 

 
left middle cingulate gyrus 24 -12 -10 40 3.69 

 
left inferior parietal lobule, postcentral 
gyrus 

2, 40 -36 -31 34 3.63 

 
let postcentral gyrus 4 -54 -16 43 3.44 

 
left inferior parietal lobule, postcentral 
gyrus 

3 -51 -19 40 3.41 

 
left inferior parietal lobule, supramarginal 40 -54 -34 37 3.28 

 
left posterior insula 13 -30 -22 22 3.19 

       
Cluster 3 right inferior frontal gyrus 

 
30 20 25 3.81 

 
right insula 

 
33 14 10 2.9 

       
Cluster 4 right postcentral gyrus 4 45 -19 40 3.69 

 
right supramarginal gyrus 3 60 -16 28 3.46 

 
right precentral gyrus 6 57 -1 46 3.05 

 
right rolandic operculum 

 
51 -10 22 2.85 

       
Cluster 5 right inferior frontal gyrus 

 
27 5 28 3.46 

 
right middle cingulate gyrus 24 12 -7 40 2.89 

       
Cluster 6 right cuneus 18 18 -79 22 3.24 

 
right superior occipital gyrus 

 
24 -70 25 3 
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Table 2  

Regions showing Age x Emotion interaction in left amygdala connectivity 

Left Amygdala Region BA X Y Z Z value 

       
Cluster 1 left inferior frontal gyrus 

 
-36 11 31 3.37 

 
left middle frontal gyrus 8, 9 -33 20 43 2.94 

       
Cluster 2 left postcentral gyrus 4 -33 -19 43 3.29 

 
left inferior parietal lobule/postcentral 
gyrus 

2, 40 -33 -31 37 3.12 
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Table 3  

Valence-independent functional connectivity differences by age group  

Right Amygdala Region BA X Y Z Z value 

 
      

LC > EA left middle temporal gyrus 21 -51 -28 -5 3.68 

 
left superior temporal gyrus 22 -54 -7 -2 3.55 

       

       
LA > EA left middle temporal gyrus 

 
-57 -31 -5 5.04 

 
left inferior temporal gyrus 20, 21 -51 -1 -35 3.5 

 
left superior temporal gyrus 22, 41 -42 -34 4 3.34 

 
left heschls gyrus 13 -39 -22 7 3.25 

       

 
right medial superior frontal gyrus 10 12 56 4 3.39 

 
left medial superior frontal gyrus 10 -3 53 4 2.85 

 
right medial superior frontal gyrus 32 3 47 1 2.64 

       

 
left hippocampus/amygdala 34 -15 -10 -17 3.39 

 
left hippocampus 

 
-24 -22 -11 3.17 

 
left globus pallidus 

 
-24 -7 -8 2.75 

       

       
LA > LC left middle frontal gyrus 10 -33 53 1 3.83 

 left superior frontal gyrus 10 -18 59 7 3.3 

       

 
right inferior frontal gyrus 46 39 35 13 3.31 

 
right middle frontal gyrus 10 36 47 7 3.22 

       

 
left inferior frontal gyrus 46 -51 26 28 3.08 

 
left inferior frontal gyrus 45 -57 20 22 2.92 

 
left middle frontal gyrus 8 -39 26 43 2.88 

       
Left Amygdala 

      
       

LA > LC right superior frontal gyrus 10 33 53 10 3.41 

 
right anterior cingulate gyrus 32 12 44 22 3.36 

 
right medial superior frontal gyrus 10 12 53 10 2.97 
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Figure 1. Example of Happy trial stimulus.  Faces are simultaneously shown for 500ms then disappear.  
Target immediately appears in location of either happy or netural face for 200ms to create congruent or 
incongruent condition respectively.  RT differences between response to congruent and incongruent 
targets gives a measure of attentional bias towards the emotional face. 
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a)  

b)  

Figure 2. Accuracy (a) and Reaction Time (b) scores for Neutral, Congruent, and Incongruent trial types, 
separated by Age-group.  Error bars show SEM. 
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Figure 3. Regions showing connectivity differences by age group during both Angry > Neutral and Happy 
> Neutral contrasts.   The hemisphere of the amygdala seed showing significant connectivity differences 
is listed. 
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Figure 4. Network showing Age-group (LC, EA, LA) x emotional contrast (Angry > Neutral, Happy > 
Neutral) interaction of functional connectivity with right amygdala.  Graphs show significant differences 
between functional clusters. 
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Figure 5. Network showing Age-group (LC, EA, LA) x emotional contrast (Angry > Neutral, Happy > 
Neutral) interaction of functional connectivity with left amygdala.  Graphs show significant differences 
between functional clusters. 
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CHAPTER III: ATYPICAL FUNCTIONAL CONNECTIVITY OF THE AMYGDALA IN CHILDHOOD AUTISM 

DURING INVOLUNTARY ATTENTION TO POSITIVE AND NEGATIVE FACIAL EMOTIONS 

Introduction 

Deficits in social function are a core component of autism spectrum disorders (ASD) (APA, 2000), 

and are characterized by abnormal social attention and reciprocity.  One area of social deficits in which 

both of these characteristics can be seen in ASD is attention to, and interpretation of, facial stimuli (see 

review, Sasson, 2006).  Deficits in facial identity and emotion identification are seen in children (Boucher 

& Lewis, 1992; Dawson et al., 2002) and adults (Adolphs, Sears, & Piven, 2001; Klin et al., 1999) with 

ASD, while decreased  attention to facial features and eye gaze has been seen across all age groups in 

ASD (Bedford et al., 2012; Kliemann, Dziobek, Hatri, Steimke, & Heekeren, 2010; Klin et al., 1999; Klin, 

Jones, Schultz, Volkmar, & Cohen, 2002; Leekam, Hunnisett, & Moore, 1998; Pelphrey et al., 2002; 

Spezio, Adolphs, Hurley, & Piven, 2007).  It has been hypothesized that decreased involuntary orienting 

of attention to social stimuli such as emotional faces may contribute to deficits in social interaction in 

ASD (Dawson et al., 1998).  However, the causes of abnormal involuntary social orienting in children 

with ASD are not known. 

Two models posit that decreased attentional orienting to faces in ASD involves abnormal 

ascription of salience to social stimuli.  One model suggests that individuals with ASD do not find social 

stimuli (including faces) rewarding, and that decreased orienting and attention to faces is a result of 

reduced interest  (Dawson, Webb, & McPartland, 2005; Grelotti, Gauthier, & Schultz, 2002; Schultz, 

2005).  An alternate model suggests that facial stimuli, and eyes in particular, may be aversive for 

individuals with ASD (Kylliäinen & Hietanen, 2004; Richer & Coss, 1976), and that decreased attention to 

eyes and faces may be the product of active avoidance of these aversive stimuli (Joseph et al., 2008; 

Kliemann et al., 2012).  Importantly, it is possible that both of these dynamics occur in individuals with 
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ASD; abnormal reward ascription for positively valenced facial emotions could occur in individuals who 

also find negative or neutral facial expressions highly aversive.   Evidence supporting the notion that 

positive and negative emotions are processed differently in ASD comes from behavioral work showing 

that gaze was averted from the eyes of neutral face stimuli in adults with ASD to a greater extent than 

controls, but that there were no group differences in eye aversion from happy faces (Kliemann et al., 

2012).  Evaluating the role of regions involved in the ascription of salience is key to understanding 

abnormal orienting to facial stimuli in ASD. 

The amygdala is a central region for processing the salience and value of social (and non-social) 

stimuli (see review, Adolphs, 2010).  While much of the early work on amygdala function, particularly in 

animal models, emphasized its role in processing negative or aversive stimuli (LeDoux, 2003), later 

functional imaging work with humans showed that the amygdala reacted to both positive and negative 

stimuli (Fitzgerald et al., 2006; Murray, 2007; Whalen et al., 1998).  While the amygdala is initially highly 

responsive to facial stimuli, repeated exposure to these stimuli results in habituation (reduction) of the 

amygdala response (Rankin et al., 2009) in both adults (Breiter et al., 1996; Fischer et al., 2003) and 

children and adolescents (Hare et al., 2008; Swartz et al., 2013).  Amygdala activity is also thought to 

play a role in allocating attentional resources to salient stimuli (Whalen, 1998), and it has been 

suggested that amygdala response to emotional content in particular may influence attentional 

orienting to stimuli (Pourtois et al., 2013).  These properties make the amygdala a strong candidate 

region for contributing to abnormal attention to social stimuli.  Indeed, dysfunction of the amygdala has 

been hypothesized to play a major role in social deficits in ASD (Baron-Cohen et al., 2000; Schultz, 2005).   

A number of functional magnetic resonance imaging (fMRI) studies have found abnormal 

amygdala activity and connectivity in ASD during processing of both emotional and neutral (non-

emotional) face stimuli (Wiggins & Monk, 2013).  Findings of abnormal amygdala function in fMRI 
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studies looking at face processing have been mixed, with some studies showing decreased amygdala 

response to faces in ASD subjects (Ashwin et al., 2007; Critchley et al., 2000; Dapretto et al., 2006; 

Hadjikhani et al., 2007; Pelphrey et al., 2007), and others showing increased amygdala response to faces 

in ASD subjects (Dalton et al., 2005; Kliemann et al., 2012; Monk et al., 2010; Swartz et al., 2013; 

Tottenham et al., 2013; Weng et al., 2011).  An interpretation of these seemingly disparate findings 

comes from Dalton et al. (2005), who found that amygdala activation was greater than controls in ASD 

subjects after controlling for the amount of time spent looking at the stimuli with eyetracking. This 

finding disambiguates the mixed pattern of findings as those reporting increased amygdala response in 

ASD used very brief stimulus presentation making it likely that subjects were attending to the faces, 

whereas those finding decreased amygdala activation used long presentations (> 2 secs) that are 

unlikely to sustain attention for the entire period.  Thus, it appears that the amygdala is hyper-

responsive during attention to faces in ASD. 

Hyper-responsivity of the amygdala in ASD is also suggested by findings showing lack of 

habituation to face stimuli.  When repeatedly presented with neutral (non-emotional) faces, adults with 

ASD showed less habituation of activation of the right amygdala than in age-matched controls 

(Kleinhans et al., 2009).  Children and adolescents with ASD also showed decreased habituation of the 

right amygdala to neutral faces, as well as decreased habituation of bilateral amygdala to sad faces, but 

no differences in habituation to fearful or happy faces (Swartz et al., 2013).  In both studies, the degree 

to which ASD subjects showed amygdala dishabituation to neutral faces positively correlated with 

measures of social impairment (Kleinhans et al., 2009; Swartz et al., 2013), while no other emotions 

showed a correlation between amygdala habituation and social symptoms in Swartz et al. (2013).  The 

relationship between decreased amygdala habituation to neutral faces and social deficits in ASD 

supports the hypothesis that social deficits in ASD may be related to abnormal attributions of salience to 

social stimuli. 
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Of particular note, several of the studies above found that increased amygdala activity in ASD 

was either limited to or stronger in the right amygdala (Dalton et al., 2005; Monk et al., 2010; Swartz et 

al., 2013; Weng et al., 2011).  In addition, right amygdala activation to emotional faces has been 

correlated with self-reported social anxiety measures in adults with ASD (Natalia M. Kleinhans et al., 

2010).  The right amygdala has been shown to be involved in the quick and shallow processing of 

affective stimuli, as opposed to the left which is thought to underlie more sustained evaluation of 

affective stimuli (Costafreda et al., 2008; Markowitsch, 1998; Wright et al., 2001), and has been shown 

to habituate to neutral faces more quickly than the left amygdala (Phillips et al., 2001).  Therefore, 

findings of increased activity of the right amygdala in particular may be indicative of increased 

attribution of negative salience and/or prolonged sensitivity to social stimuli in ASD. 

As the amygdala is structurally connected with many regions involved in social attention, 

examining the functional connectivity – or the temporal correlation of activation patterns – of the 

amygdala with these regions will provide insight into how the amygdala might contribute to abnormal 

attention to facial stimuli.  Amygdala connectivity with regions involved in visuospatial orienting and 

directing attention, including the superior parietal lobe, intraparietal sulcus, temporoparietal junction, 

dorsofrontal cortices (frontal eye fields), thalamus, and superior colliculus (Corbetta & Shulman, 2002; 

Keehn et al., 2013; Posner & Petersen, 1990) may indicate attentional orienting based on stimulus 

salience.  Differences in connectivity between the amygdala and the superior and middle temporal gyri, 

which are involved in processing facial emotions (Adolphs, 2001; Haxby et al., 2000), may indicate 

effects of salience on interpreting emotional  facial expressions.  Connectivity differences with the 

pregenual anterior cingulate cortex (ACC) and insula which are involved in both detecting salient stimuli 

in the environment (Menon & Uddin, 2010) and modulating emotional response to that stimuli (Albert 

et al., 2012; Allman et al., 2001) may indicate differences in attempts to regulate reactivity to facial 

stimuli.  One study evaluating involuntary attention to emotional faces in adults with ASD found that, 
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when viewing happy faces, ASD subjects showed increased right amygdala connectivity with subgenual 

ACC (Monk et al., 2010) – another region of the cingulate cortex involved in modulating attention to 

emotional stimuli (Vogt, Vogt, & Laureys, 2006) – but decreased connectivity with the left middle 

temporal gyrus when viewing both positive and negative emotions.  This finding suggests that valence-

based differences may affect amygdala connectivity in adults with ASD.  Given that neurotypical adults 

show less valence-based modulation of amygdala response to emotional faces than neurotypical 

children and adolescents (Guyer et al., 2008; Monk et al., 2003), it is possible that the study of adults 

with ASD by Monk et al. (2010) may show fewer valence-based connectivity differences than may exist 

in children with ASD.    

Few studies have evaluated amygdala connectivity of children with ASD when processing facial 

stimuli.  One study, which used a stroop-like task that required active inhibition of  attention to negative 

facial emotions, found increased right amygdala connectivity with pregenual ACC, superior temporal 

gyrus, and thalamus in children with ASD relative to control children, but decreased connectivity with 

subgenual ACC (Murphy, Foss-Feig, Kenworthy, Gaillard, & Vaidya, 2012).  Another study found that 

adolescents and children with ASD had decreased connectivity between amygdala and prefrontal cortex 

when performing gender identification on sad faces (Swartz et al., 2013), but found no differences with 

fearful, happy, or neutral faces.  However, both of these studies involved spontaneous attention to the 

content of faces that subjects were already attending to for an explicit task, rather than looking at the 

shift in attentional orientation that emotional face stimuli elicited.  As abnormal orienting to facial 

stimuli, rather than abnormal processing of faces one is compelled to attend, is thought to underlie 

social deficits that occur early in life in ASD, it is crucial to examine amygdala connectivity during 

involuntary orienting in children to better understand dysfunction in this behavior. 
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The current experiment examined whether the functional connectivity of bilateral amygdala 

differed between 8-13 year old children with and without ASD during involuntary attention to emotional 

face stimuli.  Children performed a dot-probe task in which two faces on the left and right of a screen 

briefly preceded the appearance of a target star on one side, whose location had to be reported by 

participants.  The pairs of faces could either include one emotional (happy or angry) and one neutral 

face of the same person, or two identical neutral faces.  As the appearance of the faces is irrelevant to 

the task requirements, it ought not to influence behavior.  However, if it does affect behavior, this 

indicates that attention was involuntarily influenced by the perceived salience of the faces, specifically 

by their emotional content.  If reaction times are faster for targets in the location of the salient 

(emotional) face than for targets in the location of the neutral face, this suggests that attention was 

oriented towards the salient emotional face.  By comparing reaction times for targets on the same side 

as the emotional face with reaction times for targets on the opposite side as the emotional face, we can 

measure the extent to which the emotional content of faces drew attention relative to neutral faces, 

known as the emotional bias.   

To assess neural activity related to involuntary attention to emotional faces, we compared trials 

in which one face was emotional (Angry or Happy) and one was neutral (Angry and Happy trials, 

respectively), with trials in which both faces were emotionally neutral (Neutral trials).  By using both 

positive and negative emotional faces, we were able to differentiate between group differences in 

amygdala connectivity that were related to emotional face processing in general (by combining positive 

and negative trials), and differences that were specific to the emotional valence of the facial stimuli (by 

contrasting positive and negative trials).  This also allowed the testing of the hypotheses that abnormal 

attentional orienting is related to reduced reward ascription to positive emotions and/or heightened 

aversion of negative emotions.   Additionally, as it has been suggested that controlling for the duration 

of attention to emotional stimuli may more accurately measure differences in amygdala reactivity 
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between ASD and control groups (Dalton et al., 2005; Monk et al., 2010), presentation times of 

emotional face stimuli were kept brief (500ms) to avoid that confound. 

We used a psychophysiological interaction analysis to assess functional connectivity of the 

amygdala during emotion and neutral expression trials.  We used an anatomical mask of the left and 

right amygdala as seed regions for a whole-brain functional connectivity analysis. As previous findings 

have shown abnormal functional connectivity of both the left and right amygdala to emotional faces 

stimuli in ASD (Murphy et al., 2012), connectivity of left and right amygdala was assessed separately. For 

each seed connectivity maps, we conducted a Group (ASD, Controls) X Emotion (Happy > Neutral, Angry 

>  Neutral) Analysis of variance to test the following predictions: First, we predicted a main effect of 

group, with ASD showing increased amygdala connectivity with regions involved in processing and 

modulating salience, particularly the pregenual ACC and insula, based on previous findings showing 

hyperconnectivity between right amygdala and pregenual ACC and insula in ASD children during 

involuntary attention to emotional faces (Murphy et al., 2012).  Second, we predicted a group x emotion 

interaction in amygdala connectivity with fronto-parietal  and subcortical regions involved in orienting of 

attention (Corbetta & Shulman, 2002; Posner & Petersen, 1990) based on behavioral deficits seen in 

social orienting in ASD (Dawson et al., 1998), as well as previous work showing abnormal orienting in 

ASD away from eye gaze for neutral faces but not fearful or happy faces (Kliemann et al., 2012).  Third, 

we anticipated that connectivity with regions involved in processing facial emotions, such as the 

superior and middle temporal lobes would differ between groups, and that these groups may show 

different connectivity patterns for the Happy > Neutral and Angry > Neutral contrasts, as previous 

research on adults with ASD found decreased right amygdala connectivity with temporal lobe regions 

during involuntary attention to positive vs. neutral faces but not negative vs. neutral faces relative to 

control adults (Monk et al., 2010). 
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Materials and Methods 

Subjects  

Twenty-one children, aged 8-13 years (17 males; Age: M = 11.41 years SD = 1.62; IQ: M = 119.12 

SD = 12.28, measured by WISC-IV) with a diagnosis of ASD and 33 typically developing (17 males; Age: M 

= 10.66 SD = 1.84; IQ: M = 121.38 SD = 11.05) participated in the study after complying with consenting 

guidelines of the Georgetown University Institutional Review Board.  ASD children were recruited 

through and IRB approved protocol at the Center for Autism Spectrum Disorders at Children’s National 

Medical Center.  Control children were recruited from the Washington DC area community through 

advertisements at public venues and pediatrician offices.  

ASD case classification followed diagnosis by a trained and experienced clinician based on the 

DSM-IV-TR criteria (APA, 2000) and was confirmed with the Autism Diagnostic Interview—Revised (ADI-

R) (Lord, Rutter, & Couteur, 1994)and the Autism Diagnostic Observation Schedule—Generic (ADOS-G) 

(Lord et al., 2000) following the criteria established by the NICHD/NIDCD Collaborative Programs for 

Excellence in Autism  (Lainhart et al., 2006).  These criteria require that the child meet ADI-R cutoff for 

autism in the social domain and at least one other domain (communication and/or repetitive behaviors 

and restricted interests), and meet ADOS cutoff (autism or ASD) for the combined social and 

communication score. 

Exclusion criteria included: 1) Full-Scale IQ below 80 as measured by the Wechsler Intelligence 

Scale for Children (WISC-IV) or Wechsler Abbreviated Scale of Intelligence (WASI) (Weschler, 1999) 

Other neurological diagnosis (e.g., epilepsy) based on parent report; 3) Psychiatric diagnosis based on 

Child and Adolescent Symptom Inventory - 4R (Lavigne, Cromley, Sprafkin, & Gadow, 2009) for control 
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children; and 4) Contraindications for MRI such as metallic implants or pregnancy.  We used the WISC-IV 

General Ability Index (GAI) as a measure of Full Scale IQ. The GAI provides a comparable approximation 

of overall intellectual ability as represented by the WISC-IV Full-Scale IQ score, yet is less sensitive to the 

influence of working memory and processing speed (Prifitera et al., 1998, 2005; Weiss, Saklofske, 

Prifitera, Chen, & Hildebrand, 1999).  For participants with WASI scores, we used the Tellegen & Briggs 

(Tellegen & Briggs, 1967) formula to convert WASI subtest scores into WISC-IV Index scores.  In addition, 

we collected the ADHD Rating Scale: Home Version from parents (DuPaul, Power, Anastopoulos, & Reid, 

1998). Five children in the ASD group were on stimulants that were withheld for at least 24 hours before 

scanning; in addition one child with ASD was on non-stimulant and anti-anxiety medications that could 

not be withdrawn.  All remaining children were not medicated. 

Task Procedure  

Stimuli were created in Photoshop (Adobe Systems Inc, CA), presented in E-prime (Psychological 

Software Tools, Inc, PA), and viewed via a magnet-compatible projector through a mirror mounted on 

the head coil.  Head movement was minimized with padding between the head and coil.  Body 

movement was minimized by providing ASD and control children an option of an MRI-compatible 

weighted blanket along the length of their torso and legs. 

Subjects performed two functional runs of a modified dot-probe task.  Trials consisted of a 

fixation cross presented for 600ms, followed by two photographs of faces on the left and right sides of 

the screen shown simultaneously for 500ms, followed immediately by a white star in the location of one 

of the two faces, for 200ms.  For the task, subjects were instructed to indicate which side of the screen 

the star appeared on via a button press with left or right thumb buttons.  For Angry and Happy trials, 

one of the two faces had an angry or happy expression respectively, while the other face was the same 

individual with a neutral expression (Figure 1).  For Neutral trials, both faces were identical neutral 
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emotions. All images came from the NimStim set of face images (Tottenham, Tanaka, et al., 2009). Trials 

were separated by 1300ms inter-trial intervals.  Each functional run lasted 353 seconds and consisted of 

36 Angry trials, 36 Happy trials, with target locations evenly split between emotion and neutral sides of 

the stimuli, creating congruent (target on same side as emotion) and incongruent (target on opposite 

side as emotion) trials.  Targets occurred equally on the left and right sides of the screen for emotional 

trials, as well as for 18 Neutral trials.  Stimuli were presented in a pseudo-randomized order optimized 

for event-related fMRI presentation using optseq2 (https://surfer.nmr.mgh.harvard.edu/optseq/). 

Imaging Procedure 

Functional images were acquired on a Siemens Magnetom TrioTim 3T MRI scanner using a T2*-

sensitive gradient EPI sequence with the following parameters: TR = 2500ms, TE = 30ms, 192x192mm 

FOV, and 90 degree flip angle.  Forty three 3mm thick slices were acquired in the axial plane in an 

interleaved descending sequence for 142 time points (the first 2 TRs were included for signal 

stabilization and discarded from analysis). 

Preprocessing 

Data were analyzed using SPM8 and its custom toolboxes (Wellcome Department of Cognitive 

Neurology, London, UK).   Subjects with movement greater than 3mm in the x, y, or z directions were 

excluded from analysis.  However, as even small  amounts of motion can cause errors in image 

reconstruction and spin history that are may create artifactual results in connectivity analysis, affine 

framewise displacement was also measured using the ArtRepair toolbox for SPM; subjects with more 

than 20% of volumes exceeding 0.5mm of frame-to-frame displacement were excluded from further 

analysis.  Images were slice-time and motion corrected, normalized and smoothed with an 8mm FWHM 

Gaussian kernel.  Regressors for both overall framewise displacement and instances of affine framewise 

displacement above 0.5mm were included as nuisance variables.  fMRI responses were modeled by a 
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canonical hemodynamic response function convolved with onset vectors for trials in which subjects 

accurately identified the target location within a proscribed amount of time, defined as between 200 

and 800ms following the appearance of the target, a criteria previously used in dot-probe research 

(Monk et al., 2006).  These criteria were used to maximize the likelihood of responses being related to 

involuntary attention by preventing the inclusion of responses that are likely to be guesses (< 200ms), as 

well as responses with long enough delays that conscious decision making likely influenced the response 

(> 800ms).  Condition regressors included in the model included Angry (angry and neutral face pair) and 

Happy (happy and neutral face pair) which were collapsed across congruent and incongruent trials, as 

well as Neutral trials and fixation periods.  Emotional trials were not separated by congruent and 

incongruent trials, as both contained an emotional and neutral face, and the subject of the current 

experiment was involuntary attention to faces rather than reorienting of attention following 

presentation of the target. 

Functional Connectivity 

Functional connectivity was analyzed using the Psychophysiological Interaction (PPI) toolbox in 

SPM8. Left and right amygdala ROIs based on the AAL brain atlas (Tzourio-Mazoyer et al., 2002) were 

created with the MarsBaR toolbox for SPM (Brett et al., 2002). First and second runs were analyzed 

separately to avoid introducing potential motion or signal artifacts in to the time series analysis.  For 

each run, the first eigenvariate time series of activity was extracted from all voxels within the left and 

right amygdala seed regions.  For each subject, design matrices for the left and right amygdala were 

created in which one regressor represented the deconvolved eigenvariate of the amygdala seed region, 

a second regressor represented the task contrast of interest (Angry > Neutral or Happy > Neutral), and a 

third regressor represented the cross-product of these two regressors.  This interaction term, the PPI 
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regressor, was then used as a template to interrogate similar task-related activity patterns – functional 

connectivity – across the brain. 

Results from individual subject PPI analyses for the right and left amygdala separately, were 

entered into second-level whole-brain analyses in a Analysis of Variance (ANOVA) model with Group 

(ASD, control) as a between-subjects variable and Emotion (Angry > Neutral, Happy > Neutral) as a 

within-subjects variable.  Regressors for sex, IQ, and attentional bias scores (see below) were entered 

for each subject as nuisance variables in all second-level analyses.  Regions showing a Group x Emotion 

interaction or a main effect of Group were identified at a threshold of p < 0.005, k = 50, which is a 

significance level of p < 0.05 corrected for multiple comparisons based on Monte Carlo simulation of 

random noise distribution (using 3dClustSim module of AFNI (Forman et al., 1995)).  Contrast values 

were extracted from the resulting interaction and main effects connectivity maps using the MarsBaR 

toolbox, and were used to conduct post-hoc t-tests using SPSS statistical software (http://www-

01.ibm.com/software/analytics/spss/). 

 

Results 

Behavior 

For each subject, correct responses to targets were combined to compute percent error and 

mean reaction time (RT) for Angry, Happy, and Neutral trials.  Attentional bias to Angry and Happy 

emotions was calculated separately for each subject by subtracting RT for congruent trials (target on 

same side as emotional face) from RT for incongruent trials (target on opposite side as emotional face) 

to create bias scores.  A positive bias score indicates attentional bias towards the emotional face (faster 

response to congruent than incongruent target), while a negative bias score indicates attentional bias 
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away from the emotional face (faster response for incongruent than congruent target).  As neutral trials 

do not assess attentional bias, they were measured separately for group differences using two-sample t-

tests.  Means and Standard Errors of the mean (SEM) for both accuracy and RT scores are depicted in 

Figure 2. 

For accuracy, a main effect of congruence (F(1, 52) = 5.570, p = 0.022) indicated that children 

made more errors in the incongruent than congruent condition, suggesting that attention was biased 

towards the emotional faces.  Further, there was an interaction between emotion and congruence (F(1, 

52) = 6.184, p = 0.016), showing that subjects showed greater accuracy differentials for happy trials than 

for angry trials (t(53) = 2.692, p = 0.009).  This suggests that incongruent happy trials may have had a 

more detrimental effect on response accuracy than incongruent angry trials.  No other main effects (ps > 

0.26) or interactions (ps > 0.20) were significant.  Thus, ASD and control groups showed similar 

attentional bias in accuracy for Angry and Happy stimuli.  Further, the groups did not differ in accuracy 

for Neutral trials (t(52)= 0.329, p = 0.744).   

For RT, a main effect of congruence (F(1, 52) = 13.229, p = 0.001) showed that both groups 

showed slower response times to incongruent than congruent stimuli, indicating that both groups 

showed an attentional bias towards the emotional faces relative to the neutral faces in emotional trials.  

A trend level main effect of group showed that ASD children showed faster RT than control children (p > 

0.069). No interactions were seen (ps > 0.199).  Thus, ASD and control groups showed similar attentional 

bias in RT for Angry and Happy stimuli.  ASD children showed a trend level faster RT for Neutral trials 

relative to control children (t(52)=1.82, p = 0.074).   

Functional Connectivity 

Main effect. 
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Independent of the valence of the emotional face, connectivity of the right amygdala was 

greater in the pregenual ACC [(BA 10, 32); x, y, z: 0, 47, -2; z= 3.38] in ASD relative to control children 

(Figure 3).  No region showed significant main effects for left amygdala connectivity.  These results show 

that ASD children exhibit greater right amygdala connectivity with pregenual ACC than control children 

during involuntary attention to emotional face stimuli, regardless of the valence of the facial expression.   

Group X Emotion Interaction. 

 Both right and left amygdala connectivity maps showed a Group X Emotion interaction in a 

distributed network of regions encompassing frontal, parietal, and temporal cortices, including the 

thalamus and striatal regions (see Figures 4, 5, 6 and 7 for regions and graphs).  Specifically, the 

distributed network was more positively associated with the amygdala to a greater extent in control 

than ASD children for trials with Angry faces (relative to Neutral), and more positively associated with 

the amygdala in ASD than control children for trials with Happy faces (relative to Neutral).  Conversely, 

control children showed greater amygdala connectivity for trials with Neutral faces relative to Happy, 

while ASD children showed greater connectivity for trials with Neutral faces relative to Angry.   Thus, 

network communication of the amygdala was more responsive to negative valence in control children 

but to positive valence in ASD children.  Additionally, while control children showed significant changes 

in amygdala connectivity by valence for every cluster seen in the interaction, ASD children only showed 

significant valence-related connectivity in five of the 11 clusters shown.  This suggests that ASD children 

show less valence-dependent modulation of amygdala connectivity than control children in this age 

range. 

Regions showing Group X Emotion interaction for the right amygdala included 7 clusters (Table 

1).  Cluster 1 comprised of midline and right frontal, parietal, and occipital regions, including regions in 

the middle cingulate and dorsal ACC, precuneus, paracentral lobule, insula, inferior and middle frontal 
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gyri, superior parietal lobule, superior occipital gyrus and cuneus , as well as several subcortical regions, 

including the right putamen, thalamus, pulvinar, and globus pallidus.  Cluster 2 comprised of left 

subcortical regions including the globus pallidus, thalamus, putamen as well as the left insula.  Cluster 3 

comprised of regions in the left inferior and superior parietal lobules and left precuneus.  Cluster 4 was a 

region in the left postcentral gyrus.  Cluster 5 comprised of regions in the right precentral and 

postcentral gyri.  Cluster 6 was a region in the right superior and middle temporal gyri.  Cluster 7 was in 

the right supramarginal gyrus. 

Regions showing Group X Emotion interaction for the left amygdala included 4 clusters (Table 2).  

Cluster 1 comprised of bilateral frontal and parietal regions, including bilateral precentral, paracentral, 

inferior and superior parietal, and inferior frontal gyri, and supplementary motor area, as well as left 

postcentral gyrus, insula, heschls gyrus and superior temporal gyrus and right middle cingulate gyrus.  

Also included were subcortical regions, including bilateral thalamus, left putamen, left caudate, and left 

pallidum.  Cluster 2 comprised of regions in the right middle and superior temporal gyri.  Cluster 3 

consisted of bilateral dorsal ACC.  Cluster 4 consisted of regions in left middle frontal gyrus.  

These results show that while the emotional content of involuntarily attended facial expressions 

has widespread effects on the connectivity of both the left and right amygdala, these effects are 

different for typically developing and ASD children.  Specifically, while typically developing children show 

increased amygdala connectivity for negative emotional valence, amygdala connectivity increases in ASD 

children for positive valence.   
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Discussion 

Functional connectivity of the amygdala during involuntary attention to emotional faces differed 

between ASD and control children, despite similar behavioral performance.   ASD children showed a 

main effect of increased connectivity between the right amygdala and pregenual ACC relative to control 

children for both Angry and Happy trials relative to Neutral.  Additionally, group differences in amygdala 

connectivity depended on emotional valence in regions involved in spatial orienting, including the 

superior parietal lobe, intraparietal sulcus, temporoparietal junction, dorsofrontal cortices and thalamus 

(Corbetta & Shulman, 2002; Keehn et al., 2013; Posner & Petersen, 1990) , as well as regions involved in 

face processing and salience, including the STS, ACC, and insula (Adolphs, 2001; Menon & Uddin, 2010; 

Sturm et al., 1999).  Specifically, amygdala connectivity with these regions in control children was 

stronger for Angry than Neutral trials, while ASD children showed stronger connectivity for Neutral than 

Angry trials.  Control children also showed greater amygdala connectivity with these regions for Neutral 

than Happy trials, while ASD children showed greater connectivity for Happy than Neutral trials.  

Together, these findings suggest that ASD children have abnormal functional connectivity of the 

amygdala in involuntary processing of emotional stimuli in this age range, as they do not show the 

pattern of stronger connectivity in response to more negative stimuli seen in age-matched control 

children. 

 Our behavioral findings indicate that emotional faces involuntarily draw the attention of both 

ASD and control children to a similar degree relative to neutral faces.  The task, responding to the 

location of the target stimulus, does not require attention to the facial stimuli.  However, as the location 

of the emotional face impacted reaction times for task performance, it provides behavioral evidence for 

spontaneous and involuntary attention to the emotional content of face stimuli. This is an important 

consideration, as failure to account for differences between groups in time of attention to face stimuli 



55 

 

has been implicated in disparate findings of hyper- or hypoactivation of the amygdala (Dalton et al., 

2005; Monk et al., 2010).  However, given the similar pattern of bias between groups, and the short 

presentation time of emotional face stimuli, we do not believe that duration of attention to stimuli 

affected amygdala activation or, by extension, functional connectivity results. 

A main effect of group was seen in functional connectivity results, with ASD children showing 

stronger right amygdala connectivity than controls with pregenual ACC for both Angry and Happy 

relative to Neutral trials.  The pregenual ACC has been posited to be a key node of a network (with 

anterior insula and thalamus) that monitors and alerts an individual to emotional salience (Menon & 

Uddin, 2010) and integrates interoceptive information with emotional salience to assess bodily states 

(Taylor, Seminowicz, & Davis, 2009).  While the pregenual ACC has been shown to be responsive to pain 

and noxious stimulation (Vogt, 2005) it also shows increased activation to happiness (Phan, Wager, 

Taylor, & Liberzon, 2002).  Of particular interest, many anxiety disorders show excessive activation of 

both amygdala and pregenual ACC to emotional stimuli (Etkin & Wager, 2007; Shin & Liberzon, 2009).  

As ASD is highly comorbid with anxiety, particularly in childhood and adolescence (White, Oswald, 

Ollendick, & Scahill, 2009), the increased right amygdala connectivity with pregenual cingulate for both 

Happy and Angry trials is likely indicative of hyperactivity of salience processing regions.    A recent 

finding of increased resting-state functional connectivity of a salience network in ASD children (Uddin et 

al., 2013) further supports this hypothesis.  The pregenual ACC has also been implicated in the 

regulation of emotional responses (Albert et al., 2012), and is also active when redirecting attention 

from emotional content that interferes with a task (Shafritz et al., 2006).  It is possible that increased 

salience of facial stimuli in ASD may also be leading to increased effort to modulate attention to those 

stimuli. 



56 

 

The finding of increased right amygdala connectivity with the pregenual ACC is also consistent 

with findings of decreased habituation of right amygdala in ASD in response to face stimuli (Kleinhans et 

al., 2009; Swartz et al., 2013), which is thought to reflect extended shallow and reactive processing of 

social stimuli relative to controls.  Increased connectivity of the right amygdala with a region that 

processes salience suggests that children with ASD register the occurrence of an emotional face, or at 

least a difference between the two faces being presented in emotion conditions, as salient to a stronger 

degree and/or for a longer duration than do control children.  Modulation of this reactive activation by 

the ACC would therefore serve to reduce the effect of this lack of habituation. 

In control children increased functional connectivity between amygdala and regions involved in 

salience, orienting, and cognitive control was seen for Angry relative to Neutral stimuli, while amygdala 

connectivity with these regions was increased in Neutral relative to Happy trials.  This pattern suggests 

that amygdala connectivity with these regions is related to the processing of salient non-rewarding 

social information in control children.  While previous studies have shown that the amygdala is 

responsive to both threatening and rewarding stimuli such as angry and happy emotions (Murray, 2007), 

the observed patterns of amygdala connectivity seen here, in which connectivity is stronger for Angry 

than Neutral trials, but is stronger for Neutral than Happy trials, suggests that for control children the 

functional connectivity seen between these regions is related to the relative negative valence of one 

stimulus type to another, rather than to the general salience of the emotional content.  In a study of 

neural response to negative and neutral facial emotions, adolescents showed greater modulation of 

attention regions to the emotional faces than adults, suggesting that less mature attention systems are 

more easily modulated by negative emotional content (Monk et al., 2003).  Further, an fMRI study of 

children in the same age range as the current study found that children showed greater activation of the 

amygdala to neutral than fearful faces (Thomas et al., 2001), suggesting that younger individuals not 

only may perceive neutral faces as more negative, but that amygdala response to stimuli that elicit 
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avoidance responses may be stronger than to stimuli that elicit approach, as fearful faces have been 

found to do (Marsh, Ambady, & Kleck, 2005).  Neutral faces, such as those used in the current task, are 

thought to be highly ambiguous, and thus may appear more threatening (Lee, Kang, Park, Kim, & An, 

2008).  As a result, emotional researchers have advocated using faces with a slight smile as a “neutral” 

stimulus to reduce their threatening appearance.  This suggests that, when comparing amygdala 

connectivity between conditions that may elicit avoidance responses in children (Neutral) compared to 

those that elicit approach responses (Happy), we would expect to see regions involved in orienting and 

salience to be more functionally connected to the amygdala during Neutral trials than Happy.  

Importantly, the above discussed differences in valence were evoked during very brief (500 ms) and 

incidental (no task is required for the faces) presentation that is posited to elicit early visual attentional 

processes. 

In the context of this understanding of amygdala connectivity in control children, the 

connectivity patterns seen in children with ASD suggest that emotion-based connectivity differences 

exist in this group as well, but that the relative salience of Angry and Happy expressions to Neutral 

expressions may differ from control children.  Of the clusters in which Group x Emotion interactions in 

connectivity are seen, fewer regions show significant group differences in the Angry > Neutral contrast 

than the Happy > Neutral contrast.  One potential explanation for this is that children with ASD may be 

better able to distinguish happy faces from neutral than they are angry faces.  A behavioral study of 

facial expression recognition in adults with ASD showed that angry faces were significantly less likely to 

be correctly identified than happy or neutral faces, and that happy faces were the most likely to be 

correctly identified (Wallace, Coleman, & Bailey, 2008).  Additionally, previous work has shown that 

when gaze is manipulated to force attention to the eyes of face stimuli, children and adults with ASD 

show stronger amygdala reactions to neutral than angry faces, and that the strength of this amygdala 

activation was related to the level of threat rating for neutral faces (Tottenham et al., 2013), while eye 



58 

 

contact avoidance is also strongest with Neutral faces in ASD (Kliemann et al., 2012).  This may be 

related to the relative social ambiguity of neutral faces relative to negative faces, eliciting stronger 

amygdala responses as a result, a finding often seen in younger children relative to older (Tottenham, 

Hare, & Casey, 2009).  As the stimuli in the Neutral condition consisted only of two neutral faces, it is 

possible that increased amygdala connectivity during Neutral trials reflects the higher likelihood of 

attention towards (or shifts away from) a neutral face than during an emotional trial. 

The increased amygdala connectivity seen in ASD subjects for Happy relative to Neutral trials 

likely reflects abnormal amygdala activation in response to happy faces in ASD relative to control 

children.  A previous study also using an emotional dot-probe task not only found that adults with ASD 

showed significantly increased activation of the right amygdala for the Happy > Neutral contrast relative 

to controls while no group difference existed for the Angry > Neutral contrast, but that ASD subjects 

showed increased right amygdala activation to Happy relative to Neutral stimuli while control subjects 

showed no difference in amygdala activation between the two conditions (Monk et al., 2010).  Based on 

those results, increased functional connectivity of orienting and salience regions with amygdala in ASD 

children during Happy trials may be due to abnormally large difference in amygdala response to the 

happy and neutral face pair that make up the Happy trials relative to the two neutral faces in the 

Neutral trials that does not exist in control children.   

There are some inherent limitations to this study.  First, as there was no eye-tracking 

component to the task, there is no definitive way of knowing where attention was actually focused 

during the presentation of the stimuli.  While behavioral measures give strong evidence that attention 

was eventually biased in the direction of emotional faces within a fairly short response time, it is 

ultimately unclear whether attention may have been differentially biased towards emotional faces or 

away from neutral faces.  Future studies using the dot-probe paradigm should incorporate eye tracking 
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measures, particularly if investigating differences involving either social disorders, such as ASD, or age 

differences, as interpretation of neutral faces changes with age, and may influence bias results.  Second, 

because of the fast event-related nature of the task, it was impossible to ascertain whether children 

correctly interpreted the emotions on the faces of the stimuli.  While behavioral results indicated that 

children in both groups were biased towards emotional faces, it is possible that misinterpretations of 

stimuli, particularly neutral and angry emotions for each other, may have influenced behavioral and 

neural responses, particularly in this young age range.  Similarly, with no insight into the subjective 

experience of the stimuli, it is difficult to determine the precise meaning of amygdala connectivity with 

salience processing regions such as the pregenual ACC, particularly whether it reflects aversion or a 

general registration of salience.  Third, while PPI is a strong method for evaluating whole-brain 

functional connectivity with an a-priori seed region, the method is unable to determine the 

directionality of connectivity, and thus whether differences are being driven by the seed region.  

However, as the amygdala shares reciprocal connections with many of the regions it is structurally and 

functionally connected with, the utility of this type of directional information would be marginal in this 

case.  Finally, while the children tested in this study add to our understanding of developmental 

differences in amygdala connectivity, deficits in social attention and interaction in ASD are present by 

the second year of life, and abnormalities in amygdala connectivity likely begin prior to that time.  

However, given the low tolerance of movement in fMRI and the inability for scalp-mounted imaging 

technologies, such as electroencelephograph or near infrared spectroscopy, to accurately detect signal 

from subcortical regions such as the amygdala, this study likely approaches the younger limit for ASD 

subjects in task-related functional connectivity studies. 
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Conclusions 

 The findings in this study show that children with ASD show abnormal amygdala connectivity 

when orienting to emotional faces, and that some of the abnormal connectivity appears to be related to 

attention to emotional faces regardless of valence, while some is valence-dependent.  Increased right 

amygdala connectivity with pregenual ACC across emotions in ASD relative to control children suggests 

increased attribution of salience to emotional faces in general, and increased attempts to modulate the 

affective response of the amygdala.  Increased functional connectivity with attentional orienting and 

emotion processing regions for happy relative to neutral faces suggests abnormal processing of 

rewarding emotional stimuli.  Conversely, increased connectivity to neutral relative to angry faces in ASD 

suggests abnormal processing of negative affect, though it is unclear whether this processing is 

abnormal for neutral faces, angry faces, or both.  These findings support the hypothesis that involuntary 

orienting to face stimuli in ASD is related to both abnormal reward processing and abnormal salience 

attribution of faces, and contribute to the understanding of abnormal social orienting in ASD. 
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Table 1  
Clusters showing a group x emotion interaction for right amygdala connectivity   
 
Cluster Region BA X Y Z Z value 

       

Cluster 1 left middle cingulate cortex 24, 32 -15 -28 52 4.31 

 right precuneus 7 15 -49 49 4.26 

 right paracentral lobule 5 15 -40 49 4 

 right hippocampus  36 -10 -11 3.85 

 right putamen  30 8 10 3.8 

 right middle cingulate gyrus 24 12 -19 37 3.8 

 right pulvinar  24 -28 19 3.69 

 right thalamus  18 -13 13 3.67 

 right insula 13 36 2 7 3.59 

 right inferior frontal gyrus 45 45 11 4 3.56 

 right rolandic operculum 13 42 -7 16 3.52 

 right heschls gyrus 13 39 -28 7 3.49 

 left precuneus 7 -6 -58 55 3.45 

 right superior parietal lobule 7 24 -49 58 3.43 

 right superior occipital gyrus 7 21 -73 31 3.43 

 right middle frontal gyrus 9 39 23 37 3.35 

 right dorsal anterior cingulate cortex 24, 32 18 26 25 3.33 

 right posterior hippocampus  30 -37 4 3.28 

 right cuneus/ superior occipital gyrus 7 18 -76 34 3.25 

 right globus pallidus  18 -4 1 3.21 

       

Cluster 2 left globus pallidus  -15 -7 1 3.94 

 left thalamus  -18 -13 1 3.94 

 left insula 13 -33 -10 10 3.44 

 left putamen  -21 -7 16 3.24 

       

Cluster 3 left inferior parietal lobule 40 -30 -37 34 3.63 

 left precuneus 7 -6 -58 55 3.45 

 left superior parietal/precuneus 7 -15 -58 55 3.06 

       

Cluster 4 left postcentral gyrus 4, 6, 43 -63 -10 19 3.83 

       

Cluster 5 right precentral gyrus 6 45 -10 46 3.18 

 right precentral /postcentral gyrus 6 57 -4 40 3.07 

       

Cluster 6 right superior/mid temporal gyrus 22 66 -31 1 3.91 

       

Cluster 7 right supramarginal gyrus 40 66 -37 25 3.49 
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Table 2 
Clusters showing a group x emotion interaction for left amygdala connectivity   

Left Amygdala Region BA X Y Z Z value 

       

Cluster 1 left putamen  -30 -25 7 4.29 

 left precentral gyrus 4 -18 -22 55 4.28 

 left inferior parietal lobule 40 -51 -49 49 4.18 

 right paracentral lobule  15 -34 52 4.07 

 left postcentral gyrus 4, 43 -63 -13 16 4.03 

 left paracentral lobule 6 -9 -28 52 4 

 left inferior parietal lobule/angular gyrus 7 -30 -52 37 3.92 

 left thalamus  -15 -10 1 3.9 

 right supplementary motor area 6 6 11 46 3.81 

 left insula 13 -33 -10 13 3.76 

 left heschls gyrus 41 33 -28 10 3.74 

 right middle cingulate cortex 24, 31 6 -19 43 3.72 

 right precentral gyrus 6 60 -7 43 3.7 

 left supplementary motor area 6 -6 -16 52 3.62 

 left inferior frontal/rolandic operculum 6, 44 -48 2 10 3.56 

 left caudeate  -9 2 19 3.55 

 left superior parietel lobe 7 -36 -70 49 3.55 

 right thalamus  12 -13 19 3.54 

 right inferior frontal gyrus 6, 44 51 5 10 3.54 

 right precentral gyrus/middle frontal 8 42 5 46 3.54 

 left putamen/pallidum  -24 -13 1 3.53 

 right inferior parietal lobule 40 42 -52 46 3.52 

 left superior temporal gyrus 38 -48 -16 -5 3.51 

       

Cluster 2 right middle frontal gyrus 9, 10 39 50 28 3.49 

 right superior frontal gyrus 10 18 62 28 3.31 

 right middle frontal gyrus 46 48 41 22 2.78 

       

Cluster 3 left dorsal anterior cingulate cortex 24 0 29 16 3.43 

 right dorsal anterior cingulate cortex 32 3 41 16 3.21 

       

Cluster 4 left middle frontal gyrus 8 -45 26 43 3.24 

 left middle frontal gyrus 9 -39 17 37 2.83 
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Figure 1. Example of Happy trial stimulus.  Faces are simultaneously shown for 500ms then disappear.  

Target immediately appears in location of either happy or netural face for 200ms to create congruent or 

incongruent condition respectively.  RT differences between response to congruent and incongruent 

targets gives a measure of attentional bias towards the emotional face. 
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a)  

b)  

Figure 2. Accuracy (a) and Reaction Time (b) scores for Neutral, Congruent, and Incongruent trial types. 

Error bars show SEM. 
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Figure 3. Main effect of Group for right amygdala connectivity showing greater functional connectivity 

with pregenual ACC in ASD relative to control children, independent of emotional valence during the 

Dot-probe task.  
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Figure 4. Beta values of right amygdala connectivity for activation clusters found in Group X Emotion 

interaction.  Error bars show SEM. 
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Figure 5: Regions showing a Group x Emotion interaction of functional connectivity with the right 

amygdala.  All regions shown have greater functional connectivity in control children for the Angry > 

Neutral contrast, and greater functional connectivity for ASD children for the Happy > Neutral contrast. 
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Figure 6. Beta values of left amygdala connectivity for activation clusters found in Group X Emotion 

interaction.  Error bars show SEM. 
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Figure 7. Regions showing a Group x Emotion interaction of functional connectivity with the left 

amygdala.  All regions shown have greater functional connectivity in control children for the Angry > 

Neutral contrast, and greater functional connectivity for ASD children for the Happy > Neutral contrast. 
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CHAPTER IV: ATYPICAL FUNCTIONAL CONNECTIVITY OF THE AMYGDALA IN CHILDHOOD AUTISM 

SPECTRUM DISORDERS DURING SPONTANEOUS ATTENTION TO EYE-GAZE  

 

This chapter has been published as: Murphy, E. R., Foss-Feig, J., Kenworthy, L., Gaillard, W. D., Vaidya, C. 
J. (2012). Atypical functional connectivity of the amygdala in childhood ASD during spontaneous 
attention to eye-gaze. Autism Research and Treatment. 2012, ID 652408, 12p. 

 

 

Introduction 

 Autism Spectrum Disorders (ASD) are a class of neurodevelopmental disorders that share a trio 

of core symptoms: atypical social behavior, disrupted verbal and non-verbal communication, and 

patterns of restricted interests and repetitive behaviors.  While the etiology is still unknown, there is 

growing consensus that ASD is a disorder of altered communication among brain regions indexed by 

atypical functional neural connectivity (Courchesne & Pierce, 2005; Frith, 2004; Geschwind & Levitt, 

2007).  Functional connectivity is measured by the temporal correlation of regions visualized using 

functional magnetic resonance imaging (fMRI).  Multiple studies have documented reduced functional 

connectivity in ASD, particularly between frontal and parietal cortex during social [e.g., face processing 

(Kleinhans et al., 2008); theory of mind (Kana, Keller, Cherkassky, Minshew, & Just, 2009)], language 

[e.g., sentence comprehension (Just, Cherkassky, Keller, & Minshew, 2004)], and executive (Schipul, 

Keller, & Just, 2011) functions.  Further, reduced functional connectivity in ASD subjects has also been 

observed during the task-free resting state (Anderson et al., 2011; Assaf et al., 2010; Cherkassky, Kana, 

Keller, & Just, 2006; Kennedy & Courchesne, 2008; Weng et al., 2010). While evidence for 

underconnectivity in ASD is extensive, it is not consistent as increased functional connectivity during 

both task and resting states has also been observed in thalamocortical (Mizuno, Villalobos, Davies, Dahl, 

& Müller, 2006), striatocortical (Di Martino et al., 2011; Turner, Frost, Linsenbardt, McIlroy, & Müller, 
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2006), and corticocortical (Monk et al., 2009; Noonan, Haist, & Müller, 2009) circuits.  Thus, it appears 

that the nature of disruption in communication in ASD likely depends upon the specific task-demands 

and the functional circuit it engages.      

 Reduced attention towards faces and eyes, stimuli that are important for gleaning social and 

emotional information, is common in ASD, and is thought to underlie poor social communication – a 

core symptom of the disorder (Baron-Cohen et al., 1994). Eye-gaze conveys information about 

emotional expression and mental state such as objects of interest in the environment (Emery, 2000; 

Frischen, Bayliss, & Tipper, 2007).  Attention towards eyes is observed in the first few months of life 

(Hainline, 1978), and continues to develop as eye-gaze is used for increasingly complex social cognition, 

including recognition of when to begin and end social communication (Hains & Muir, 1996) and in 

referencing objects outside ones’ visual field (Corkum & Moore, 1998).  Eye-gaze remains highly salient 

through adulthood, as evidenced by Stroop-interference from eye-gaze when it is irrelevant to the task 

at hand (Barnes et al., 2007; Schwartz, Vaidya, Howard, & Deutsch, 2010; Vaidya et al., 2011).  This 

finding extends to children with ASD (Vaidya et al., 2011) despite observations of decreased or delayed 

spontaneous attention towards social stimuli (Dawson et al., 1998; S. Leekam, Baron‐Cohen, Perrett, 

Milders, & Brown, 1997; Leekam et al., 1998).  Further, ASD subjects attend to gaze when required by 

the task as evidenced by intact gaze discrimination (Leekam et al., 1997) and shifting of spatial attention 

in response to gaze (Kylliäinen & Hietanen, 2004).  However, intact behavioral performance in ASD 

children appears to stem from atypical engagement of underlying neural circuitry as ASD children 

activated regions (e.g., medial temporal lobe and dorsolateral prefrontal cortex) not activated by control 

children during Stroop-interference from eye-gaze (Vaidya et al., 2011). Whether functional connectivity 

of gaze-processing regions also differs during control of attention to eye gaze in children with ASD is not 

known. 
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 Functional brain imaging studies with typically developing individuals have identified a neural 

network involved in attention to social information. This network includes the amygdala, posited to 

encode emotional valence (Whalen et al., 1998), the superior temporal sulcus (STS), posited to be 

involved in processing eye gaze (Adolphs, 2001), the dorsal anterior cingulate cortex (dorsal ACC), 

thought to be important for assigning value to social stimuli (Behrens, Hunt, Woolrich, & Rushworth, 

2008), anterior insula and thalamus, posited to be important for identifying salient information, 

including social stimuli (Menon & Uddin, 2010), and the posterior cingulate cortex , posited to evaluate 

visual information for emotional content (Vogt et al., 2006).  In the ACC, the pregenual anterior 

cingulate cortex (pregenual ACC) is involved in the visceral response to negative stimuli, both physical 

and social (Vogt, 2005), while subgenual anterior cingulate cortex (subgenual ACC) is involved in the 

cognitive modulation of attention towards socio-emotional stimuli (Etkin, Egner, & Kalisch, 2011).  The 

orbitofrontal and ventrolateral prefrontal cortex - particularly the pars triangularis of the inferior frontal 

gyrus (IFG) - underlie the regulation of goal directed inhibition in response to social stimuli (Bachevalier 

& Loveland, 2006; Schulz et al., 2009).  

 We examined whether the functional connectivity of the amygdala to the distributed network of 

regions described above differed between 7-13 year-old children with and without ASD, during 

spontaneous eye-gaze processing in the context of emotional faces.  Children performed a Stroop-like 

task in which they responded to the direction indicated by a word (LEFT or RIGHT) positioned on the 

nasion of faces with angry or fearful expressions (Barnes et al., 2007; Schwartz et al., 2010).  Across 

trials, faces varied in the direction of their eye-gaze such that relative to the target word, it was either 

congruent (leftward gaze and “LEFT” word), incongruent (leftward gaze and “RIGHT” target word), or 

irrelevant (neutral - central gaze and “LEFT” or “RIGHT” word).  As the direction of eye-gaze is irrelevant 

to the task requirements (responding to the target word), it ought not to influence behavior.  If it does 

influence behavior, however, it indicates that subjects spontaneously attended to eye-gaze.  Further, 
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contrasting the three types of trials allows examination of component processes following spontaneous 

attention to eye-gaze.  Behaviorally, faster or more accurate responses on congruent relative to neutral 

trials indicate response selection that is aided by attending to eye gaze (termed facilitation).  In contrast, 

slower or error-prone target responses on incongruent relative to congruent trials indicate response 

selection in the context of resolving conflict between two response plans, one associated with the target 

word and the other with the interfering eye gaze (termed interference).  These predicted behavioral 

outcomes, interference and facilitation, provide evidence of spontaneous processing of eye gaze with 

and without cognitive control, respectively.  While facial expression is irrelevant to task requirements, 

past findings with this task indicate that the valence of facial expression modulated task performance.  

Interference from eye-gaze was greater for angry than fearful faces in typically developing 10-13 year-

old children (Barnes et al., 2007) but greater for fearful than angry faces in middle-aged healthy adults 

and patients with schizophrenia (Schwartz et al., 2010).  Thus, facial emotion potentiates the effect of 

eye-gaze in this task.  Two negative emotions, anger and fear, were included in order to prevent subjects 

from habituating to a single emotion.  As habituation of amygdala response to single emotions is 

commonly observed (Breiter et al., 1996), this design attempted to minimize it.   

   We used a psychophysiological interaction analysis to assess functional connectivity of the 

amygdala during facilitation and interference.  We restricted our examination to the network of regions 

discussed above, by creating an anatomical mask comprising the amygdala, superior temporal sulcus, 

insula, thalamus, posterior cingulate, anterior cingulate, orbitofrontal cortex, and inferior frontal gyrus.  

We used an anatomical mask of the left and right amygdala as seed regions, upon confirming that both 

groups showed activation in either the left or right amygdala during task performance relative to 

fixation.  In order to determine whether connectivity differed by hemisphere, we directly compared left 

and right connectivity maps within each group.  We did not have specific laterality predictions as past 

findings of laterality in amygdala involvement come from intentional rather than incidental encoding of 
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social emotional information.  We predicted the following regarding group differences based upon past 

findings: We expected children with ASD to show as much facilitation and interference as controls 

(Vaidya et al., 2011).  We predicted that amygdala connectivity would be reduced with STS (Vaidya et al., 

2011; Pelphrey, Morris, & McCarthy, 2005) during facilitation and would be increased with ACC and 

prefrontal regions during interference (Vaidya et al., 2011) in ASD relative to control children.  These 

findings would parallel those from cited studies above, which show lower STS and higher prefrontal 

activation in ASD subjects during gaze processing and its cognitive control, respectively.  Additionally, we 

predicted atypical connectivity of regions implicated in recognizing the salience of emotional stimuli, 

including the insula and thalamus based on findings suggesting abnormal amygdala activity and 

connectivity is related to the salience of social stimuli in ASD (Kleinhans et al., 2010; Monk et al., 2010; 

Weng et al., 2011).   

 

Materials and Methods 

 

Subjects 

Twelve ASD (nine males; Age: M=10.42 years SD=1.28; IQ: M=116.27 SD=15.78, measured by 

WISC-III) and thirteen typically developing [10 males; Age: M=11.05 SD=1.33; IQ: M=115.92 SD=13.35, 

estimated by WISC-III Block design and Vocabulary subtests (Strauss, Sherman, & Spreen, 2006)] 

children were paid for participation; two more ASD children participated but were excluded due to 

failure to withdraw stimulant medication during scanning.  Children were right-handed, with Full Scale 

IQ above 85, and without history of seizure disorder, current antipsychotic or neuroleptic medication, 

and metal implants or braces; one ASD child did not complete IQ testing.  There were no group 

differences in age (p = 0.26) or IQ (p = 0.94).  In the ASD group, six children were prescribed stimulants 

that were withheld for at least 24 hours prior to scanning.  Further, one child was on a non-stimulant 
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ADHD medication, four children were on antidepressants and one on hypertensive medication that 

could not be withheld. 

ASD children were diagnosed via clinical interview (by author LK) based upon DSM-IV criteria; six 

had diagnoses of Autistic Disorder, four of Asperger’s Disorder, and two of Pervasive Developmental 

Disorder – Not Otherwise Specified.  Diagnosis was confirmed by Autism Diagnostic Interview-Revised 

[ADI-R (Lord et al., 1994)] and the Autism Diagnostic Observation Schedule-Generic [ADOS-G (Lord et al., 

2000)] in seven children; the remaining five children did not complete either evaluation (Table 1).  

Control children were screened for history of neurological and psychiatric conditions by interview, for 

attentional and emotional problems by Child Behavior Checklist (Achenbach, Howell, Quay, Conners, & 

Bates, 1991), and for reading problems by Word Attack and Letter Word Identification subtests of the 

Woodcock-Johnson Tests of Achievement (scores > 85).  All control children were screened for siblings 

with ASD.  Further, parents of all children (except two controls and one ASD) completed the Childhood 

Asperger’s Syndrome Test (CAST (Williams, 2005), a measure of the number of Asperger-like symptoms 

exhibited by the child.  This test is a screening measure that was developed in the UK and a cut-off of 15 

is recommended.  As expected, scores were higher in ASD (M=16.9; SD=4.97; Range=8-27) than in 

control (M=4.77; SD=2.92; Range=1-12) children, t (21) = 7.5, p < 0.0001.  For the two ASD who children 

who scored below cut-off (score 8 and 14) and for the one ASD child who did not complete the CAST, 

diagnosis was confirmed with both ADI-R and ADOS-G in both children.  No control children scored 

above cut-off.  

Task Procedure 

 Stimuli were created in Photoshop (Adobe Systems Inc, CA), presented in E-prime (Psychological 

Software Tools, Inc, PA), and viewed via a magnet-compatible projector through a mirror mounted on 

the head coil.  Head movement was minimized with padding between the head and coil. 
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 Subjects performed two functional runs of the Stroop-like task, with gaze as a distracter cue.  

Stimuli consisted of color photographs of faces of 15 individuals (7 male) showing angry or fearful 

emotional expression [from (Hoffman & Haxby, 2000)], each with gaze directed to the left, right, or 

center.  For two ASD children, only one run was included as the other exceeded criteria for acceptable 

head motion. A target word (LEFT or RIGHT) was presented in uppercase letters on the nasion of faces 

(see Figure 1).  For the task, subjects were instructed to focus on the word and press a button as fast 

and accurately as possible with their right hand, index finger for “LEFT” and middle finger for “RIGHT”.   

On Incongruent trials gaze direction was opposite that indicated by the target word, while on Congruent 

trials gaze matched target word direction.   For Neutral trials, gaze was directed centrally, and thus was 

unrelated to the target word direction.   

Each functional run lasted 325 seconds and consisted of 3 cycles, each cycle comprising three 

blocks of Incongruent, Congruent, and Neutral trials.  The order of the three blocks was randomized in a 

latin-squares fashion across the three cycles.  Each block consisted of 10 trials and lasted for 25 seconds; 

in order to minimize the predictability of the type of upcoming trials, two Neutral trials were 

interspersed randomly in the Incongruent and Congruent blocks.  Stimuli within blocks consisted entirely 

of one emotion (Anger or Fear).  The two Neutral trials within Incongruent and Congruent blocks 

maintained the emotional content of the other stimuli in the block.    Each trial consisted of presentation 

of the visual display for 1000 ms, followed by a 1500ms lag.  Blocks were separated by 5 fixation trials 

lasting 12.5 seconds.  Two runs of the task were performed, each containing fear and anger blocks 

resulting in three blocks of each combination of emotion and congruency across the two runs. 

Imaging Procedure 

 A high-resolution sagittal T1-weighted scan was acquired on a Siemens Trio 3.0T MRI scanner 

using a 3D MPRAGE sequence with a scan time of 6:51 min and the following parameters: TR=1600 ms, 
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TE=4.4 ms, 256x256 mm FOV, 160 mm slab with 1 mm thick slices, 256x256x160 matrix (effective 

resolution is 1.0 mm3), 1 excitation, and a 15 degree flip angle.  Functional images were acquired using a 

T2*-sensitive gradient echo pulse sequence with the following parameters: TR=2500 ms, TE=30 ms, 

256x256 mm FOV, 64x64 acquisition matrix, and a 90 degree flip angle.  Forty-two 4 mm thick slices 

were acquired descending in the transverse plane for 132 time points (the first 2 TRs were included for 

signal stabilization and discarded from analysis). 

Preprocessing 

Data were analyzed using SPM8 and its custom toolboxes (Wellcome Department of Cognitive 

Neurology, London, UK).  Images were realigned and motion-corrected using the INRealign toolbox 

(Freire, Roche, & Mangin, 2002).   All included subjects had less than 4 mm of head movement in x, y, or 

z directions.  However, even small amounts of motion (e.g., 1 mm) can cause errors in image 

reconstruction and spin history that are particularly problematic for functional connectivity analysis.  

Therefore, custom methods used in other pediatric studies (Singh et al., 2010) were used to minimize 

motion artifact using the ArtRepair toolbox (Mazaika, Hoeft, Glover, & Reiss, 2009). Volumes with 

excessive scan-to-scan motion and large global signal change (defined as 0.5mm/TR and 1.5% SD from 

grand mean signal) were identified and repaired based on a linear interpolation from nearest sub-

threshold volumes.   However, this method is likely to produce artifactual activation in the event that a 

large number of volumes (e.g., 30%) require repair.  Thus, for those subjects (2 ASD, 3 Control), motion 

artifact components were identified with Independent Component Analysis (Tohka et al., 2008) using 

the Melodic toolbox in FSL (Beckmann & Smith, 2004); these components were included as regressors of 

no interest during model estimation.  Motion corrected data were then normalized into the MNI EPI 

template and resampled to 4 X 4 X 4 mm3 voxels.  Normalization of pediatric samples to adult 

stereotactic space has been validated in children as young as 6 years (Muzik, Chugani, Juhász, Shen, & 
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Chugani, 2000).  Normalized image volumes were spatially smoothed using a 10 mm full width at half-

maximum Gaussian kernel and temporally filtered (high-pass filter: SPM default 128s).  fMRI responses 

were modeled by canonical hemodynamic response function with a boxcar function lasting for the 

duration of each block.  To maximize statistical power, blocks were collapsed across emotion, such that 

task blocks consisted only of Neutral, Congruent, and Incongruent conditions. 

Functional Connectivity  

Functional connectivity was analyzed using the Psychophysiological Interaction (PPI) toolbox in 

SPM8.  Amygdala ROIs were created based on the AAL (Tzourio-Mazoyer et al., 2002) brain atlas with 

the MarsBaR toolbox for SPM (Brett et al., 2002).  First and second runs were analyzed separately to 

avoid introducing potential motion or signal artifacts into the time series analysis.  For each run, the first 

eigenvariate time series of activity was then extracted from normalized non-smoothed data (to avoid 

signal contamination from non-amygdala brain regions) for all voxels within the seed ROI. For each 

subject, a design matrix was created in which one regressor represented the deconvolved eigenvariate 

of the amygdala seed region, a second regressor represented the task contrast of interest [facilitation 

(Congruent > Neutral) or interference (Incongruent > Congruent)], and a third regressor represented the 

cross-product of these two regressors.  This interaction term, the PPI regressor, was then used as a 

template to interrogate similar task-related activity patterns – functional connectivity – across the brain. 

Results from individual subject PPI analyses were used to conduct second-level analysis 

restricted to a bilateral anatomical mask encompassing the cingulate gyrus, STS, OFG, IFG, insula and 

thalamus created using the WFU pickatlas (Maldjian, Laurienti, Kraft, & Burdette, 2003). For facilitation 

and interference separately, connectivity maps for the right and left amygdala were compared within 

each group with a paired t-test to identify laterality differences.  Further, for the right and left amygdala 

maps, separately, groups were compared with two-sample t-tests.  For both within and between group 
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comparisons, a threshold of p < 0.01, k= 37 was used, which is a significance level of p < 0.05 corrected 

for multiple comparisons based on Monte Carlo simulation of random noise distribution [using 

3dClustSim module of AFNI (Forman et al., 1995)].  

Results 

Behavior 

For each subject, correct left and right key presses were combined to compute percent error 

and mean response latency for accurate Incongruent, Congruent, and Neutral trials (Figure 1). Group X 

Trial-type analyses of variance (ANOVAs) were computed to assess group differences in facilitation 

(Congruent vs Neutral) and interference (Incongruent vs Congruent), separately for reaction time and 

percent accuracy.  Average total omission rate was 0.85% for controls and 1.46% for ASD, with no group 

differences seen in omitted responses (p=0.38), and no subject omitting more than two responses in any 

task block (Table 2). 

Facilitation (Congruent vs Neutral). 

A main effect of Trial-type revealed significant facilitation, decreased response time, F (1, 23) = 

6.53, p = 0.02 and fewer errors, F (1, 23) = 8.33, p = .003, for Congruent than Neutral trials.  Group 

differences did not reach significance for either response time (p =0.15) or accuracy (p = 0.65).  Further, 

Group X Trial-type interaction was also not significant for response time (p = 0.45) or accuracy (p = 0.79).  

Thus, attention to eye gaze facilitated responses similarly for ASD and control children. 

Interference (Incongruent vs Congruent). 

 A main effect of Trial-type revealed significant interference, increased response time, F (1, 23) = 

23.49, p < 0.001 and increased errors, F (1, 23) = 9.23, p = 0.006, for Incongruent than Congruent trials.  

Group differences did not reach significance for accuracy (p = 0.77), though response time was slightly 
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slower for ASD subjects (p = 0.04). However, Group X Trial-type interaction was not significant for 

response time (p = 0.31) or accuracy (p = 0.61).  Thus, attention to eye gaze interfered with responses to 

target words similarly in ASD and control children. 

Functional Connectivity 

Laterality differences. 

 Results are listed in Table 3 by anatomy, Brodmann Area, MNI coordinates and Z value. 

Facilitation (Congruent vs. Neutral). 

Relative to the right amygdala, control children showed increased connectivity of the left 

amygdala with left STS (BA 22, 42), bilateral thalamus, and the middle cingulate gyrus, often called 

motor cingulate (BA 24, 31) (Figure 2A).  No regions showed greater right relative to left amygdala 

connectivity in controls.  In children with ASD, no regions showed significantly different connectivity 

between right and left amygdala (Figure 2B). 

Interference (Incongruent vs. Congruent). 

Control children showed increased connectivity of the right amygdala with motor cingulate (BA 

24, 31) and right STS (BA 41, 42) relative to that of the left amygdala (Figure 2C).  No regions showed 

greater left than right amygdala connectivity in controls.  In children with ASD, the right amygdala 

showed increased connectivity with the pregenual ACC (BA 24, 32) (Figure 2D).  No regions showed 

greater left than right amygdala connectivity in ASD children. 

 In sum, connectivity patterns of the left and right amygdala differed between ASD and control 

children such that control children showed higher connectivity for the left amygdala during facilitation 

and for the right amygdala during interference, whereas children with ASD showed no difference in left 
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and right amygdala connectivity during facilitation, while showing higher connectivity of the right 

amygdala during interference. 

Group Differences. 

 Results of the group comparisons are listed in Table 4, by anatomy, Brodmann Area, MNI 

coordinates and Z value.   

Facilitation (Congruent vs. Neutral). 

Amygdala connectivity was not higher in control than ASD children in any region during 

facilitation (Figure 3A). Relative to control children, ASD children showed increased right amygdala 

connectivity with several regions along the cingulate cortex, with two peaks in posterior cingulate [one 

anterior (BA 23) and another slightly posterior and superior to it (BA 5, 24)], one in motor cingulate (BA 

24) and one in dorsal ACC (BA 24, 32) (Figure 3C).  Further, children with ASD also showed increased left 

amygdala connectivity with motor cingulate (BA 24) relative to control children. (Figure 3B) 

Interference (Incongruent vs. Congruent). 

Relative to children with ASD, control children showed increased left amygdala connectivity with 

subgenual ACC (BA 32) (Figure 3D); right amygdala connectivity was not higher in control than ASD 

children in any region.  Relative to control children, ASD children showed increased right amygdala 

connectivity with pregenual ACC (BA 24, 32), left insula (BA 13), and left IFG (Figure 3F).  A subset of 

these regions, namely left insula, and left IFG (BA 44, 45), along with right insula (BA 13), bilateral STS 

(BA 22) and bilateral thalamus also showed increased connectivity with left amygdala in ASD relative to 

control children. (Figure 3E). 
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 In sum, connectivity of the amygdala during facilitation and interference associated with eye 

gaze was more widespread in ASD children relative to controls, involving regions of the cingulate gyrus, 

insula and ventral-lateral prefrontal cortex.      

   

Discussion 

Functional connectivity of the amygdala during spontaneous attention to eye-gaze in emotional 

faces with and without cognitive control, differed between ASD and control children, despite similar 

behavioral performance. While control children’s amygdala was more strongly connected to socio-

emotional cognitive control (subgenual ACC) regions during interference, ASD children’s amygdala was 

more strongly connected to multiple regions implicated in processing of salient information and 

cognitive control during both facilitation and interference.  These regions included dorsal ACC, motor 

cingulate, and posterior cingulate gyrus during facilitation and pregenual ACC, insular and ventrolateral 

prefrontal cortex, thalamus, and STS during interference.  Thus, amygdala connectivity was both atypical 

and more widespread in children with ASD.  Further, direct comparison of left and right amygdala 

connectivity showed a different pattern of lateralization between the groups: control children had 

stronger connectivity for the left amygdala during facilitation but right amygdala during interference, 

whereas ASD children showed no lateralization of amygdala connectivity during facilitation, but did 

show stronger right amygdala connectivity during interference.  Together, these findings shed light upon 

integrated processing of the amygdala with fronto-temporal regions during spontaneous attention to 

eye-gaze in faces in typical development and how it differs in ASD. 

Our behavioral findings indicate that children with ASD attended spontaneously to eye gaze in 

faces to the same extent as control children.  The task, responding to the direction indicated by words 

(LEFT or RIGHT), does not require attention to any aspects of the contextual facial stimuli, except words 
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printed on the nasion.  However, if the direction of eye-gaze in the faces influences children’s task 

performance, it provides behavioral evidence for incidental or spontaneous encoding of eye-gaze.  

Indeed, response speed and accuracy were influenced by eye-gaze such that they were facilitated on 

congruent trials and impeded on incongruent trials.  Most importantly, the magnitude of these effects 

did not differ between groups, indicating that children with ASD paid as much attention to eye-gaze as 

control children.  Failure to control for the amount of attention to faces has been proposed as an 

important reason for disparate findings of hypo- or hyperactivation of face and emotion processing 

regions in ASD subjects in past work (Monk et al., 2010).  Our paradigm addresses this concern by 

providing a behavioral proxy, by measuring the incidental influence of gaze-direction on an ongoing 

word classification task.  As a result, amygdala connectivity in the present study can be interpreted in 

the context of processing eye-gaze.  The extent to which emotional information influenced amygdala 

engagement, however, cannot be discerned in the present study.   In past studies using this task, we 

have found that interference is sensitive to emotional valence such that it was higher for angry than 

fearful faces in pre-adolescent children than adults (Barnes et al., 2007) and higher for fearful than angry 

faces in middle-aged schizophrenic patients and controls (Schwartz et al., 2010). We did not have 

enough trials in the present task, which was shortened for fMRI relative to a behavioral study, to reliably 

compare average performance for fearful and angry faces.  Thus, whether observed connectivity 

findings reflect the influence of emotional expression cannot be confirmed.  

The observed hemispheric differences in amygdala connectivity extend current knowledge 

about the roles of the left and right amygdala.  Numerous studies have shown lateralized amygdala 

activation during a variety of tasks involving exposure to emotional stimuli (for review see (Baas, 

Aleman, & Kahn, 2004)) leading to different putative functional roles for the right and left amygdala.  

Specifically, the right amygdala is thought to underlie a fast and shallow dynamic stimulus detection 

mechanism, whereas left amygdala is thought to underlie sustained evaluation of stimuli (Markowitsch, 
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1998).  This hypothesis of lateralized amygdala function has been directly supported by findings of 

differential amygdala habituation to repeated emotional faces (Wright et al., 2001), as well as by a 

meta-analysis that evaluated amygdala lateralization effects by task (Costafreda et al., 2008), showing 

that tasks involving rapid emotional processing, such as masked stimuli, were more likely to activate the 

right amygdala, while tasks involving effortful or sustained emotional processing, such as reading 

emotional words, were more likely to activate the left amygdala.   

In the context of the above view, observed hemispheric differences within each group suggest 

that children with ASD failed to habituate during faciliative gaze-processing and to engage cognitive 

control processes during interfering gaze-processing. During facilitative eye-gaze processing, control 

children had higher left (relative to right) amygdala connectivity with MC, left superior temporal sulcus 

and bilateral thalamus.  This result coupled with no regions showing greater right than left amygdala 

connectivity suggests that right amygdala connectivity was attenuated due to habituation to face 

stimuli, while the left amygdala maintained functional connectivity to regions relevant to ongoing task 

demands.  Specifically, the STS is involved in encoding eye-gaze (Hoffman & Haxby, 2000) and the MC is 

involved in motor responses.  Further, during processing interfering eye-gaze, control children had 

higher right (relative to left) amygdala connectivity with the motor cingulate and right STS.  This pattern 

suggests a lack of habituation to the face stimuli, a task-appropriate response for a condition in which 

conflict has to be resolved between responses triggered by the target word and task-irrelevant eye-gaze 

cues. In contrast to control children, ASD children did not show laterality differences during processing 

of facilitative eye-gaze.  This result, showing equal levels of connectivity between left and right 

amygdala, indicates a lack of right-amygdala habituation when eye-gaze is beneficial.  Further, during 

processing of interfering eye-gaze, ASD children had higher right (relative to left) amygdala connectivity 

with pregenual ACC, a region involved in processing salient information.  While this result suggests a lack 

of habituation of right amygdala, a task-appropriate response for a condition requiring cognitive control, 
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it also shows engagement of a task-unnecessary region - rather than maintaining greater connectivity 

with cognitive control regions such as motor cingulate, children with ASD maintained greater 

connectivity with regions encoding salience.  This finding of increased salience network recruitment 

when attending to emotional faces is consistent with findings in adolescents (Weng et al., 2011) and 

adults (Monk et al., 2010) with ASD, both showing increased activation of the right amygdala, as well as 

salience processing regions such as the insula, to briefly presented emotional faces relative to controls 

despite equal attention to the faces.  

Findings from directly comparing groups during facilitation suggest different routes to 

processing of eye-gaze in ASD and control children.  While gaze perception was not impaired in children 

with ASD in the present study, their gaze processing involved greater connectivity of the amygdala with 

dorsal anterior, and posterior aspects of the cingulate gyrus (motor cingulate, dorsal ACC and posterior 

cingulate). The posterior cingulate has been implicated in the processing of emotionally salient stimuli 

(Maddock, 1999), particularly in evaluation of visual information for emotional content (Vogt et al., 

2006), while dorsal ACC involvement has been associated with the monitoring of conflict from both 

emotional and non-emotional (Mohanty et al., 2007) stimuli.  As congruent trials did not involve conflict, 

the finding of increased dorsal ACC-amygdala connectivity in ASD subjects might appear anomalous.  

However, individuals with alexithymia – who also have difficulty with understanding and differentiating 

emotions in social interactions – engage dorsal ACC while viewing highly arousing images in a task that 

did not involve resolving conflict; further, this engagement was positively correlated with both amygdala 

activation and ratings of arousal (Heinzel et al., 2010).  The authors speculated that this may represent 

an effort to down-regulate the arousal of the emotional content by recruiting cognitive resources 

beyond those typically involved in emotional control (Heinzel et al. 2010).  In ASD, increased skin 

conductance when viewing direct or indirect eye gaze (Joseph et al., 2008), similarly suggests increased 

autonomic arousal when viewing these stimuli. Perhaps increased connectivity of the amygdala with 
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dorsal ACC in children with ASD reflects regulatory processes invoked during facilitative eye-gaze 

processing.  It would be worthwhile to test this experimentally in the future.  

Findings from directly comparing groups during interference, a condition requiring cognitive 

control of eye-gaze processing, revealed a widespread functional connectivity network associated with 

the amygdala in children with ASD.  Control children showed greater amygdala connectivity with the 

subgenual ACC, a region known to be engaged during tasks involving cognitive control in the emotional 

domain such as conflict resolution (Kanske & Kotz, 2011) and monitoring and regulating emotional and 

visceral states (Price, 2005).  In contrast, children with ASD exhibited amygdala connectivity with a 

network including pregenual ACC, bilateral insula, thalamus, and STS, and left IFG.  Pregenual ACC has 

been linked with visceral nocioceptive activity, particularly an increase in unpleasantness during noxious 

stimulation (Vogt, 2005).  Specifically, functional connectivity between pregenual ACC, thalamus, and 

anterior insula has been posited as an emotional salience monitoring system whose purpose is to quickly 

attune an individual to salient features within incoming sensory stimuli (Menon & Uddin, 2010), and to 

integrate interoceptive information with emotional salience to assess bodily states (Taylor et al., 2009).  

Therefore, stronger connectivity of the amygdala with this network rather than subgenual ACC in ASD 

may reflect maintenance of that aversive state. Atypical engagement of pregenual ACC and the 

frontoinsular cortex may be associated with the abnormal development of von Economo neurons which 

are known to be increased in number and ratio relative to pyramidal neurons in the frontoinsular cortex 

in ASD (Santos et al., 2011).  As IFG activity has been related to inhibitory control over motor responses 

to emotional cues (Schulz et al., 2009), increased connectivity in ASD relative to controls suggests that 

the lack of emotional modulation by the subgenual ACC effectively shifted the cognitive burden from 

emotional regulation to motor regulation in an emotional context. 
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One limitation of the current study is that we have no behavioral support for positing 

hyperactivity of an emotional salience network as we did not measure emotional reactivity.  Thus, it is 

important to garner behavioral support for our speculation in future work.  Second, while our sample of 

12 ASD subjects is small, this size is not unusual in past ASD imaging work (Koshino et al., 2008; Dapretto 

et al., 2006; Allen, 2003; Muller, 2003), though replication of these findings in a larger sample is 

necessary.  Third, the extent to which the observed group differences relate to volumetric differences in 

the amygdala is unknown.  Past studies have shown bilateral volumetric differences between ASD and 

control subjects at various ages (Mosconi et al., 2009; Schumann et al., 2004).  Future work should 

examine the relationship between amygdala volume and abnormal connectivity. 

 

Conclusions 

The current findings suggest that children with ASD display disordered functional connectivity in 

networks that underlie both the ascription of salience to social stimuli and those that modulate 

attention to those stimuli.  While decreased amygdala connectivity relative to controls was seen in 

regions expected to mediate interfering gaze, greater amygdala connectivity was seen in several regions, 

including areas implicated in salience processing.  While these results do not suggest a potential cause 

of this disordered functional connectivity, they do provide evidence counter to the hypothesis that ASD 

is characterized by global underconnectivity.  The current findings are in line with previous ones that 

individuals with ASD show increased activity in salience detection regions such as the right amygdala 

and insula (Monk et al., 2010; S. Weng et al., 2011), and increased autonomic response when looking at 

emotional faces (Joseph et al., 2008), as well as impaired connectivity of regions necessary for the 

cognitive control of emotional attention (Cherkassky et al., 2006).  We therefore propose that deficits in 
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social interaction in ASD may be the result of inefficient processing of facilitative social cues coupled 

with an increased ascription of salience to stimuli that may be perceived as socially incongruent.  
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Table 1 

Demographic information for ASD children 

 Gender DX FSIQ VIQ PIQ ADI 
Soc. 

ADI 
Comm 

ADI 
Rep. 
Beh. 

ADOS 
Comm
+Soc. 

CAST 

Subject 1 M ASP 124 146 95 20 14 9 13 16 

Subject 2 M ASD 88 102 77 25 24 10 12 27 

Subject 3 F ASD 133 118 138 22 24 8 8 8 

Subject 4 M ASP 121 108 130 23 15 5 14 21 

Subject 5 M ASP 85 96 78 24 21 10 15 14 

Subject 6 M ASD 126 126 120 - - - - 16 

Subject 7 M ASD 119 118 119 27 22 12 12 20 

Subject 8  F ASP 132 140 129 - - - - 15 

Subject 9 M PDD-NOS 118 117 116 19 17 7 5 - 

Subject 10 M ASD 117 103 127 - - - - 16 

Subject 11 F PDD-NOS 116 119 108 - - - - 16 

Subject 12 M ASD - - - - - - - 18 
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Table 2   

Percentage of correct and omitted responses for each trial type in ASD and control children 

  Congruent Incongruent Neutral 

% Correct responses     

 Control 94.07 92.47 91.35 

 ASD 95.83 90.72 92.24 

% Omitted Responses     

 Control 0.13 0.19 0.11 

 ASD 0.25 0.18 0.30 
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Table 3  

Connectivity differences in right and left amygdala 

Group Condition Contrast Region BA X Y Z Z value 

         

CON Facilitation Left > Right 

Motor 

cingulate 31, 24 3 -13 49 4.03 

   L STS 22 -42 -22 1 3.44 

   L Thalamus  -3 -22 7 3.24 

   R Thalamus  3 -25 4 3.41 

   L STS 42 -51 -31 16 2.98 

         

  Right > Left None      

         

 Interference Left > Right None      

         

  Right > Left 

Motor 

cingulate 31, 24 -15 -43 52 3.4 

   R STS 41,42 60 -31 10 3.22 

         

ASD Facilitation Left > Right None      

         

  Right > Left None      

         

 Interference Left > Right None      

         

  Right > Left 

Pregenual 

ACC 24, 32 -3 35 10 3.25 

Regions showing differences between right and left amygdala connectivity in control (CON) and ASD 

children during facilitation (Congruent > Neutral) and interference (Incongruent > Congruent) from eye-

gaze (p < 0.05 Monte Carlo corrected).  
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Table 4  
Group differences in amygdala connectivity 

Condition Hemisphere Contrast Region BA X Y Z Z value 

Facilitation Left Amyg CON > ASD None      

  ASD > CON MC  24 -9 -7 37 3.08 

 Right Amyg CON > ASD none      

  ASD > CON 
Posterior 
cingulate 

23 -3 -34 28 3.22 

   
Posterior 
cingulate 

5, 24 -15 -40 52 3.59 

   Dorsal ACC 24,32 -3 20 37 3.13 

   
Motor 
cingulate 

24 0 -7 46 3.54 

Interference Left Amyg CON > ASD 
Subgenual 
ACC  

32 6 35 -8 3.09 

  ASD > CON  R Insula  13 33 14 10 2.96 

   L Insula  13 -42 8 -2 2.88 

   L STS 22 -60 -1 4 3.10 

   R STS 22 69 -25 1 3.45 

   L IFG 44, 45 -57 17 7 2.68 

   L Thalamus  -6 -10 7 2.87 

   R Thalamus  3 -19 10 3.09 

 Right Amyg CON > ASD none      

  ASD > CON  
Pregenual 
ACC 

24, 32 -6 41 7 2.90 

   L IFG 45, 47 -48 26 4 3.43 

   L Insula 13 -45 5 1 2.77 

Regions showing group differences in left and right amygdala connectivity between control (CON) and 

ASD children during facilitation (Congruent > Neutral) and interference (Incongruent > Congruent) from 

eye-gaze (p < 0.05 Monte Carlo corrected) 
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Figure 1.  Examples of stimuli. The three columns illustrate the three conditions, congruent, incongruent, 

and neutral, formed by the direction indicated by the target word relative to that of eye-gaze.  Top row 

shows faces with angry expressions and bottom row shows faces with fearful expressions. 
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Figure 2.  Regions showing differences between left and right amygdala connectivity in control (CON) 

and ASD children during facilitation (Congruent > Neutral) and interference (Incongruent > Neutral).  In 

control children, greater right than left amygdala was observed during facilitation (A) but greater left 

than right amygdala connectivity was observed during interference (C).  ASD children showed greater 

right than left amygdala connectivity during both facilitation (B) and interference (D). 
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Figure 3. Regions showing differences between ASD and control children for left and right amygdala 

connectivity during facilitation (Congruent > Neutral) and interference (Incongruent > Neutral).  In 

control children, only left amygdala showed increased connectivity relative to ASD in both facilitation (A) 

and interference (D), while ASD showed increased connectivity in both amygdalae relative to controls 

during both facilitation (B) and (C), and interference (E) and (F). 
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CHAPTER V GENERAL DISCUSSION 

 

 This dissertation presented three studies exploring how the functional connectivity (FC) of the 

amygdala related to involuntary attention to emotional faces in both typical development and in autism 

spectrum disorder (ASD).  To address the dissertation’s first goal of evaluating how amygdala FC during 

involuntary attention to emotional faces changes with age, Chapter II found that FC between the 

amygdala and prefrontal regions increases with age from late childhood through late adolescence.  This 

increase coincides with two additional age-related patterns of amygdala FC with attentional orienting 

regions: a decrease in FC differences between positive and negative emotional faces with age, and a 

shift from increased FC for negative emotions in late childhood to increased FC for positive emotions in 

late adolescence, with more regions showing age x valence interactions in FC with the right amygdala 

than the left amygdala.  These patterns suggest that age-related increases in amygdala FC with 

prefrontal regions during adolescence may facilitate inhibition of attention to negatively valenced faces, 

and contribute to the positive attention bias seen in adults relative to children.  To address the 

dissertation’s second goal of evaluating the relationship between amygdala FC and involuntary 

attentional orienting to emotional faces, Chapter III found increased FC between the right amygdala and 

the pregenual ACC during involuntary attention to both positive and negative emotional faces.  In 

addition, functional connectivity between the amygdala and regions involved in attentional orienting 

and emotion processing was found to differ between ASD and control children based on valence, with 

control children showing stronger FC for Angry than Neutral faces, and for Neutral than Happy faces, 

and ASD children showing stronger FC for Happy than Neutral, and Neutral than Angry faces.  These 

findings show that the influence of emotional valence affects connectivity between the amygdala and 

regions responsible for processing and attending to emotional faces in ASD, but that increased 
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prefrontal FC with the amygdala is seen for both positively and negatively valenced faces.  To address 

the dissertation’s third goal of investigating amygdala FC during the conscious inhibition of attention to 

emotional face stimuli in children with ASD, Chapter IV also found increased, rather than decreased, FC 

of the amygdala with both cognitive control regions of the prefrontal cortex and emotion processing 

regions.  These findings contradicted theories of general underconnectivity in ASD, but did not find that 

increased amygdala FC with prefrontal control regions relative to controls improved task performance, 

suggesting that increased FC between prefrontal regions and the amygdala may relate to inefficient 

cognitive control of attention to emotional faces.  

 When taken together, these findings highlight several important points about the role of 

amygdala FC during involuntary attention to emotional faces.  The first is that in both Chapters III and IV, 

children with ASD showed increased functional connectivity of the amygdala relative to control children.  

These findings do not support the premise that ASD is only a disorder of underconnectivty, which has 

been built largely on findings of decreased cortico-cortical FC (Courchesne & Pierce, 2005), often from 

task-free or resting state data (Anderson et al., 2011; Monk et al., 2009; Weng et al., 2010).  Many 

findings of decreased FC in ASD are between cortical regions, but fewer studies have examined FC 

between cortical and subcortical regions in ASD, particularly during an affective task.  As many findings 

of increased amygdala reactivity to emotional faces have been found in ASD (Dalton et al., 2005; 

Kleinhans et al., 2009; Kliemann et al., 2012; Monk et al., 2010; Tottenham et al., 2013; Weng et al., 

2011), it is not surprising that amygdala connectivity in ASD may be increased as well, particularly during 

attention to facial stimuli.  Findings of increased amygdala connectivity and decreased cortical, and 

particularly prefrontal, connectivity in ASD are not at odds, and in fact are complimentary.  As one of the 

major functions of the prefrontal cortex is exerting cognitive control, it follows that poor cognitive 

control of amygdala response may result in an increased amygdala response and influence on other 

brain regions.  Therefore, while findings of increased FC of the amygdala do not conform with the 
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construct of ASD as a disorder purely of underconnectivity, they do inform our understanding of the 

relationship between cortical and subcortical connectivity in ASD. 

 A second theme that emerges from these findings is that the FC of the amygdala differs based 

on the valence of emotional stimuli that is being attended to, both in typical development and in 

children with ASD.  In Chapter II, a comparison of children in late childhood (LC: 8-11 years), early 

adolescence (EA: 12-13 years), and late adolescence (LA: 14-19 years) found that LC children showed 

stronger amygdala FC with orienting and emotion processing regions for Angry than Neutral trials, as 

well as for Neutral than Happy trials, while LA children showed stronger amygdala FC with those regions 

for Happy than Neutral trials, and for Neutral than Angry trials.  EA children showed connectivity 

measures between those of LC and LA groups for both emotions for nearly every region that showed an 

age x valence interaction.  These findings mirror behavioral work that has shown a bias towards negative 

stimuli in childhood (Kindt et al., 2000) that matures to a bias towards positive information in adulthood 

(Mather & Carstensen, 2005).  It has been hypothesized that this developmental shift in valenced 

attentional bias is driven by increased prefrontal regulation of amygdala reactivity to negative stimuli 

(Hariri et al., 2003), which may reflect the development of automatic emotion regulation (Mauss et al., 

2007).  This hypothesis is supported by findings of increased amygdala FC with prefrontal regions with 

age. 

 ASD children in Chapter III show a pattern of amygdala FC that is similar to that of late 

adolescents in Chapter II – increased amygdala FC for Happy trials relative to Neutral, and increased FC 

for Neutral than Angry –though it is unclear whether the same prefrontal cognitive control of amygdala 

function underlies valence based connectivity differences seen in ASD.  This might lead one to conclude 

that children with ASD show greater control of attention and reactivity than age-matched control 

children, and perhaps are showing more social maturity.  However, a closer evaluation of the 
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connectivity differences between these groups show that in Chapter II, the LA subjects showed not only 

a pattern of stronger amygdala connectivity towards positive than negative faces, but also smaller 

overall differences between emotional conditions and neutral conditions.  In contrast, the ASD subjects 

in Chapter III showed very large connectivity differences for positive emotions relative to neutral faces, 

but quite small differences between negative and neutral faces, suggesting that control of reactivity was 

unlikely to be the cause of the different pattern of ASD connectivity.  One hypothesis for this is that ASD 

children found less of a difference between the angry and neutral faces in the Angry condition than 

between the happy and neutral faces in the Happy condition.  If this was the case, it would follow that 

amygdala FC with orienting and emotion processing regions of the brain would show a greater 

difference between Happy and Neutral trials – in which one of the faces was much less aversive than the 

other – than between Angry and Neutral trials, in which both pairs of faces may be considered salient 

and aversive, and neither preferentially draws attention.   

 A third theme that is suggested from findings in all three studies is that the right amygdala may 

be more strongly related to involuntary attention to emotional faces than the left, and that efficient 

prefrontal control of the right amygdala is related to effective control of involuntary attention.  In 

Chapter IV, control children showed greater FC of the right than left amygdala during facilitation trials 

when no cognitive control of attention was necessary, but showed greater left than right amygdala FC 

during interference, when attention did need to be controlled.  ASD subjects, however, showed greater 

right than left amygdala FC for both conditions.  Additionally, there were no regions in control children 

that showed greater FC with the right amygdala than in ASD children for either condition, while ASD 

children showed greater right amygdala connectivity than controls during both facilitation and 

interference trials.  In particular, increased right amygdala FC was seen with the pregenual ACC during 

interference trials, when attention needed to be inhibited.  In Chapter III, ASD children showed a main 

effect of increased right amygdala connectivity with the pregenual ACC during involuntary attention to 
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both Angry and Happy faces relative to controls, while no regions showed a main effect of higher 

amygdala connectivity in controls than ASD.  In Chapter II, of the 16 regions showing either main effects 

of age or age x valence interactions with amygdala FC in typically developing children, 13 of those 

regions showed FC differences with the right amygdala.  Of those regions, LA children showed greater 

right amygdala FC with prefrontal regions including the pregenual ACC, and diminished amygdala FC 

with attentional orienting and face processing regions relative to both LC and EA children, suggesting 

that maturation of involuntary attention to social stimuli such as faces is strongly related to increased 

prefrontal regulation of the right amygdala.  As the right amygdala is thought to underlie the quick and 

shallow reactive processing of affective content (Costafreda et al., 2008), it follows that maturation of 

involuntary attention is related to greater inhibitory control over this region by prefrontal regions. 

Implications 

ASD 

 The findings from the current set of studies have several important implications for the study of 

neural function in ASD.  The first is that findings of overconnectivity of the amygdala during an active 

task involving emotional faces reject the model that ASD is primarily defined by neural 

underconnectivity.  The fact that many underconnectivity findings in ASD were based on data collected 

during resting-state suggest that this method may not be suitable for measuring functional connectivity 

in all networks of the brain, and that task based FC may show specific differences in ASD that do not 

exist during the resting state.  Preliminary investigations have borne out this hypothesis, using data-

driven methods to discover state-dependent changes between resting-state and task-state FC (You et 

al., 2013).  It is likely that data-driven approaches, similar to those used in You et al. (2013), which 

measure FC between multiple regions, will provide more detailed descriptions of network relationships 

than single-seed based connectivity methods such as psychophysiological interaction (PPI).  By designing 
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task paradigms that invoke the cognitive process of interest while maintaining the homogeneity of task 

level necessary for evaluating network-based connectivity measures, we may gain a much clearer view 

of how network FC relates to task performance in ASD. 

 These findings also contribute to our understanding of attention towards social and affective 

content in ASD.  As Chapters II and III show, children with ASD show increased connectivity of the right 

amygdala during both conscious and non-conscious regulation of attention to emotional faces.  This is 

consistent with models of the disorder positing that social symptoms may be related to increased 

salience attribution of social stimuli, rather than decreased.  Further, FC seen between right amygdala 

and regions involved in both attentional orienting and emotion processing supports the hypothesis that 

this increased attribution of salience to faces is directly related to aversion of gaze from facial stimuli, a 

relationship previously hypothesized in a study finding increased activation of the amygdala during gaze 

aversion in ASD (Kliemann et al., 2012).  It is also plausible that increased reactivity stemming from a 

hyperactive right amygdala may lead to increased attribution of salience to stimuli other than emotional 

faces, and that this may be related to symptoms of ASD other than attention to emotional faces.  

Indeed, environmental sensitivity in ASD, including aversion to certain colors, noises, or other salient 

stimulus category may be related to similarly abnormally strong shallow interpretations of affective 

salience that could affect both attentional orienting and behavioral interest.  It is possible that 

evaluating the differential left and right amygdala response to both social and non-social stimuli in ASD 

that may be related to aspects of disorder symptoms may provide evidence for links between social and 

non-social symptoms of ASD related to the abnormal perception of affective salience. 

 These findings have several potential implications for the treatment of social symptoms of ASD, 

as well as potentially non-social symptoms as well.  As discussed in Chapters II and III, findings of 

decreased habituation of amygdala response to facial stimuli has been associated with social symptoms 
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of ASD, particularly scores on the social subscale of the ADI (Kleinhans et al., 2009), suggesting that 

social deficits are strongly related to the high affective salience that is attributed to facial stimuli.  One 

route towards addressing this could be targeted at improving habituation to faces and social stimuli, 

potentially through repeated exposure.  Interventions that have shown promise in improving skills such 

as emotion recognition (Golan et al., 2010; Tanaka et al., 2010) have involved repeated exposure to face 

and emotional stimuli in computer or video formats that may have served to gradually decrease the 

affective response to faces through de-facto habituation to those stimuli, leading to better attention as 

reactivity to the stimuli decreased.  While this is a purely speculative hypothesis, given a lack of studies 

investigating changes in amygdala responses to facial stimuli over the course of a long-term intensive 

intervention, it is possible that interventions based on habituation of amygdala response to faces in ASD 

may serve to decrease gaze avoidance behaviors, and may lead to increased quality of social interaction.   

 Importantly, as this type of intervention appears to act as a form of exposure therapy, the main 

effect would likely be to reduce abnormally strong reactivity of the amygdala to emotional faces, and 

thus hopefully reduce any aversive feelings associated with viewing facial stimuli.  This may have the 

effect of reducing face and gaze-avoidance behaviors, and increase gaze-meeting and joint attention 

skills.  However, it is unclear whether an increase in attention to eyes and faces will lead to feelings of 

reward from positive emotions, which are thought to play an early role in learning meaning from facial 

emotions, and which children with ASD are thought to lack (Dawson et al., 1998).  Thus it will be 

important to evaluate in a more systematic way whether abnormal responses to emotional faces, both 

behaviorally and neurally, represent abnormal aversion processing, abnormal reward processing, or 

some combination of the two in ASD, in order to understand whether an intervention like this would 

truly improve social skills or merely reduce the occurrence of particular social behaviors in with ASD. 

Typical Development 
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 The findings in Chapter II of the relationship between amygdala FC and the development of 

mature involuntary attention to emotional stimuli across late childhood and adolescence suggest 

intriguing paths for future study.  By better understanding the typical development of FC during these 

ages, we may be able to better understand how different components of social attention and regulation 

networks contribute to the substantial changes in social interaction that are seen across this period.  

However, while subjects in the current study were grouped into three age groups that were considered 

(for the purposes of this study) to be otherwise homogenous, it is highly likely that individual differences 

may influence the developmental trajectory of this maturation, and may influence the relative 

contributions of particular regions or connections to behavior.  For example, differences in both 

reactivity to social stimuli and cognitive control of the same might be seen through variation in sub-

clinical levels of anxiety or alertness, or in traits like callousness or alexithymia, which may in turn be 

related to abnormal responsivity or regulation of a particular node in this network.  Similarly, external 

stressors such as prolonged poverty or living in a dangerous neighborhood may influence the relative 

strengths of bottom-up and top-down streams for processing of social stimuli, which may influence 

character traits.  By measuring the ways that these types of trait-level differences influence not only the 

relationship between social attention and regulation at a given age (as well as the neural systems 

subserving them), but the developmental trajectory of that relationship, we might better understand 

how and when risks for abnormal development of these abilities arise, and may be better able to 

appropriately intervene to modulate that trajectory as necessary. 

  

Caveat 

 There is an important caveat to consider in evaluating the current research, particularly in the 

interpretation of PPI connectivity data.  While the PPI method provides an excellent snapshot of how 
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whole-brain activity correlates with a predetermined seed region across time during the performance of 

a task, its nature as an a-priori approach necessarily limits the amount of information it can provide.  

Specifically, while there are strong methodological reasons to assume that abnormal functional 

connectivity of the amygdala may underlie abnormal processing of emotional faces, using an amygdala 

seed for a PPI analysis necessarily restricts interpretation of the resulting data to an amygdala-centric 

view.  Because the method is non-directional, we cannot determine whether differences in FC between 

the amygdala and region X are driven by the activity of the amgydala, the activity of region X, or by a 

third region or network whose function influences the amygdala-X relationship downstream of the 

causal mechanism.  This means that our ability to make statements about connectivity differences 

between a seed region and another brain region constituting a meaningful difference between groups is 

extremely limited, as we can only understand that difference as it relates to a single seed region.  

However, the PPI method is strong in elucidating group differences in a mostly data-driven fashion, 

using a whole-brain approach to eliminate the need for testing only associations between pre-

determined nodes when there is no strong rationale for including or excluding particular regions due to 

the interrogation of a novel question.  In this way, PPI analyses such as these set the stage for more 

focused node-based connectivity analyses that have no presupposed “key” nodes that might influence 

the network, as well as for closer scrutiny of regions that may not have been previously considered as 

key components in a particular functional network. 
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Conclusions 

 The present results suggest that the effective development of involuntary attention to 

emotional faces, which is a key function of social development and competence, relies on an effective 

relationship between amygdala FC between regulatory regions in the prefrontal cortex, and regions 

involved in orienting towards and processing emotional content.  By using a measure of functional 

connectivity to evaluate the role of the amygdala in involuntary attention to emotional faces in both 

typical development and autism spectrum disorders, we were able to show how mature social orienting 

develops, as well as what differences in ASD may lead to abnormal social attention in the disorder.  

These findings have important implications for the future study of both healthy and disordered 

development of social attention.  Future studies are required to further evaluate the relationships 

between the networks currently shown to be involved in this development. 
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