
 

 

 

 

 

Neural Correlates of Emotional and Cognitive Influences on Visual Search 

 

Michelle Udarbe Umali 

 

 

 

 

 

 

 

 

 

 

Submitted in partial fulfillment of the 

requirements for the degree of 

Doctor of Philosophy 

under the Executive Committee 

of the Graduate School of Arts and Sciences 

 

 

COLUMBIA UNIVERSITY 

 

2012  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© 2012 

Michelle Umali 

All rights reserved  



ABSTRACT 

Neural Correlates of Emotional and Cognitive Influences on Visual Search 

Michelle Udarbe Umali 

 

 

The question of how one’s emotional state affects one’s ability to perform cognitive tasks has 

long captivated scientists.  In the work described in this thesis, a visual search task was employed 

as a proxy for cognition while images of emotional facial expression served to influence 

emotional experience. Previous models of the interaction between emotion, cognition, and visual 

perception have focused on the negative impact of emotion on cognition and behavioral 

performance.  The goal of the experiment described in this thesis was to investigate whether 

exposure to an emotional stimulus can have positive or negative effects on a subsequent visual 

search task. Specifically, the study was aimed at exploring the neural correlates of behavioral 

effects, BOLD effects, and functional connectivity between the seed regions amygdala, V1, and 

V2 with networks in the brain corresponding to cognition, particularly visual attention.  Nineteen 

subjects performed the search task during fMRI, while their eye movements, pupillometric data 

and manual responses were measured. Furthermore, the subjects completed several emotional 

rating scales to assess their individual levels of anxiety and hedonic capacity.  Subjects 

performed more accurately on the visual search task in trials preceded by fearful or happy face 

stimuli as compared with a neutral one.  Functional connectivity measures based on 

psychophysiological interaction and the contrast of the fearful and neutral conditions revealed a 

widespread pattern of enhanced functional connections between the amygdala seed and areas 

located in early and higher order extrastriate cortex including inferotemporal gyrus and fusiform 

gyrus.  In addition, higher connectivity with the medial dorsal nucleus of the thalamus was 

observed.  Also for the Fearful > Neutral contrast, V1 had higher functional connectivity with 



medial prefrontal cortex, superior frontal gyrus, posterior cingulate, and the pulvinar.  

Furthermore, the exposure to a happy stimulus relative to a neutral one resulted in increased 

connectivity to the inferior parietal lobule and precuneus, both of which are involved in the 

frontoparietal network.  Comparison of fearful and happy functional connectivity patterns 

revealed higher V1 and V2 connectivity with medial frontal gyrus and anterior cingulate during 

the fearful condition, a difference which was also correlated with subject trait anxiety. Taken 

together, the results indicate that exposure to emotional stimuli can have enhancing effects on 

visual search performance which are related to changes in the functional relationships between 

brain regions including the amygdala (emotion processing), inferior parietal lobule and 

precuneus (cognition), and striate/extrastriate cortex (visual). 
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1. BACKGROUND AND SIGNIFICANCE   

Interaction between emotional and cognitive systems is required for producing appropriate 

reactions to the environment and for enhancing sensory processes to detect useful incoming 

information.  Enhanced visual processing induced either by cognitive control (attention) or by 

fear or appetitive impulses would improve the likelihood of successful threat detection or food 

acquisition.  While previous neuroimaging work suggests that exposure to affective stimuli or 

deployment of cognitive mechanisms can enhance visual processing, the lack of precise 

localization of visual areas via retinotopic mapping prevents thorough study of functional 

connectivity between brain areas serving affective, cognitive and visual systems (cf. Padmala 

and Pessoa, 2008).  Much research has focused on correlating anxiety scores with the blood 

oxygen level dependent (BOLD) hemodynamic response to threat-related stimuli in affective 

processing areas such as the amygdala as well as performance in high-order tasks of attention 

(Bishop et al., 2006). However, corresponding investigations into the relationship between 

hedonic capacity scores, bold response to pleasing stimuli in reward-processing regions such as 

the ventral striatum and orbitofrontal cortex, and behavioral performance are comparatively few 

in number. The goal of this fMRI experiment was to examine how brain networks serving 

cognition and the processing of emotion interact with retinotopically mapped visual areas to 

influence performance on a visual search task.  The main mechanism likely to mediate such 

influences is visual attention.   
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1.1.  What is Attention? 

 
"Every one knows what attention is.  It is the taking possession by the mind, in clear and 

vivid form, of one out of what seem several simultaneously possible objects or trains of thought.  

Focalization, concentration of consciousness are of its essence.  It implies withdrawal from some 

things in order to deal effectively with others...  " 

 

  - William James, Principles of Psychology, 1890 

 

  

This often cited quote by one of the most influential researchers of early psychology both 

represents part of the growing interest in defining attention in the mid to late 19th century and 

contains elements of our modern day understanding of attention. Wilhelm Wundt, arguably 

considered one of the founders of early psychology, began the move of the study of attention 

from the realm of philosophy to the laboratory.  By examining the individual differences 

between astronomers in measuring the transit time of stars, he realized that he was studying the 

speed of a mental process: the time required to voluntarily shift attention from one stimulus to 

another. F.C. Donders expanded investigations into the speed of mental processes by measuring 

reaction time - the time for a subject to detect a stimulus and perform a response. He concluded 

that the speed of a mental process can be determined through adding this process to a task and 

examining the differences in reaction time between the original and modified task.  This 

subtractive method is part of the core of today's experimental measures of cognitive processes. 

James' statement also reflects some of today's views on attention.  The goal of attention is 

to detect important stimuli and highlight useful information. By prioritizing incoming 
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information, neural resources can be focused on low level and higher visual processing.  This 

streamlining would facilitate quicker decision making and behavioral responses.   

In the 19th century, physicist, physiologist, and philosopher Hermann von Helmholtz 

proposed that, through conscious effort, perceptual enhancement can be allocated to any location 

within a visual scene. Over 100 years later, this notion has been elaborated into models that 

assume attention to act as a spotlight (Posner 1980) or zoom-lens (Eriksen and St James 1986) at 

particular locations in a visual scene. Posner proposed an attentional spotlight (Posner 1980; 

Posner, Snyder et al. 1980) that can be directed to a specific location indicated by a cue.  A cue 

can be internally generated (endogenous) through high level cognitive mechanisms, or it can be 

externally generated (exogenous) from the environment, such as sudden movement, change of 

color, or a bright flash at a cued location.  A typical cue experiment of Posner is shown in Figure 

1. 

 

Figure 1.  A typical Posner cueing experiment (Posner 1984). (a) Stimulus; (b) RT results for 

80% and 20% probability of target and cue appearing on the same side (shown as circles or 

triangles, respectively). Solid line: cued side; dashed line: side opposite to the cue. The cue 

facilitates responses if the target is shown within 200 – 300 ms after the cue. For longer stimulus 

onset asynchronies (SOAs), response times increase (Inhibition Of Return). 
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Three boxes appeared prior to the start of the trial (top row). Subjects were asked to 

fixate on the central box while cue and target stimuli were presented in the periphery. Next, the 

location of either the left or the right box was cued by a transient brightening of the box (here, in 

the middle row on the left) which conveys location information about the upcoming target. 

Subjects were informed that 80% of all trials were congruent, i.e., the cue would predict the 

actual position of the subsequently shown target (bottom row, target appearing on the left).  

Subjects had to respond to the presence of the target as quickly as possible by a single button 

press.  When the target followed the cue within 200 ms, reaction times were shorter when the cue 

occurred on the same side as the subsequent target than for a cue on the opposite side of the 

subsequent target (Figure 1b) (Posner 1980; Posner, Cohen et al. 1982). While such an 

improvement in performance can occur overtly through eye movements that orient the fovea 

toward the cued location, Posner's experiments demonstrate that such overt shifts of attention are 

not necessary for cueing benefits to occur. In other words, facilitation can also occur through 

covert orientation of attention to the cued location despite the absence of eye movement.   

     It is interesting to notice that cues do not necessarily facilitate behavioral performance, 

even when they are predictive of the target location. Posner described this phenomenon as the 

Inhibition Of Return (IOR) effect.  When the temporal offset (stimulus onset asynchrony, SOA) 

between cue and target is increased (> 400 ms), performance in congruent trials is typically 

poorer than in incongruent ones (see Figure 1b). Posner's explanation is that attention tends to 

move away from the cued location before the target appears and its return to the cued location is 

inhibited. Ecologically, this mechanism is thought to favor exploration of novel visual 

information over repeated inspection of narrow areas in the visual field.  



5 

 

 

Moreover, the predictive value of the cue can also influence performance. For instance, 

when the probability is manipulated such that a cue is more likely to occur on the side opposite 

the target, reaction times can be faster than when the cue appears on the same side of the target.  

Thus it is the subject's knowledge about the predictive value of the cue that can also shape 

performance.  In this condition, IOR can be beneficial by facilitating a shift of attention to the 

uncued side. Therefore, 400 ms after the cue, both IOR and top-down control guide attention to 

the side where the target actually occurs (see Figure 1b). 

Treisman and Gelade's Feature Integration Theory (Treisman 1977; Treisman and Gelade 

1980) is a highly prominent modification of the spotlight model.  According to this model, the 

location of a target is not guided by spatial cues but by a spatial analysis of object features. This 

model supposes that a visual scene is  pre-attentively broken down into specific features (such as 

color, shape, orientation, etc.) represented as individual feature maps (Treisman and Gormican 

1988). Like many theories of attention, Treisman's theory was informed by and tested on visual 

search experiments.  

    Visual search is one of the most prominent paradigms for the study of visual attention 

and perception (Wolfe, 1998). In a typical visual search experiment, subjects have to indicate by 

button press whether a display contains a visually pre-specified target object. For example, in 

Figure 2, the subject's task is to find the blue horizontal bar.  There are an equal number of blue 

and red lines, and the number of red horizontal and vertical lines is equal as well.  Since the 

target is defined by a conjunction of features in two dimensions, orientation and color, this task 

would be described as conjunction search.  According to the Feature Integration Theory, a 

subject pre-attentively forms both a color and an orientation map.  In order to detect the target, 

individual features present at the same location have to be combined to form the perception of an 
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object.  Attention "provides the 'glue' which integrates initially separable features into unitary 

objects" (Treisman and Gelade 1980). Consequently, subjects have to sequentially direct 

attention toward each object in order to find the target object. Search for a target within a visual 

scene thus occurs serially for the correct combination (conjunction) of features that comprise the 

target. The efficiency of such a search is slowed by the presence of distractors which may 

contain features shared by the target. 

  

   

 

Figure 2.  An example of a conjunction search task where a subject must find the blue horizontal 

line amidst distractors.  

 

    Following the Feature Integration Theory, the Guided Search Theory (Wolfe, 1994) 

became influential. It proposed that visual search for a target item consists of an initial, pre-

attentive stage that creates an activation map indicating likely target locations. This activation 
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map can weight individual feature dimensions according to how informative they are with regard 

to the search task. In the subsequent, serial stage, attention is directed sequentially to these 

locations in order to detect the target. In addition to this top-down mechanism, a bottom-up 

mechanism can guide attention to conspicuous items, even if they do not share any visual 

features with the target. If the target item differs from all distractor items in a basic feature such 

as color, orientation, or direction of motion (feature search), it “pops out”, because bottom-up 

guidance will direct the observer’s attention efficiently to the target. If, however, the target is 

defined by a unique combination of two or more features (conjunction search), additional top-

down mechanisms must guide attention in a serial fashion, similar to Treisman's Feature 

Integration Theory (Treisman and Gelade 1980). 

 

1.2. Neural Correlates of Visual Attention      

Neuroimaging work has revealed differential recruitment of brain regions during feature and 

conjunction search conditions.  Since conjunction search, unlike feature search, is assumed to 

require top-down attentional selection, any differences in neural activation between the two 

search conditions are typically attributed to top-down modulation of neural activity. In addition 

to primary visual regions (V1-V4), upstream areas such as the frontal eye fields and multiple 

regions of posterior parietal cortex were also found to be differentially engaged. (e.g., Donner et 

al., 2000, 2002; Nobre et al., 2003).  

     For instance, Donner et al. (2000) used fMRI to study the functional neuroanatomy of 

attentional mechanisms underlying feature versus conjunction search. The displays used in their 

experiment contained four clusters of bars. Within a cluster, all bars had the same color (yellow 

or blue) and orientation (horizontal or vertical). Subjects had to decide whether the display 
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contained a target cluster. In the feature-search condition, the target was a cluster of yellow bars, 

while in the conjunction-search condition it was a cluster of yellow, vertical bars.  Analysis of 

the imaging data focused on frontal eye fields (FEF) and intraparietal sulcus (IPS), as they seem 

to be the major components of a network that controls selective attention by modulating 

activation in early visual areas (e.g., Reynolds & Desimone, 1999). During conjunction search, 

relative to feature search, the signal increased bilaterally in the FEF, ventral precentral sulcus, 

postcentral sulcus, anterior IPS, posterior IPS, IPTO, and lateral fusiform gyrus. The extent of 

parietal activations was found to be greater in the right than in the left hemisphere. Using a 

control condition, it was shown that passive viewing of the conjunction and feature-search 

stimuli did not induce differential activation in any cortical area. Therefore, it was concluded that 

the activation differences observed in the active search conditions were not due to the small 

differences in retinal input.  

     One possible criticism of the Donner et al. (2000) study is that visual search difficulty 

is now generally considered to vary along a continuum instead of being restricted to either the 

parallel or the serial category (e.g., Wolfe, 1998). This finding raises the question whether task 

difficulty, rather than search type (feature versus conjunction search) induced the observed 

effects. Furthermore, it is unclear whether these effects are purely quantitative - reflecting 

differential activation strength in the same cortical areas - or qualitative – involving different 

cortical areas. To address these questions, the same authors conducted a follow-up study that 

added a third task, namely a hard feature search whose difficulty was matched with the 

conjunction search task by decreasing the ratio of target and distracter salience (Donner et al., 

2002). The subjects’ behavioral data did not differ between the hard feature search task and the 

conjunction search task.  
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     Relative to the easy feature search, the two difficulty-matched tasks showed consistent 

overlap of increased cortical activity in the FEF and in the anterior and posterior IPS. Regions 

only activated by hard feature or conjunction search were consistently found in the prefrontal 

cortex and adjacent to the overlapping areas in FEF and IPS, whereas the activity in posterior 

IPS did not differ between conditions. Anterior IPS response was greater during hard feature 

search, and FEF and IPS/TOS response was greater during conjunction search. These results 

demonstrate that hard feature search and conjunction search are regulated by partially 

overlapping frontoparietal networks.  

     In order to systematically examine the separate contributions to cortical activation by 

task difficulty and feature binding, Nobre et al. (2003) manipulated the requirement of feature 

binding in both efficient and inefficient search tasks. In other words, compared to the study by 

Donner et al. (2002), Nobre et al. (2003) added a fourth type of visual search task, namely an 

efficient conjunction search. Moreover, four different features (color, direction, velocity, and 

form) and four different feature conjunctions were used (color-size, color-direction, velocity-

size, and velocity-form) to ensure that the results did not depend on particular features. Another 

deviation from previous studies was that the search displays were shown for a longer duration 

(1000 ms), allowing the subjects to move their eyes during task performance. The fMRI results 

showed parietal and prefrontal enhancement during inefficient search, whereas feature binding 

selectively enhanced clusters in the superior parietal lobule. To a great extent, the study 

replicated differential effects of feature conjunction and task difficulty found by Donner et al. 

(2000, 2002). However, in the tasks employed by Nobre at al. (2003), search efficiency had a 

clearly stronger effect than feature binding on neural activation. This finding emphasizes the 

importance of using difficulty-matched feature and conjunction search tasks for the study of top-
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down attentional modulation of early visual areas.  

The brain regions described above are part of the frontoparietal attention network.  This 

network can be divided into dorsal and ventral branches (Figure 3, adapted from Corbetta and 

Shulman, 2002) which work together to help us successfully interact with our environment.  The 

dorsal branch of the frontoparietal attention network (dFPAN) is thought to be involved in using 

expectations to guide attention in a variety of goal-directed tasks such as visual search (Sommer, 

et al., 2008; Bisley and Goldberg, 2003), peripheral target discrimination  (Gitelman, et al. 1999; 

Szczepanski, Konen, and Kastner, 2010)  and selecting suitable motor responses (Naranjo et al., 

2007).  This is in line with the Guided Search model (Wolfe, et al., 1994)  which proposes a top-

down guided search mechanism informed by pre-attentive processing of task display.  The main 

regions involved in this top-down control of attention  include the IPS, superior parietal lobule, 

the region surrounding and including the FEF, and precuneus (Corbetta, Patel, and Shulman,  

2008; Shulman et al., 2009).  
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Figure 3. Ventral (orange color) and dorsal (blue color) frontoparietal networks. (a) Brain 

regions included in each network; (b) schematic of functional relationships between areas and 

networks (adapted from Corbetta and Shulman, 2002).  

 

In contrast the ventral branch of the frontoparietal attention network (vFPAN) is involved 

in redirecting attention through bottom-up (stimulus-driven) control to unexpected and relevant 

stimuli (Corbetta, Patel, and Shulman, 2008) in multiple modalities (Downar et al., 2000). The 

main components of the vFPAN include the ventral frontal cortex, temporoparietal junction, the 

posterior sector of the superior temporal sulcus (STS) and gyrus (STG) (Corbetta et al., 2008; 

Shulman, 2009).  While the dFPAN exerts top-down control of attention, the ventral system is 
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suppressed to prevent re-orienting (Todd, Fougnie, and Marois, 2005). 

The vFPAN may also be responsible for switching from internally directed processing, 

such as planning future actions, retrieving information from episodic memory, or having self-

referential thoughts, to the processing of important external stimuli.  There is evidence for 

internally directed processes such as to be associated with a “default mode network” (DMN; see 

Raichle et al., 2001; Raichle, 2007; Fox, 2005).  There is evidence that the DMN and the FPAN 

are functionally anti-correlated, reflecting the distinct brain states of internally directed thoughts 

and externally directed, goal-oriented attention (Fox et al., 2005). This “default” network of 

interconnected regions including medial prefrontal cortex (MPFC), midline structures including 

superior frontal gyrus (SFG), posterior cingulate cortex (PCC), lateral and medial temporal lobes 

(LTL and MTL, respectively), and posterior inferior parietal lobule (pIPL) (Buckner, Andrews-

Hanna, and Schachter, 2008; see Figure 4) was initially found by determining the ratio of oxygen 

consumption to oxygen delivered via blood flow in awake (with eyes closed) and resting 

individuals (Raichle et al., 2001). Later studies supported this conceptualization by showing 

strong temporal correlation of activation across these areas while subjects were resting (Fox et 

al., 2005; Greicius et al., 2003). The DMN has been found to decrease in activation in the 

presence of various goal-directed tasks involving attention to external stimuli (Binder et al., 

1999; Mazoyer et al., 2001; Shulman et al., 1997) and increase in during self-referential thoughts 

(see Buckner, Andrews-Hanna, and Schachter, 2008).  In addition, the DMN has been implicated 

in social and emotional cognition, particularly in medial frontal cortex (Kelley et al. 2002; 

Mitchell, Macrae, and Banaji, 2006), which may be part of a mechanism by which an individual 

can identify her relationship with an external group (Rilling et al, 2008). Interestingly, despite 

their observed anti-correlated relationship, the DMN and FPAN (Moratti, Keil, and Stolarova, 
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2004) networks are both involved in the processing of emotion.  

 

 

Figure 4: Brain regions of the default mode network (adapted from Buckner, Andrews-Hanna, 

and Schachter, 2008).   

 
 
1.3. Neural Correlates of Emotion Processing  

Emotional stimuli are powerful appropriators of cognitive resources not only because of the 

immediate physiological and psychological responses they elicit, but also because of their ability 

to mediate how we will later respond to the environment.  This response includes not only 

planning and execution of behavior but also facilitating processing resources to detect future 

salient information.  Emotionally charged memories (Damasio et al., 2000), words (Herbert et 

al., 2006), scenes (Hariri et al., 2002), and facial expressions (Lane et al., 1999) have all been 



14 

 

 

utilized in the study of emotion and behavior.     

     Neuroimaging research in this area has identified specific brain regions most 

responsive to stimuli of a particular valence. The network of brain regions implicated in 

emotional processing has expanded from the early Papez circuit (Papez, 1937) to an expanded 

limbic system and cortical components.  Key players consistently described in emotional 

processing include the amygdala, basal ganglia, medial and lateral prefrontal cortices, and the 

anterior cingulate.  General valence categories examined have included happiness, sadness, fear, 

anger, and disgust, and numerous studies have linked these emotions with varying combinations 

of players of the emotional network.  Receiving the most attention is the relationship between 

fear and the amygdala, a structure that has long been associated with fear conditioning (LeDoux, 

2003; Walker and Davis, 2002) and is widely acknowledged to be central to processing threat-

related stimuli (LeDoux, 1998).  Studies evaluating the relationship between emotion processing 

and cognitive processes have focused mostly on negative stimuli such as fearful faces and have 

demonstrated that emotions can enhance (Armony and Dolan, 2002; Phelps et al., 2006) or 

distract an individual while performing a behavioral task (Fox et al., 2001; Egner and Hirsch, 

2005).  This biasing by emotion, however, is inversely correlated with cognitive demand (Pessoa 

et al., 2002; Bishop, 2006).  The greater the cognitive demand required of the task, the less 

influence is held by emotion.  While such findings have established an emotion-cognitive 

relationship, our understanding of how regulation of sensory processing fits into that relationship 

is unclear.  

     The prioritization and direction of attention to emotional stimuli may be due to 

modulation by both bottom-up and top-down sensory processing. One ideal center for linking 

emotion processing, low-level perception, and higher order cognition is the amygdala with its 
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extensive array of neuroanatomical connections.  Studies on macaque monkeys using 

anterograde tracers have revealed a topographic organization of amygdala projections to all 

stages of information processing along the ventral visual stream (Amaral et al., 2003; Freese and 

Amaral, 2005).  The amygdala consists of multiple nuclei with varying afferents and efferents 

(the following anatomical discussion will be limited to those nuclei most relevant to mood 

regulation). The lateral/basolateral nucleus (BLa) receives information from the neocortex, 

thalamus, and hippocampus. The output of this nucleus targets the ventral striatum, the 

dorsomedial nucleus of the thalamus and the central nucleus of the amygdala, which in turn 

projects to the orbitofrontal cortex.  The central nucleus projects to the hypothalamus, brainstem, 

and basal forebrain (Amaral et al., 1992) and is thought to be involved in fear/anxiety related 

behavioral and physiological responses. After selective bilateral lesions to the central nucleus, 

rhesus monkeys displayed less anxiety-related behavior when exposed to threatening stimuli. 

Physiologically, these animals also had decreased release of corticotrophin releasing factor 

(CRF) by the hypothalamus and lower plasma levels of pituitary secreted ACTH.  ACTH is 

involved in the release of the stress hormone cortisol from the adrenal cortex (Kalin et al., 2004). 

Disturbance of this HPA axis and its regulation of the body’s response to stress are thought to 

play a major role in mood disorders. The basal nucleus is a relay station that receives sensory 

information from lateral basolateral nuclei and projects to other amygdala nuclei and to the 

periaqueductal grey.    

     Primate tracing studies have revealed bidirectional connections between the amygdala 

and orbitofrontal and medial prefrontal regions and sparse unidirectional pathways to the lateral 

prefrontal areas.  Furthermore, orbitofrontal regions may have modulatory control on amygdala 

processing (Ghashghaei et al., 2007).  This is particularly interesting since orbitofrontal termini 
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in the amygdala overlap in areas of anterior temporal visual and auditory association cortices 

(Ghashghaei et al., 2002), and these connections illustrate how OFC/mPFC and amygdala could 

influence  each other and sensory processes.  In the macaque, areas TEO, V4, V2, MST, MT and 

V1 receive lateral basal nucleus afferents, but these visual areas themselves do not project to the 

amygdala. Both the anterior and posterior TE have main bilateral connections with the lateral 

basal nucleus and to a lesser extent with the accessory basal nucleus (Iwai and Yukie, 1987).  

Thus the amygdala may exert its more rapid effects directly through its sub-cortical connections 

to visual processing areas or in a slower, round-about fashion by first using its connections with 

frontal cortices that modulate attentional effects on lower-level sensory regions.  

     The connections described above support the traditional view that the amygdala’s role 

is processing threatening stimuli and quickly generating the appropriate physiological responses 

to ensure an individual’s safety. Recently, however, this structure has been shown to be 

responsive to faces that express all of the above mentioned valence categories (Fitzgerald et al., 

2006), and in the primate, distinct neuronal populations within the amygdala were shown to 

encode both positive and negative values of visual stimuli (Paton et al., 2006). Consequently, 

while this structure may be most responsive to fear it may also have a wider role in acquiring 

salience from emotional stimuli.   

     As mentioned above, one of the targets of the BLa is the ventral striatum (Haber and 

McFarland, 1999), a region classically associated with reward and often studied in the context of 

addiction. As an integral part of the reward circuit, the ventral striatum (VST) processes drug-

induced reward (Wong et al., 2006) as well as natural reward (i.e., gustatory, sexual, and 

interpersonal) (Carelli and Wondolowski, 2003).  The ventral striatum, like the amygdala, is 

diversely innervated, and both structures receive direct dopaminergic inputs from the VTA. 



17 

 

 

Other VST afferents include glutamatergic inputs from orbital and medial prefrontal cortex, 

hippocampus, and amygdala; NE-ergic input from the locus coeruleus; and 5HT-ergic input from 

the dorsal raphe nucleus (Haber and McFarland, 1999). In turn, the nucleus accumbens portion 

of the VST projects directly to the hypothalamus (Baldo et al., 2004) and is implicated in feeding 

behavior.  Despite the lack of motor, premotor and supplementary motor afferents, VST efferents 

also target areas which in turn influence the motor loop and include the substantia nigra pars 

reticulata and internal globus pallidus (which later project to cortical motor areas via the 

thalamus (Nakano, 2000). In other words, ventral striatal projections target regions that underlie 

the execution of behaviors appropriate to the current emotional situation.  

In addition to its connections with the amygdala, the OFC is also associated with the 

processing of positive emotional stimuli such as reward (Murray and Izquierdo, 2007).  Like the 

amygdala, the OFC is connected to a variety of systems in the brain. Direct reciprocal 

connections exist between the OFC and the amygdala, cingulate cortex, insula, hypothalamus, 

hippocampus, striatum, periaqueductal gray, and the dorsolateral prefrontal cortex (Kringelbach, 

2005).  Sensory input to the OFC covers all five sensory modalities and visceral information 

(Rempel-Clower, 2007). The OFC receives mediodorsal thalamic projections from the 

magnocellular medial nucleus, which has been associated with scene memory and object-reward 

memory (Gaffan and Parker, 2000).  Neuroimaging studies have implicated OFC involvement 

with reward-outcome strategizing (Lawrence et al., 2008), emotion processing and memory 

(LoPresti et al., 2008), and the representation of abstract reward and punishment (O’Doherty et 

al., 2001).  Given this structure’s anatomical connections to sensory and executive processing 

areas in the brain, the OFC is an excellent center for modulating behavior to respond 

advantageously to environmental signals.  
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     The above studies have been invaluable in providing insight into how these two 

emotion processing areas may influence an individual’s behavioral expression.  These findings 

also illustrate that via their widespread array of connections, the amygdala and ventral striatum 

are not limited to processing a single valence category and may have a more general role in 

emotion regulation.  The conventional view that the amygdala is responsible for processing 

threatening stimuli and that the ventral striatum mediates reward/hedonic stimuli may be overly 

simplistic. Neural responsiveness to emotional valence is most likely the result of complex 

interactions across a distributed network of brain regions (Grimm et al., 2006). Furthermore, 

individual differences in responsiveness to some valences over others complicate this 

relationship.  

 

1.4. Personality Traits & Neural Response to Emotional Stimuli  

Standardized metrics of personality and aspects of psychopathology are powerful instruments to 

explore healthy and clinical variations in individual emotional disposition.  These rating scales 

have been used in conjunction with functional neuroimaging analysis and provide a means for 

correlating variation in emotion processing with differences in neural activity. Anxiety is defined 

as the apprehensive anticipation of future danger or misfortune accompanied by a feeling of 

dysphoria or somatic symptoms of tension (American Psychiatric Association, 2000).  In healthy 

populations studies utilizing anxiety metrics such as the Spielberger State-Trait Anxiety Scale 

(Spielberger et al., 1970) have shown relationships between sub-clinical levels of state anxiety 

and amygdala responsiveness to attended/unattended fearful faces (Bishop, 2004).  In this study, 

individuals with “high” state anxiety scores exhibited increased amygdala response to fearful vs. 

neutral face stimuli regardless of whether or not such threat stimuli were attended to. In addition, 



19 

 

 

these participants had decreased rostral anterior cingulate activity and lower recruitment of 

lateral PFC when the expectancy of threat-related distracters was established.  Trait anxiety 

scores have also been correlated with activity of the basolateral nucleus of the amygdala, which 

contrasted with the anxiety-independent activation of the dorsal nucleus due to conscious threat 

processing (Etkin et al., 2004).    

     Just as in anxiety, hedonic capacity, the ability to experience pleasure or reward, can 

vary from person to person (Dworkin et al., 1984). Diminished hedonic capacity is often seen in 

individuals suffering from mood disorders. Clinically, anhedonia presents a loss of interest in 

activities that a person once enjoyed, social withdrawal, and decreased levels of sexual desire 

(American Psychiatric Association, 2000).  Following exposure to happy stimuli, patients 

suffering from major depression exhibit anhedonia, whose severity has been shown to correlate 

positively with vmPFC activation and negatively with ventral striatal and amygdala activity 

(Keedwell et al., 2005). Reward processing has been evaluated in a variety of contexts and 

paradigms including drug addiction (Paulus et al., 2002; Adinoff, 2004), pathological gambling 

(Protenza et al., 2003), decision making (Krain et al., 2006), and emotional memory (Adcock et 

al., 2006).   

 

1.5. Affective Stimuli & Visual Search 

In affectively cued visual search tasks, regions previously implicated in normal and pathological 

emotional processing such as the vmPFC, OFC, DLPFC, amygdala, and ventral striatum may 

also affect the recruitment of visual processing areas.  Such emotional biasing of top-down and 

bottom-up visual processing has only recently begun to be explored.  Often such studies use 

“face-in-the-crowd” tasks in which the target items are themselves emotional faces (Williams et 
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al., 2008). Alternatively, emotional stimuli have been used as distracters, capturing attention 

away from resources needed to perform a task (Bishop et al., 2007), displayed concurrently with 

an unrelated search task.  In a psychophysical study of basic visual processing, threatening 

images improved visual search performance independently and in an additive manner with 

spatial attention (Phelps et al., 2006). This was an important behavioral finding because it 

showed for the first time that emotional cueing is able to enhance visual processing in a 

subsequent, unrelated task that does not involve emotional stimuli. Consequently, this task would 

be a suitable candidate for neurophysiological studies on the influence of emotion on visual 

processing.  

 Unfortunately, only few studies have performed retinotopic mapping to observe how 

emotional stimuli directly impact well-mapped early visual areas already engaged in a cognitive 

task.  One such study examined the effects of affective (non-visual) priming on a subsequent 

unrelated visual detection task and included retinotopic mapping (Padmala and Pessoa, 2008).  

They found that increased V1-V4 activation and improved behavioral performance were 

functions of the emotional prime.  However, their fMRI data acquisition was focused on visual 

areas at the cost of frontal regions, and the task used was a visual detection task instead of a 

search task.  As a result, there are only a few investigations of areas relevant to emotional 

processing and the control of visual attention, precluding any neurophysiological study of how 

these areas may modulate visual processing.  

 

1.6. Arousal 

Closely related to the concepts of attention and emotion is that of arousal.  General arousal has 

been defined as a state of increased wakefulness and vigilance, as well as responsiveness of 
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cortical and thalamic neurons to sensory stimuli (Saper, 2000). Moruzzi and Magoun (Moruzzi 

and Magoun, 1949) described the importance of an ascending arousal system in the brainstem 

reticular formation for transitions from sleep to wakefulness.  They found that direct stimulation 

to this ascending arousal system results in a desynchronization of the EEG similar to the “arousal 

reaction to natural stimuli”.  From the research since then, the ascending arousal system includes 

areas of the brainstem, hypothalamus, and basal forebrain. Ascending arousal inputs involve 

multiple neurotransmitter systems such as norepinephrine from neurons in the locus ceruleus, 

serotonin from the dorsal raphe nucleus, acetylcholine from the penunculopontine and 

laterodorsal tegmental areas (and basal forebrain), and dopamine from the substantia nigra and 

ventral tegmentum (Saper, 2000; Szmusiak and McGinty, 2008; Robbins, 1997).  Arousal signals 

from the hypothalamus involve histamine from the tuberomammillary nucleus and orexin (de 

Lecea, 2009).  The long range projections from these areas are diffuse, exerting effects 

throughout the brain influencing both physiological and behavioral responses to stimuli.   

In addition to heart rate, galvanic skin response, EEG, and other measures, pupil size has 

been used as a indicator of arousal (Kahneman, 1973).  It has been shown pharmacologically that 

noradrenergic function and pupil size are highly coupled (Koss, 1986; Phillips, Szabadi, and 

Bradshaw, 2000; Samuels and Szabadi, 2008).  Both the locus ceruleus neurons firing and pupil 

diameter appear to exhibit tonic and phasic patterns during different modes of task performance 

(Aston-Jones, et al, 1994; for review see Laeng, Sirois, and Gredebäck, 2012). Phasic locus 

ceruleus (LC) neuronal firing and pupil dilation are associated with the processing of task 

relevant information.  In the tonic mode, LC firing and pupil dilation are not associated with the 

performance of attention-demanding tasks. At the same time, the tonic mode facilitates the 

detection of novel stimuli (see Laeng, Sirois, and Gredebäck, 2012).  Corbetta and Shulman 
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(2008) proposed that the activity of the locus ceruleus/norepinephrine system, during both phasic 

and tonic modes, is functionally connected to that in the ventral frontoparietal attention network. 

Thus pupil size appears to be an appropriate indicator of arousal during the performance of a 

behavioral task. 

The concept of arousal also plays an important role in characterizing affective states. A 

widely accepted approach to this problem is the circumplex model of affect that is based on the 

dimensions of valence and arousal (Russell, 1980). In this model, the valence dimension 

represents the hedonic aspect of a given affective state, with values ranging from negative to 

positive. The arousal dimension indicates the level of engagement, whose values range from low 

to high. The underlying assumption of the circumplex model is that all affective states can be 

represented by distinct levels of valence and arousal, which is corroborated by studies measuring 

self-reported affect (e.g., Barrett and Russell, 1998). More recently, the circumplex model has 

received further support through results from fMRI studies. Using olfactory stimuli, Anderson et 

al. (2003) found that amygdala activation was associated with stimulus intensity (which is 

strongly correlated with arousal, see Bensafi et al., 2002) but not with stimulus valence. 

Activation of the orbitofrontal cortex, on the other hand, was associated with valence but not 

intensity. Furthermore, Baucom et al. (2012) presented observers with affective picture stimuli 

whose emotional content had been previously rated along the dimensions valence and arousal. 

The results showed distinctive variations in brain activity patterns along each of the two affective 

dimensions, and multidimensional scaling of voxel activity revealed similarity associations 

across stimulus categories supporting the view of two largely independent dimensions. Taken 

together, these results suggest that valence and arousal are separable dimensions of emotional 

experience and may have differential effects on regions involved in emotion processing.  
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1.7. The Present Study     

The present study addressed these issues by examining how exposure to negative and positive 

emotional stimuli influences behavioral performance in individuals with differing levels of 

anxiety or anhedonia. During an event-related fMRI session, 19 healthy participants rated for 

sub-clinical levels of anxiety and anhedonia were asked to perform a visual conjunction search 

task, which invoked both bottom-up and top-down attentional control (Wolfe, 1998).  Each trial 

consisted of a brief presentation of a neutral, fearful or happy face image to evoke responses in 

emotion processing areas, followed by a task display where subjects had to covertly search for a 

target based on a pair of features (color and orientation). Behavioral modulation was 

measured as the difference in response accuracy and response time at performing the visual 

search task after emotional cueing (happy or fearful faces) vs. non-emotional cueing (neutral 

faces). Using retinotopic mapping to localize visual processing areas in addition to task scanning 

runs, it was examined how individual differences in anxiety and anhedonia levels correlate with 

differences in evoked responses in visual areas.  Furthermore, I studied functional connectivity 

between emotion processing regions and areas mediating control of visual attention by analyzing 

Psychophysiological Interactions. This technique, explained in the Methods section below, 

provides insight into changes in functional connectivity between brain regions across 

experimental conditions. 

 

1.8. Hypotheses 

As an expansion of previous findings that negative stimuli enhance low level processing 

(Phelps et al., 2006), comparisons of perceptual enhancement in the current study included not 
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only fearful vs. neutral face cues, but also happy vs. neutral or fearful face cues. This inclusion 

of happy faces is motivated by the finding that these stimuli undergo enhanced processing as 

demonstrated in studies on the attentional blink (Anderson, 2005) and visual search for faces 

(Fox, 2002).  

Behavioral Hypothesis: Exposure to fearful and happy face stimuli was expected to 

induce faster and more accurate responses in the subsequent visual search task.  

Neuroimaging Hypotheses: Areas involved in emotion processing such as the amygdala 

were expected to show higher activation in the emotional conditions than in the neutral one. 

Also, the visual nature of the task would elicit responses in visual cortex, which are enhanced 

during emotional conditions through facilitation by emotion processing areas.  This facilitation 

could occur via direct functional connectivity between emotion processing areas (amygdala) and 

early visual areas (V1 and V2). Alternatively, facilitation could occur through enhancement of 

cognitive control regions of the FPAN by functional connections to these emotional regions. In 

the latter case, I also expected enhanced functional connectivity between regions of the FPAN 

and visual processing areas. Similarly, due to the implication of the DMN with emotion 

processing, it was expected to show greater connectivity with the amygdala in the emotional 

conditions. If the DMN also contributes to the enhancement of visual processing, I would expect 

increased connectivity between DMN and visual cortex for emotional stimuli.  While the 

amygdala is thought to be involved in the processing of both positive and negative emotional 

stimuli, it is most associated with the processing of fearful or threatening stimuli. Therefore, the 

possible amygdala connections described above may be even more pronounced in the fearful 

condition than in the happy one.   
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Individual Difference Hypotheses: Behavioral: Individuals who scored higher on the 

Spielberger State and Trait Anxiety questionnaires would perform better on trials with fearful 

face stimuli. Similarly, individuals who scored higher on the Fawcett-Clark Pleasure Scale (a 

self-report measure of individual hedonic capacity) would perform better in trials with happy 

face stimuli.  

Neuroimaging: Individuals who scored higher on the anxiety questionnaires may show 

more pronounced activation in response to fearful stimuli and enhanced functional connectivity 

of the amygdala with the areas and networks outlined above. In addition, individuals who scored 

higher on the hedonic capacity scale would show a similar enhancement of the functional 

relationships above during the happy condition. 
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2. METHODS  

2.1. Participants 

Nineteen healthy individuals (average age 25.5 years old; 7 females) participated in this study.  

All subjects reported normal or corrected-to-normal vision and no history of psychiatric illness. 

To evaluate individual differences in emotion processing, self-report questionnaires were 

administered.  To assess individual levels of anxiety, the Spielberger State/Trait Anxiety 

Inventory (Spielberger et al., 1970) was given.  In this two-part, 40 item questionnaire (20 items 

per subscale), subjects indicated what his/her level of anxiety would be in a variety hypothetical 

situations based on their current state (“State”, group mean score = 36.7, S.D. = 9.7) or in general 

(“Trait”, group mean score = 41.4, S.D. = 10.4).   Higher total scores on the state or trait anxiety 

questionnaires, indicate greater state or trait anxiety, respectively. To assess individual 

differences in hedonic capacity, the Fawcett-Clark Pleasure Capacity Scale (FCPS; Fawcett, J., 

D. C. Clark, et al. 1983), was given to participants (group mean score = 129, S.D. = 24.9).  The 

FCPS is a 36-item questionnaire where participants are asked to rate, based on their current state, 

how pleasurable they would find a variety of hypothetical situations (“You sit watching a 

beautiful sunset in an isolated, untouched part of the world”  Responses can range from 1: "No 

Pleasure at all." to 5: "Extreme and lasting pleasure."  Higher total scores indicate greater 

hedonic capacity. 

 

2.2. Task Design 

Stimuli: The face stimuli consisted of 18 different faces (9 female, 9 male) from the 

NimStim set (available at www.MacBrain.org; Tottenham et al., 2009), each of them with a 

fearful, happy, and neutral expression, for a total of 54 stimuli (see Figure 5). All stimuli were 
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approximately 6 to 8 degrees large and luminance-matched. The search stimuli consisted of eight 

Gabor patches (sinusoidal gratings multiplied by a two-dimensional Gaussian function) of 4 

degrees diameter arranged on a circle (positions 0, 45, 90, 135, 180, 225, 270, and 315 degrees) 

positioned with a radius of 12 degrees around a central fixation target. In each trial, two of the 

red patches were tilted to the left, and the other two were tilted to the right. Three of the blue 

patches were oriented vertically, and the fourth one (the target item) was tilted either to the left 

or to the right (see Figure 6). The positions of these items were randomized for each trial and 

counterbalanced within each run. The amount of tilt was identical for all tilted items and was 

determined for each subject and search type by a thresholding procedure prior to the 

experimental session. 

 

 

 

 

Figure 5. Examples of emotional cues (taken from the NimStim stimulus set). Here, one of the 

18 faces used in the study is shown in the three valence conditions happy, fearful, and neutral. 
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Figure 6. Example search stimulus. The subjects’ task is to report the direction of tilt of the 

single non-vertical blue Gabor patch. In this example, the target is on the lower right, and it is 

tilted to the left.  

 

Training Session: Subjects received a training session outside the MRI scanner prior to 

their experimental session in order to avoid poor task performance and strong training effects 

while their data were recorded. The training task was identical to the main task (see Figure 7) 

except that only neutral faces were presented before the search display. After presentation of a 
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central fixation cross for a randomly chosen duration between 700 to 800 ms, a face cue was 

presented for 50 ms.  The expression conveyed by the face was happy, fearful, or neutral. After a 

50 ms presentation of a fixation cross, the task display was presented for 100 ms.  The subject 

had to determine whether the target item (the only tilted blue item) was tilted to the left or to the 

right and report this decision manually within 1200 ms by pressing one out of two possible 

buttons. If the response was correct, a high-pitch sound (440 Hz) was played for 50 ms (positive 

feedback). If the response was incorrect or the subject did not respond within 1200 ms, a low-

pitch sound (110 Hz) was played for 50 ms (negative feedback). Feedback was given only during 

training but not during the thresholding or main sessions.   

 

 

 

        Figure 7. Progression of an individual trial. 
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Thresholding Session: Immediately prior to the experimental session, when the subject 

was already inside the MRI scanner, a thresholding session was administered. Before the actual 

thresholding, subjects underwent a brief training (10 trials) to ensure their comprehension of the 

task. A staircase procedure based on the QUEST algorithm (Watson & Pelli, 1983) including a 

sequence of 90 trials was then used to adjust the tilt level of the Gabor patches so that subjects 

responded correctly approximately 75% of the trials. The progression of these trials was identical 

to the one in the main task, except that only neutral faces were used as emotional cues. A 

Weibull function was fitted to these data to define the psychometric function. The tilt level for 

which this function estimated 75% correct responses was used for the Gabor patches in the 

subsequent main task. The thresholding procedure was performed in the scanner to mimic the 

experiment conditions used during scanning.  

 

Main Task: The main task consisted of four runs of 256 trials each. These 256 trials 

included 64 trials of each valence type (happy, fearful, and neutral) plus another 64 null trials 

that only displayed a fixation cross but no face cue or search display. The purpose of the null 

trials was to introduce variation to the inter-trial intervals for improved statistical power in the 

present event-related experimental design. The order of trial types for each run and subject was 

individually randomized with the restriction that no two consecutive trials showed the same face 

cue and that the same valence was not shown more than twice in a row.   
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2.3. Measurement and Analysis of Manual Response Data 

Subjects reported their decision whether the target stimulus was tilted to the left or right via a 

button pad. The pad was positioned in the MRI scanner close to the subjects’ right upper thigh. 

Throughout the experiment session, subjects placed the palm and fingers of their right hand on 

the button pad while their right arm was extended. They indicated a left or right tilt by pressing 

the buttons that their index or middle finger, respectively, was placed on. Subjects were 

instructed to enter their responses as quickly and as accurately as possible and never delay a 

response by more than 1200 ms, even if they were uncertain about the correctness of their 

response. Performing this task within the given time constraints was trained during the initial 

practice session outside the MRI scanner. Response times (RTs) were measured from the onset 

of the search stimulus to the subject's manual response. If no response was made within 1200 ms 

after the search stimulus presentation, no RT value was recorded. For each trial, the response 

(left vs. right tilt) and its correctness (correct vs. incorrect) were also recorded. 

Mean RT was computed separately for trials with correct and incorrect responses in each 

of the three valence conditions. A two-way analysis of variance (ANOVA) with factors valence 

(fearful vs. happy vs. neutral) and correctness (correct vs. incorrect) was conducted to examine 

the effects of the stimulus valence on RT and determine possible differential effects of valence 

on correct and incorrect responses. Response accuracy was measured as the proportion of all 

trials with correct response. In this calculation, the total number of trials consisted of those with 

correct response, incorrect response, and no response. The statistical analysis of response 

accuracy was identical to the one for RT. 
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2.4. Measurement and Analysis of Eye-Movement and Pupillometric Data 

During the experimental session in the MRI scanner, the subjects’ gaze data were measured 

using a video-based ISCAN eye-tracking device. This eye tracker measures both the subjects’ 

gaze position and their pupil diameter at a rate of 60 samples per second. Prior to the 

experimental session, this device was set up and adapted to the individual subject by adjusting 

the goggles that were used for both stimulus presentation and eye data acquisition. Once the 

subject was inside the scanner, the eye tracker was calibrated by having the subject fixate their 

gaze sequentially on each of nine screen markers that were arranged in a 3x3 grid. Based on 

these calibration data, the system estimated the optimal mapping from pupil position to screen 

coordinates. If the resulting mapping involved deviations between actual gaze positions and 

those measured by the system that exceeded 2 degrees of visual angle, the calibration procedure 

was repeated. Before each experiment run, a drift correction using a single, central fixation 

marker was performed, or if necessary, another full calibration procedure was carried out.  

For the present study, the purpose of gaze position measurement was to enable the 

experimenter to monitor whether subjects kept their gaze at the center of the screen throughout 

the run. If any significant eye saccades were detected, the subject was reminded of the central 

gaze requirement. In addition to gaze position, the system also measures the subject’s pupil 

diameter at the same 60 Hz frequency.  

The measurement of pupil size in the present study was aimed at assessing the subjects’ 

emotional arousal (e.g., Bradley et al., 2008). In order to measure pupil size, the system 

considers the set of all pixels in the camera image whose brightness falls below a certain 

threshold, which are assumed to belong to the pupil. The system determines the best fit of an 

ellipse to this set of pixels, and the horizontal and vertical diameters of this ellipse are taken as 
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the pupil dimensions. Since the correspondence between pixels and actual pupil size depends on 

the geometry of the setup and varies across subjects, no absolute pupil diameters were measured. 

Instead, relative changes in pupil diameter were used in the data analysis (e.g., Karatekin, 2004). 

The subjects' pupillary response was represented by the variable ‘relative pupil diameter’, 

which was measured as the relative change in pupil diameter from baseline. This baseline was 

computed as the average pupil size during the 100 ms interval immediately preceding the face 

stimulus onset. Therefore, this variable allowed me to track the time course of an observer’s 

pupil size relative to its pre-stimulus value.  Greater values would indicate a more pronounced 

pupillary response, signifying greater arousal (Bradley et al, 2008; Kahneman, 1973). For 

example, a value of 1.1 or 110% would indicate that the pupil dilated by 10% after stimulus 

onset. Because of the rapid succession of experimental trials, the overall amount and onset speed 

of the pupillary response were measured as the average relative pupil diameter throughout the 

subject’s response period or within 200 ms after face stimulus onset, respectively (cf. Klingner, 

Tversky, and Hanrahan, 2011). Similarly to RT and response accuracy, mean pupil variance was 

analyzed for possible effects by valence and response correctness. Moreover, the Pearson 

correlation between individual subjects’ pupil variance and their scores on the emotional rating 

scales under specific valence conditions was computed. 

 

2.5. Neuroimaging Data Acquisition 

All neuroimaging was conducted on a General Electric (Milwaukee, Wisconsin) Signal 1.5-T 

MRI scanner equipped with a gradient head coil scanner.  High resolution anatomical images 

were obtained using a T1-weighted SPGR sequence at resolution of 1.2 × 1.2 × 1.2 mm.  For the 

main experiment, four runs of 292 volumes of whole brain echo planar images (TR = 2000 ms, 
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TE = 36 ms, FA = 90°) of 28 axial slices parallel to the AC–PC line were acquired with a spatial 

resolution of 3.0 × 3.0 × 4. mm. Retinotopic mapping scans were acquired at a resolution of 3.0 

× 3.0 × 3.0 mm (TR = 2000 ms, TE = 54 ms, FA = 60°) where the slices were oriented to 

maximize imaging of visual cortex. A total 148 volumes were acquired for each of the four runs. 

 

2.6. Neuroimaging Analysis: Pre-processing and GLM Analysis 

 Pre-processing: The FMRIB Software Library (FSL; Smith, Jenkinson et al., 2004; 

Jbabdi et al., 2009; http://www.fmrib.ox.ac.uk/fsl/) and Matlab (Mathworks, Natick, MA; 

http://www.mathworks.com) were used to analyze functional data. The data preprocessing 

included motion correction (FSL-MCFLIRT) (Smith, Jenkinson et al. 2004), high-pass filtering 

(at 0.02 Hz), spatial smoothing (full width at half maximum = 5 mm), and brain extraction (BET) 

(Smith 2002). Within-subject statistical parametric mapping techniques (FSL-FEAT) were 

performed prior to registration to the Montreal Neurological Institute (MNI152) space 

(Mazziotta, Toga et al., 2001).  

General Linear Modeling (GLM) Analysis: Data from each of the three valences were 

subdivided by subject task performance into correct and incorrect trials.  Timing files based on 

onset and duration of each subset of data were convolved with a double-gamma model of the 

hemodynamic response function to generate corresponding regressors for the first-level, within-

subject design matrix. For the design matrix of each run, each of the three valences had two 

separate regressors to model BOLD changes within each condition: one regressor each for 

correct and incorrect trials. In addition, 24 confound motion regressors were derived from the 6 

rigid-body movement parameters obtained by the realignment procedure (Friston et al., 1996; 

Lund et al., 2006). Parameter estimates measuring goodness-of-fit were generated for each 
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regressor.  Only parameter estimates corresponding to correct trials were used for contrasts 

between valences.  Results for each subject's runs were combined in a second-level analysis to 

generate subject-specific means.  A group-level mixed effects analysis was then carried out using 

FSL-FLAME (FMRIB's Local Analysis of Mixed Effects) (Woolrich, Behrens et al. 2004), 

generating Z-statistic (Gaussianized T/F) images of activation patterns for each contrast. 

Multiple-comparison corrections were conducted at the cluster level based on Gaussian random 

field theory (Z >1.96). MNI coordinates of local maxima were converted into Talairach space 

using the icbmfsl2tal.m program (Lancaster et al. 2007). Only local maxima that are least 10mm 

apart are reported. Local maxima were attributed to the closest gray matter area within a 3mm 

radius using the Talairach Client (Lancaster et al. 1997; 2000).  Normalized scores on the 

emotion processing questionnaires described above were entered as separate regressors in the 

group analysis. 

 

2.7. Retinotopic Mapping 

This investigation into the effects of emotion and attention on visual processing required 

accurate identification of V1 and V2 boundaries via a phase-encoded retinotopic mapping 

paradigm (Engel, Glover et al., 1997). Functional neuroimaging data was collected while each 

subject, whose gaze was fixated on the center of the display and monitored via infrared camera 

mounted within special goggles (iSCaN) that sat above his/her head, viewed two types of 

stimuli: (1) one run consisting of a 90 degree, flashing checkerboard wedge that rotated 30 

degrees clockwise every 4 seconds (Figure 8 left) and (2) one run of a flashing checkerboard ring 

which expanded from the center outward every 4 seconds (Figure 8 right).   

 



36 

 

 

 

 

 

 

Figure 8. Wedge (left) and ring stimuli (right) used for retinotopic mapping in the present study. 

Wedges were displayed at different angles of rotation around the screen center, and rings were 

shown at different eccentricities. 

  

           Data were analyzed using the FreeSurfer and FS-FAST software packages 

(http://surfer.nmr.mgh.harvard.edu/) for cortical reconstruction and volumetric segmentation of 

the SPGR image as well as surface-based analysis of retinotopic functional data (Dale et al., 

1999; Dale and Sereno, 1993; Fischl and Dale, 2000; Fischl et al., 2001; Fischl et al., 2002; 

Fischl et al., 2004a; Fischl et al., 1999a; Fischl et al., 1999b; Fischl et al., 2004b; Han et al., 

2006; Jovicich et al., 2006; Segonne et al., 2004). The resulting inflated surface from the cortical 

reconstruction was used to generate patches of the occipital lobe that were subsequently flattened 

(Fischl et al., 1999a). Functional data underwent motion correction, spatial smoothing with a 
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Gaussian kernel of 5 mm (full width at half maximum), and intensity normalization.  The 

analysis was conducted by creating two regressors: a sine and cosine, both at the frequency of 

the stimuli.  Statistical maps representing polar angle (rotating wedge stimulus) and eccentricity 

(expanding rings) were generated.  The boundaries of retinotopic cortical areas or interest (V1 

and V2) were defined on the cortical surface for each individual subject on the basis of phase-

encoded retinotopy (DeYoe et al. 1994, 1996; Engel et al. 1994, 1997; Sereno et al. 1995) and 

subsequent calculation of visual field sign.  

The visual field sign serves as an objective means of drawing borders between areas 

based on the angle between the gradients (directions of fastest rate of change) in the polar angle 

and eccentricity with regard to cortical position (Sereno et al. 1994, 1995). It indicates whether 

each small patch of cortex represents the visual field as a mirror-image or a non-mirror image. 

As in nonhuman primates, early cortical areas (e.g., V1) are characterized by one visual field 

sign (e.g., mirror image). Adjacent areas often have the opposite visual field sign. In other words, 

borders between areas are often defined by meridians (but occasionally by other lines in the 

visual field) with duplicated representations of visual space on either side of the meridian. Figure 

9 shows an example of eccentricity, polar, and field sign maps for one of the subjects. All 19 

subjects’ results are shown in Figures A1 to A19 in the Appendix.  

Binary masks of V1 and V2 were generated based on results of the fieldsign analysis and 

visual inspection of boundaries defined by the anatomical analysis by the Freesurfer software. 

These masks were then used to extract region-specific time-series data from the main experiment 

for Psychophysiological Interaction analyses.   
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Figure 9. Eccentricity, polar, and field sign maps obtained through retinotopic mapping for one 

of the subjects (Subject 2). A complete set of all subjects’ mapping results can be found in 

Figures A1 to A19 in the Appendix. 
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2.8. Psychophysiological Interaction 

For studying the relationships between visual and emotion processing areas,  a functional 

connectivity analysis technique named Psychophysiological Interaction (PPI) was used (e.g., 

Friston et al., 1997; Gitelman et al., 2003; Roy et al., 2009).  For the goals of this thesis, the 

amygdala, V1, and V2 were chosen as seed regions.  V1 and V2 were defined as described 

above, and the amygdala was defined according to Freesurfer’s anatomical analysis (also 

described above). The term Psychophysiological Interaction denotes the situation when the 

influence of one brain area on another strongly depends on the experimental context. Regarding 

the present study, it is plausible to assume that, for example, enhancement of visual processing 

by happy face cues may be accomplished through different networks than the enhancement by 

fearful face cues. In other words, depending on the current experimental condition, distinct areas 

may contribute more strongly to the activation of visual cortex that leads to the enhancement. For 

example, for testing the hypothesis that the amygdala contributes to activation in V1 after fearful 

face cues but not after any other cues, the following statistical model can be used: 

 

                                                                          ,                            (1) 

         

 where xV1, xamygdala, and c are vectors containing time series across experimental runs 

for activation in V1, activation in the amygdala, and the current experimental condition, 

respectively.     is the estimated contribution of the amygdala to activation in V1, G is a matrix 

of other effects that are irrelevant to the purpose of the analysis,    is the vector of estimated 

contributions for G, and eV1 is an error term for the activation measured in V1. The basic idea 

underlying this model is to use the condition variable c as a regressor to determine whether the 
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correlated activity between area V1 and the amygdala was more pronounced during fearful cue 

trials than during other trials.  

 For this type of analysis it was important to consider the delayed BOLD response by 

convolving/deconvolving the time series of the seed regions with the hemodynamic response 

function (HRF). In the current study, the mean time series within each seed region was extracted 

from each subject's functional image from every run and then deconvolved with the canonical 

HRF. The deconvolved time series was then demeaned, multiplied element-wise by the zero-

centered task regressor, and finally reconvolved with the HRF (cf. Gitelman et al., 2003; Roy et 

al., 2009). Six PPI regressors were determined: 3 valences (happy, fearful, neutral face stimuli 

trials) x 2 response types (correct and incorrect) and implemented in the statistical model 

described above. Brain maps indicating the extent of PPI between the seed regions and other 

areas were obtained using this method. In addition to the main effect of each valence, contrasts 

between valence conditions were also analyzed. The correlation of the resulting functional 

connectivity estimates with normalized emotion processing questionnaire scores was also 

calculated.  
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3.  RESULTS 

3.1. Behavioral Results 

Mean RT was analyzed using a two-way repeated measures analysis of variance (ANOVA) with 

factors valence (fearful vs. happy vs. neutral) and accuracy (correct vs. incorrect). There was a 

highly significant effect of accuracy, F(1; 18) = 99.51, p < 0.001, but no effect of valence, F(2; 

36) = 1.51, p > 0.2 and no interaction between the two factors, F(2; 36) = 0.31, p > 0.7. As 

shown in Figure 10, RT was clearly lower for correct responses than for incorrect ones. While 

this difference was pronounced more strongly for fearful face cues (127 ms) than for happy (121 

ms) or neutral cues (117 ms), this deviation was not statistically significant. The difference in RT 

between correct and incorrect trials most likely reflects the longer decision process in cases of 

uncertainty. In such cases, subjects are more likely to give an incorrect response. 
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Figure 10. RT for correct and incorrect responses as a function of cue valence. In all charts in 

this thesis, error bars indicate the standard error of the mean.  

 

 

Furthermore, RT for trials with correct and incorrect responses was analyzed within each 

of the four runs of the experiment session in order to check for any systematic effects of training 

or fatigue. In this analysis, the data were collapsed over the cue valence variable, and thus a two-

way ANOVA with factors accuracy (correct vs. incorrect) and run number (1 to 4) was 

calculated. It showed the same effect of accuracy as above, but neither the main effect of run, 

F(3; 54) = 0.26, p > 0.8, nor the interaction, F(3; 54) = 0.66, p > 0.5 were significant (see Figure 
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A20 in the Appendix). This result suggests that, based on the RT data, no significant effects of 

training or fatigue seemed to have systematically biased the subjects’ performance over the 

course of the experiment session. 

Response accuracy was measured as the proportion of trials with correct response out of 

all search trials. The thresholding procedure that was performed prior to the experimental runs 

was aimed at adjusting the response accuracy to 75%. In a first step, the effect of cue valence on 

response accuracy was analyzed. A one-way repeated-measures ANOVA with the factor cue 

valence revealed a significant effect of valence, F(2; 36) = 15.57, p < 0.001. Individual t-tests 

showed that accuracy was greater for fearful face cues (82.6%) than for happy cues (80.2%), 

t(18) = 3.19, p < 0.01, or neutral cues (78.5%), t(18) = 6.06, p < 0.001. Furthermore, trials with 

happy cues had greater accuracy than those with neutral cues, t(18) = 2.19, p < 0.05 (see Figure 

11). This finding is in line with the results reported by Phelps et al. (2006) – fearful face cues 

lead to slightly improved accuracy in a subsequent visual search task. Moreover, and not 

previously reported, the present results suggest that happy face cues also lead to increased 

accuracy, although this effect seems to be less pronounced. 

 

 



44 

 

 

 

Figure 11. Response accuracy for the different cue valences (proportion of correct responses). 

 

In the same way as for RT, the variation in response accuracy was also analyzed across 

runs. A two-way ANOVA with the factors valence and run number revealed, besides the main 

effect of valence reported above, a significant effect of run number, F(3; 54) = 6.26, p < 0.005, 

and no interaction between the factors, F(6; 108) = 1.24, p > 0.3. As shown in Figure A21 in the 

Appendix, response accuracy tended to increase between the first and last runs, which was 

statistically confirmed by a paired t-test comparing these two runs, t(18) = 4.32, p < 0.001. This 

finding demonstrates a small but significant training effect during the experiment. Even though 

subjects perform a practice session outside the MRI scanner and a thresholding session inside the 

scanner immediately prior to the experiment, they still show slight improvements in performance 



45 

 

 

over the course of the experiment. One possible reason for this effect is that subjects may need to 

acclimate to the scanner environment and viewing stimuli through projection goggles.   

In order to study the observed enhancement of visual search performance in the context 

of individual differences in emotion processing, the Pearson correlation coefficient between 

response accuracy and scores on the emotional rating scales (FCPS, TRAIT, and STATE) was 

computed. Since the search stimuli were individually calibrated for each subject to allow them a 

response accuracy of approximately 75%, it would not be informative to correlate absolute 

performance in any valence condition with the rating scores. Instead, the individual differences 

in response accuracy between any two of the valence conditions were entered in the correlation 

with the rating scores. This analysis could yield information about the dependence of the 

enhancement effect on individual emotional variables.  

In a first set of analyses, the Pearson correlation coefficients of the difference in response 

accuracy between fearful and happy face cues with the emotional rating scores were computed. 

The results are shown in Figure 12 in the form of scatter plots and linear regressions. The FCPS 

data show a significant negative correlation with this score difference, r = -0.53, p < 0.05 (Figure 

12a). This result indicates that individuals with higher FCPS scores, i.e., greater hedonic 

capacity, perform better during happy cue trials as compared to fearful cue trials, possibly by 

better utilizing enhancement from happy faces. On the other hand, state anxiety scores were 

positively correlated with the same performance difference, r = 0.67, p < 0.005 (Figure 12b). 

Those subjects with higher levels of state anxiety performed better during fearful trials than 

happy trials, possibly by better utilizing enhancement by fearful faces. This result was similar to 

the one for trait anxiety (see Figure 12c). Its correlation with the same performance difference 

was almost identical, r = 0.67, p < 0.005. 
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Response Accuracy Difference vs. Emotional Rating Scores 

Fearful – Happy 
 

 

 

 
 

Figure 12. Correlation of the difference in correct responses between the fearful and happy cue 

conditions with the subjects’ emotional rating scores. (a) FCPS score; (b) TRAIT anxiety; (c) 

STATE anxiety. Dashed lines indicate the results of linear regressions, with the line equations 

shown in red.  
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 A similar pattern was found for the Pearson correlations of the difference in response 

accuracy between happy and neutral face cues with the emotional rating scores. FCPS was 

positively correlated with the performance difference, r = 0.40 (see Figure 13a), but this 

correlation was only marginally significant, p = 0.088. Furthermore, trait anxiety scores were 

negatively correlated with the performance difference, r = -0.52, p < 0.05 (Figure 13b). Finally, 

state anxiety also showed a negative correlation, r = -0.29, but it was not statistically significant, 

p > 0.2 (see Figure 13c). Taken together, contrasting the subjects’ search performance between 

the happy cue and neutral cue conditions did not lead to qualitatively different results than 

comparing the happy cue and fearful cue conditions, but only to slightly weaker correlations. 
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Response Accuracy Difference vs. Emotional Rating Scores 

      Happy – Neutral 

 
 

 
 

 
 
Figure 13. Correlation of the difference in correct responses between the happy cue and neutral 

cue conditions with the subjects’ emotional rating scores. (a) FCPS score; (b) TRAIT anxiety; (c) 

STATE anxiety. Dashed lines indicate the results of linear regressions.  
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 Computing the Pearson correlation coefficients of the difference in response accuracy 

between fearful and neutral face cues with the emotional rating scores led to a reversed pattern of 

results in comparison to the previous analysis. FCPS tended to be inversely related to the 

performance difference, r = -0.11 (see Figure 14a), but this correlation did not reach significance, 

p > 0.6. In this analysis, trait anxiety scores demonstrated a tendency toward a positive 

correlation with the performance difference, r = 0.13, but it was also not statistically significant, 

p > 0.60 (Figure 14b). Finally, state anxiety also showed a trend towards a positive correlation 

with the performance difference, r = 0.40, though this did not reach statistical significance, p = 

0.091 (see Figure 14c).  

 Given that previous research found substantial evidence for fearful stimuli to influence 

cognitive processing but very little such evidence for positive stimuli, the current results are 

rather surprising. They not only demonstrate a reliable effect of happy face cues, but they also 

reveal a more robust connection between this effect and individual scores on emotional rating 

scales as compared to fearful face cues.  It is also possible that the low number of subjects who 

scored on the high end of the anxiety rating scales may have prevented the observation of a 

correlation between individual differences in anxiety on performance. 
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Response Accuracy Difference vs. Emotional Rating Scores 

      Fearful – Neutral 

 
 

 
 

 
 
 
Figure 14. Correlation of the difference in correct responses between the fearful cue and neutral 

cue conditions with the subjects’ emotional rating scores. (a) FCPS score; (b) TRAIT anxiety; (c) 

STATE anxiety. Dashed lines indicate the results of linear regressions. 
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Table 1 shows a summary of the performance results. These results indicate that visual 

search accuracy benefits from pre-search presentation of fearful face stimuli. This result is a 

successful replication of the finding by Phelps, et al. (2006).  Additionally, the current findings 

showed that the presentation of happy face stimuli can also facilitate search, though to a lesser 

degree.  Furthermore, as hypothesized, individual participants’ relative performance across 

happy, fearful, and neutral face stimuli was correlated with their scores on emotional rating 

scales. Individuals with greater anxiety were more accurate in fearful and neutral trials relative to 

happy trials.  Conversely, higher hedonic capacity was positively correlated with better 

performance in happy relative to fearful trials. The analysis of the functional neuroimaging data, 

presented in Sections 3.3 and 3.4 below, are focused on identifying neurophysiological 

mechanisms that may underlie the observed behavioral effects.    

 

Table 1. Summary of performance effects for the contrasts between the Fearful (F), Happy (H), 

and Neutral (N) valences. In addition to main effects, significant correlations of individual 

subjects’ performance with their questionnaire scores of trait anxiety (TRAIT), state anxiety 

(STATE), and hedonic capacity (FCPS) are also reported. 

 

 
3.2. Pupillometry 

To study the potential role of arousal in the observed behavioral effects, an analysis of 

pupillometric data collected during the task was conducted. As explained in the Methods section, 

in the data analysis of the current study, the subjects' pupillary response was represented by the 
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variable ‘relative pupil diameter’, which was measured as the relative change in pupil diameter 

from face stimulus onset until the end of the response period. Greater values of this variable 

indicate a more pronounced pupillary response and are thought to indicate greater arousal in the 

subject. Figure 15 shows the time course of relative pupil size from 700 ms before face stimulus 

onset (trial start) until 1400 ms after face stimulus onset (end of response period) separately for 

each of the three face valences and the fixation (null) trials. For all face valences, pupil size 

quickly increased after the onset of the face stimulus for approximately 400 ms, followed by an 

apparent second increase beginning at approximately 600 ms after face stimulus onset. It is 

possible that the first rise in pupil diameter corresponded to an increase in arousal in response to 

the visual stimuli, whereas the second rise may have been associated with the cognitive aspects 

of task performance such as attentional control, decision making, and response execution. Notice 

that most manual responses were recorded between 700 and 1000 ms after face stimulus onset, 

when pupil diameter was maximal for all valences. During fixation trials, pupil diameter slowly 

and steadily decreased, suggesting a decrease in arousal. 
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Figure 15. Time course of relative pupil diameter as a function of the experimental condition, in 

relation to the onset time of face and search stimuli. Gray bars indicate the intervals of stimulus 

presentation.   

 

 In order to test for differential pupil responses to the three valence conditions, the total 

1400 ms response period starting at face stimulus onset was divided into seven 200 ms intervals. 

A repeated-measures ANOVA with the factors valence (three levels: happy, fearful, and neutral) 

and time interval (seven levels) revealed a significant effect of time interval, F(6; 108) =2.75, p < 

0.05, but no effect of valence, F(2; 36) < 1, p > 0.5, and no interaction, F(12; 216) < 1, p > 0.8. 

This result indicates that pupil size varied during the response period, but this variation did not 

differ across valence conditions.  

It is conceivable, however, that individual subjects may show systematic differences in 

pupil response between valence conditions based on their scores on the emotional rating scales. 

In order to test this hypothesis, the correlation of individual subjects’ scores with their relative 
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change in pupil diameter between any two valence conditions was computed. In separate 

analyses, the subjects’ average relative pupil diameter during (1) the entire response period and 

(2) within 200 ms of face stimulus onset, indicating the speed of their pupil response, were 

computed. While the average relative pupil diameter across the response period did not reveal 

any significant correlations, all ps > 0.1, the pupil response within 200 ms of face stimulus onset 

decreased between the fearful and happy conditions with greater trait and state anxiety scores, r = 

-0.61, p < 0.005, and r = -0.59, p < 0.01, respectively (see Figure 16). This finding suggests that 

higher anxiety scores were associated with faster pupil responses to happy face stimuli than to 

fearful face stimuli. 
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Figure 16. Correlation of the difference in post-stimulus pupil size (mean relative pupil diameter 

within 200 ms of face stimulus onset) between fearful and happy face cues with the subjects’ 

anxiety scores. (a) Trait anxiety scores; (b) state anxiety scores. Dashed lines indicate the results 

of linear regressions, with the line equations shown in red.  

 

Taken together, while the main effect of cue valence on pupil size was not significant, 

subjects with greater trait or state anxiety scores had more rapid pupil responses to happy face 

cues as compared to fearful ones (see summary in Table 2). This result suggests that the 
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enhancement of visual processing by fearful face cues cannot simply be explained by higher 

levels of arousal induced by the cue. Subjects with greater anxiety scores showed better search 

performance for fearful face cues as compared to happy ones, but at the same time their arousal 

level, as indicated by early pupil response to stimulus presentation, was lower for fearful cues 

than for happy ones.  

Consequently, it is plausible that neural mechanisms involved in emotion processing 

interact with those involved in visual search.  The results of the functional neuroimaging 

analyses described below may provide insight into the neural underpinnings of the observed 

enhancement of visual search performance following exposure to emotional stimuli. 

 

Table 2. Summary of pupil diameter effects for the contrasts between the Fearful (F), Happy 

(H), and Neutral (N) valences. In addition to main effects, significant correlations of individual 

subjects’ performance with their questionnaire scores of trait anxiety (TRAIT), state anxiety 

(STATE), and hedonic capacity (FCPS) are also reported. 

 

   

3.3. Neuroimaging: General Linear Model Findings 

In a qualitative exploration, all search conditions (relative to baseline) exhibited very similar 

patterns of widespread activation across the brain.  Figure 17 shows regions of activation 

common to all three valence conditions (for results for the individual valences see Appendix 

Figures A22 to A24). In addition to brain areas involved in basic visual processing, elements of 
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the “frontoparietal attention network” (FPN) (Corbetta & Shulman, 2002; Ungerleider, et al., 

2009; Vincent, et al., 2007; 2008) were engaged, including the superior parietal lobule (SPL) and 

the frontal eye fields (FEF). Negative correlations (baseline fixation cross > search) were also 

observed in midline brains structures including areas that have been associated with the  default 

mode network (Spreng, et al., 2010; Fox, et al., 2005; Grecius, et a. 2003; Raichle, et al., 2001), 

such as the precuneus, posterior cingulate cortex and ventro- and dorso-medial frontal gyrus 

(vm- and dm-MdFG, respectively).   
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Figure 17. Overlap of significant areas of increased (task positive; red) and decreased (task 

negative; blue) activation during visual search in the fearful, happy, and neutral conditions in the 

current study, relative to baseline. For each valence condition, areas of significant activation 

were determined (p < 0.05; cluster corrected Z = 1.96) and combined through a logical AND 

operation to obtain the overlap. Circles with accompanying labels indicate locations and names 

of regions associated with the dorsal (green) and ventral (yellow) frontoparietal attention 

network as proposed by Corbetta and Shulman (2002).  
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Statistically significant differences between the valences were observed (Table 3) lists 

coordinates of local maxima) in contrasts of the conditions, although no main effects were found. 

An effect of state anxiety score (STATE) was seen in the neutral > fearful contrast (see Figure 

18). Individuals with higher state anxiety scores had higher activation in the medial and superior 

frontal gyri in the neutral than in the fearful condition. Both of these areas have been associated 

with the DMN. While this finding could have been indicative of greater engagement of task 

positive brain regions during the fearful trials in accordance with the literature, I did not observe 

statistically significantly increased activation in the frontoparietal network in the fearful 

condition. 

Furthermore, there was an effect of self-reported hedonic capacity (FCPS score) on 

activation in the happy > fearful contrast (Figure 19 and Table 3).  Greater activation was found 

in the supramarginal gyrus, an area implicated in spatial attention (e.g., Schenkluhn et al., 2008). 

These activation differences related to hedonic capacity were seen in FPN areas including the 

inferior and superior parietal lobules, middle frontal gyrus, as well as the superior temporal 

gyrus. This finding also parallels the behavioral finding of higher accuracy in individuals with 

greater FCPS scores. Table 4 summarizes the results of the contrasts. 
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Figure 18. Significant areas of increased activation (p < 0.05; cluster corrected Z > 1.96) with 

greater STATE scores during visual search in the neutral condition as compared to the fearful 

condition. Approximate locations of cluster peaks are indicated with black circles and labels.  
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Figure 19. Significant areas of increased activation (p < 0.05; cluster corrected Z > 1.96) with 

greater FCPS scores during visual search in the happy condition as compared to the fearful 

condition. Approximate locations of cluster peaks are indicated with black circles and labels.  
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Table 3. Locations of peak voxels for the significant contrasts. 

Talairach Coordinates

Contrast Effect Z-Score X Y Z Hem. Area

3.28 50 -48 22 R. Supramarginal Gyrus BA 40

3.25 1 -48 -7 R. Cb. Culmen

3.09 23 -76 -23 R. Cb. Uvula

3.08 -24 -56 -26 L. Cb. Culmen

3.07 -18 -65 -10 L. Cb. Declive

2.58 -12 42 11 L. Medial Frontal Gyrus BA 10

3.1 -24 39 31 L. Superior Frontal Gyrus BA 9

2.46 10 60 27 R. Superior Frontal Gyrus BA 9

Happy - Fearful FCPS

Neutral - Fearful STATE

 

 

Table 4. Summary of effects in the GLM analysis of the contrasts between the Fearful (F), 

Happy (H), and Neutral (N) valences. In addition to main effects, significant correlations of 

individual subjects’ performance with their questionnaire scores of trait anxiety (TRAIT), state 

anxiety (STATE), and hedonic capacity (FCPS) are also reported. 

 

 

In addition to the whole brain analysis, I was interested in exploring the activation 

differences due to valence within the a priori regions of interest: the amygdala, V1, and V2 

which were defined for each individual using the anatomical and retinotopic techniques 

described above in Methods.  Individual ROI mean parameter estimates were calculated for each 

participant for each of the conditions versus resting baseline (Figure 20).  For the amygdala, 
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there was a significant effect of valence on the group mean parameter estimates.   The parameter 

estimate for the fearful condition was significantly greater than those for the happy condition, 

t(18) = 2.34, p < 0.05, and for the neutral condition, t(18) = 3.37, p < 0.005. There was no 

significant difference between the happy and neutral conditions.  For V1 and V2 no effect of 

valence was observed. In addition, none of the parameter estimates for any of the ROIs were 

significantly correlated with any of the emotion processing questionnaires. 
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Figure 20. Group mean parameter estimates for each valence condition. (a) Amygdala; (b) V1; 

(c) V2. Significant differences between valences were only found for the amygdala, where the 

parameter estimate for the fearful condition was different from those of the happy and neutral 

conditions. 
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I then tested whether the parameter estimates for the following contrasts: Fearful-Neutral, 

Happy-Neutral, and Fearful-Happy (Figure 21) were significantly different from zero.  Of the 

three ROIs only the amygdala had contrast parameter estimates significantly different from zero. 

There were significant differences for the Fearful-Neutral contrast, t(18) = 3.52, p < 0.005, and 

Fearful – Happy contrast, t(18) = 2.52, p < 0.05.  The amygdala parameter estimate of the Happy 

– Neutral contrast was not significantly different from zero.  None of the contrast parameter 

estimates correlated with any of the emotion processing questionnaires. 
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Figure 21. Group mean parameter estimates for each valence contrast. (a) Amygdala; (b) V1; (c) 

V2. Parameter estimates were different from zero only for the amygdala, where the Fearful-

Neutral and Fearful-Happy contrasts showed parameter estimates greater than zero.  
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In summary, the results from the GLM analysis reveal that visual search was associated 

with a widespread activation pattern across brain areas associated with the frontoparietal 

attention and default mode networks.  ROI analyses examining differences in parameter 

estimates between valence conditions highlighted the role of the amygdala in the effect of 

emotional stimuli on subsequent visual search. This effect appeared to be most pronounced for 

the fearful condition.  In order to understand the neurophysiological mechanisms which might 

mediate the observed performance enhancement by emotion, it was necessary to explore the 

relationship between the ROIs, particularly the emotion sensitive amygdala, the default mode 

network, and the frontoparietal attention network brain areas associated with the search task. In 

the next section, I will discuss how the functional connections between the ROIs with each other 

and the rest of the brain vary across the valences of the pre-search stimulus. 
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3.4. Neuroimaging: Psychophysiological Interaction 

The goal of the PPI analysis was to find evidence of functional relationships between brain 

regions known to be involved in emotion, visual processing, and attention that may explain the 

observed behavioral results, specifically the higher accuracy in the fearful and happy trials 

compared with the neutral trials.  Table 5 (equivalent to Table 1) shows again the behavioral 

findings with regard to task performance for each of the six valence contrasts. In this following 

section, I will describe the corresponding connectivity changes measured through PPI for each of 

these contrasts in order to identify the neural mechanisms that may underlie the changes in 

performance. Similar to the analysis of task performance, the influence of individual scores on 

emotional rating scales was also assessed.  The results are presented in connectivity maps and 

tables listing Talairach coordinates of local maxima and anatomical labeling generated from the 

Talairach Client (Lancaster, et al., 1997; 2000). Whenever multiple maxima were assigned to the 

same Talairach label, only a single listing is shown, with the full listings provided in Tables A1 

to A6 in the Appendix. 

 

Table 5. Summary of performance effects of the six contrasts between the Fearful (F), Happy 

(H), and Neutral (N) valences. In addition to main effects, significant correlations of individual 

subjects’ performance with their questionnaire scores of trait anxiety (TRAIT), state anxiety 

(STATE), and hedonic capacity (FCPS) are also reported. 
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First, the contrast Fearful > Neutral was analyzed to determine the brain regions that 

showed greater connectivity to the seed areas in the fearful condition than in the neutral 

condition. Of specific interest was the question whether the amygdala showed increased 

connectivity to visual regions as well as areas of the frontoparietal attention and default mode 

networks. When the amygdala was used as a seed region, the main effect was a widespread 

pattern of increased connectivity during the fearful condition (see Figure 22). Local maxima 

included visual processing areas such as the middle and occipital gyri, inferotemporal gyrus, 

cuneus, middle and superior occipital gyri (see Table 6). Increased activity was also seen in the 

precuneus, a member of the DMN that has also been implicated in visuospatial processing 

(Cavanna and Trimble, 2006). In addition, increased activity was seen in the emotion processing 

insula and the medial dorsal nucleus of the thalamus, both of which are anatomically connected 

to the amygdala.  

The V1 seed showed a main effect of higher connectivity for the fearful condition than 

the neutral condition with the medial aspects of the bilateral pulvinar, which not only projects to 

frontal and parietal cortices but also projects to the amygdala (see Figure 23 and Table 7).  

However, a statistically significant increase in connectivity between the pulvinar and the 

amygdala was not observed.  Further maxima for the V1 seed included the middle, medial and 

superior frontal gyri and the anterior cingulate.  Like the amygdala, V1 had increased 

connectivity with cerebellar areas, which included the declive and culmen.  

There was an effect of FCPS score on connectivity with the caudate body, hippocampus 

and parahippocampal gyrus, as well as with the hypothalamus (Figure 24). Furthermore, for the 

contrast Neutral > Fearful, none of the seed regions showed higher connectivity with other brain 

areas in the neutral condition. 
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Figure 22. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Neutral contrast (main effect) with the amygdala as seed area. Approximate locations of cluster 

peaks are indicated with black circles and labels.  

  



71 

 

 

 

Figure 23. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Neutral contrast (main effect) with V1 as seed area. Approximate locations of cluster peaks are 

indicated with black circles and labels. 
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Figure 24. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Neutral contrast (red: main effect; green: FCPS score) with V1 as seed area. Approximate 

locations of cluster peaks are indicated with black circles and labels. 
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Table 6. Functional connectivity differences between brain areas for the Fearful > Neutral 

contrast, with the amygdala as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3.05 -15 -78 20 L. Cuneus BA 18

2.26 -18 10 -14 L. Inferior Frontal Gyrus BA 47

2.73 -29 23 14 L. Insula BA 13

2.74 -12 5 5 L. Lateral Globus Pallidus

2.25 -22 34 18 L. Medial Frontal Gyrus BA 9

3.29 -28 -76 20 L. Middle Occipital Gyrus BA 19

2.99 -64 -36 -14 L. Middle Temporal Gyrus BA 21

2.98 -60 -49 -9 L. Middle Temporal Gyrus BA 37

3.34 -32 -77 34 L. Precuneus BA 19

3.29 -9 -57 52 L. Precuneus BA 7

2.97 -18 11 -5 L. Putamen

2.72 -11 -17 9 L. Thalamus-MeDN

3.16 -1 -54 0 L. Cb. Culmen

3.43 -5 -63 -17 L. Cb. Declive

3.2 4 -72 17 R. Cuneus BA 18

3.11 48 -52 -16 R. Fusiform Gyrus BA 37

3.15 59 -46 -10 R. Inferior Temporal Gyrus BA 20

3.44 48 -62 -2 R. Middle Temporal Gyrus BA 37

3.14 23 -50 -5 R. Parahippocampal Gyrus BA 19

3.24 2 -69 46 R. Precuneus BA 7

3.33 20 -80 -14 R. Cb. Declive

Amygdala MAIN
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Table 7. Functional connectivity differences between brain areas for the Fearful > Neutral 

contrast, with V1 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.82 18 10 13 R. Caudate Body

2.88 35 -15 13 R. Claustrum

2.94 37 -27 -9 R. Hippocampus

3.33 10 -6 -8 R. Hypothalamus

2.77 33 -29 -16 R. Parahippocampal Gyrus BA 36

3.19 -16 33 14 L. Anterior Cingulate BA 32

2.85 -5 35 7 L. Anterior Cingulate BA 24

2.72 -7 18 1 L. Caudate Head

2.57 -7 54 7 L. Medial Frontal Gyrus BA 10

2.12 -5 52 16 L. Medial Frontal Gyrus BA 9

2.87 -27 62 11 L. Middle Frontal Gyrus BA 10

2.17 -14 19 -10 L. Subcallosal Gyrus BA 47

2.6 -9 -30 12 L. Thalamus-Pulvinar

3.31 -1 -61 -8 L. Cb. Culmen

3.03 -1 -60 1 L. Cb. Culmen of Vermis

2.12 -9 -66 -17 L. Cb. Declive

2.32 5 22 -1 R. Anterior Cingulate BA 24

2.11 10 35 9 R. Anterior Cingulate BA 32

2.38 12 -51 2 R. Lingual Gyrus BA 19

2.67 12 -43 8 R. Posterior Cingulate BA 29

2.39 4 -49 15 R. Posterior Cingulate BA 30

3 16 63 9 R. Superior Frontal Gyrus BA 10

2.9 12 -34 12 R. Thalamus-Pulvinar

2.64 3 -49 4 R. Cb. Culmen

V1 FCPS

V1 MAIN
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In addition to the effects of fearful stimuli, the current study also found facilitation of 

visual search performance by exposure to happy stimuli.  When contrasting the happy and 

neutral conditions in the PPI analysis, significant effects were found only when the amygdala 

served as the seed region (see Figure 25).  The amygdala showed higher connectivity during the 

happy condition with the precuneus and the inferior parietal lobule, a member of the default 

mode network (see Table 8).  These connectivity differences between the happy and neutral 

conditions were not significantly correlated with scores on the anxiety or hedonic capacity 

questionnaires. For the contrast Neutral > Happy, there was no significant group main effect and 

no correlation with questionnaire scores for any of the seed regions. 
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Figure 25. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Happy > 

Neutral contrast (main effect) with the amygdala as seed area. Approximate locations of cluster 

peaks are indicated with black circles and labels.  
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Table 8. Functional connectivity differences between brain areas for the Happy > Neutral 

contrast.  

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.62 -45 -56 41 L. Inferior Parietal Lobule BA 40

3.36 -30 -81 34 L. Precuneus BA 19

2.56 -15 -75 34 L. Precuneus BA 7

Amygdala MAIN

 

 

 The contrast Fearful > Happy revealed significant connectivity differences for the V1 and 

V2 seeds (see Tables 9 to 11). Higher connectivity in the fearful condition was seen for the V1 

and V2 seeds with the medial and superior frontal gyri as well as the anterior and posterior 

cingulate (see Figures 26 and 29), all areas of the default mode network. In addition, increased 

connectivity was seen with areas in the cerebellum. 

For both the V1 and V2 seeds, there was an additional effect of hedonic capacity score on 

connectivity with inferior frontal gyrus as well as the middle and superior temporal gyri (see 

Tables 9 and 10 and Figures 27 and 30).  For the V2 seed, the effect of FCPS score also included 

higher connectivity to the amygdala, insula, hippocampus, and parahippocampal gyrus.  

There was also an effect of trait anxiety score on V1 and V2 connectivity with the 

anterior cingulate and medial frontal gyrus (Tables 9 and 11 and Figures 28 and 31). V2 also had 

greater connectivity with the body of the caudate. For the contrast Happy > Fearful, no main or 

questionnaire score effects were found for any of the seed regions. Table 12 summarizes the 

results of the PPI analysis. 
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Figure 26. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (main effect) with V1 as seed area. Approximate locations of cluster peaks are 

indicated with black circles and labels. 
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Figure 27. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (red: main effect; green: FCPS score) with V1 as seed area. Approximate 

locations of cluster peaks are indicated with black circles and labels.   

 



80 

 

 

 

Figure 28. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (red: main effect; blue: TRAIT score) with V1 as seed area. Approximate 

locations of cluster peaks are indicated with black circles and labels.   
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Figure 29. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (main effect) with V2 as seed area. Approximate locations of cluster peaks are 

indicated with black circles and labels.  
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Figure 30. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (red: main effect; green: FCPS score) with V2 as seed area. Approximate 

locations of cluster peaks are indicated with black circles and labels. 
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Figure 31. Areas of increased connectivity (p < 0.05; cluster corrected Z > 1.96) for the Fearful 

> Happy contrast (red: main effect; blue: TRAIT score) with V2 as seed area. Approximate 

locations of cluster peaks are indicated with black circles and labels. 

 



84 

 

 

Table 9. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast, with V1 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3.33 43 20 -8 R. Inferior Frontal Gyrus BA 47

3.26 57 -57 5 R. Middle Temporal Gyrus BA 21

2.91 29 -16 -8 R. Putamen

2.82 63 -46 13 R. Superior Temporal Gyrus BA 22

3.37 20 -24 -4 R. Br. Medial Geniculum Body

3.18 -8 35 2 L. Anterior Cingulate BA 24

2.99 -18 39 7 L. Anterior Cingulate BA 32

2.61 -20 -43 0 L. Lingual Gyrus BA 30

2.43 -16 -52 3 L. Lingual Gyrus BA 18

2.95 -3 58 0 L. Medial Frontal Gyrus BA 10

3.08 -39 -56 -28 L. Cb. Culmen

2.83 -14 -58 -26 L. Cb. Dentate

2.67 -11 -68 -25 L. Cb. Pyramis

3.27 -30 -62 -26 L. Cb. Uvula

3.37 5 51 -1 R. Anterior Cingulate BA 10

2.9 12 -50 0 R. Lingual Gyrus BA 19

2.99 12 59 9 R. Medial Frontal Gyrus BA 10

2.52 24 60 22 R. Middle Frontal Gyrus BA 10

3.21 27 42 41 R. Superior Frontal Gyrus BA 8

2.25 14 69 15 R. Superior Frontal Gyrus BA 10

3.13 3 -60 -2 R. Cb. Culmen

3.41 1 -55 -11 R. Cb. Declive

2.68 20 -70 -23 R. Cb. Uvula

3.38 -1 28 20 L. Anterior Cingulate BA 24

2.9 -18 47 4 L. Medial Frontal Gyrus BA 10

2.58 1 46 6 R. Anterior Cingulate BA 32

FCPSV1

V1 MAIN

V1 TRAIT
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Table 10. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast and the FCPS regressor, with V2 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.68 -24 -8 -10 L. Amygdala

3.04 -37 -37 1 L. Caudate Tail

2.52 -31 7 0 L. Claustrum

2.75 -9 -6 -6 L. Hypothalamus

3.06 -56 17 -1 L. Inferior Frontal Gyrus BA 47

2.63 -48 32 7 L. Inferior Frontal Gyrus BA 46

2.59 -48 20 11 L. Inferior Frontal Gyrus BA 45

2.59 -56 -28 -21 L. Inferior Temporal Gyrus BA 20

2.35 -45 -1 5 L. Insula BA 13

2.89 -60 -31 -3 L. Middle Temporal Gyrus BA 21

2.42 -20 -33 -8 L. Parahippocampal Gyrus BA 35

2.46 -18 15 -12 L. Subcallosal Gyrus BA 47

2.46 -52 -4 -5 L. Superior Temporal Gyrus BA 22

2.78 37 3 -5 R. Claustrum

2.85 27 -90 -11 R. Fusiform Gyrus BA 18

2.75 29 -29 -8 R. Hippocampus

2.84 7 -6 -6 R. Hypothalamus

3.08 31 20 -8 R. Inferior Frontal Gyrus BA 47

2.69 37 -88 -11 R. Inferior Occipital Gyrus BA 18

2.88 50 -68 1 R. Inferior Temporal Gyrus BA 37

2.84 26 47 -4 R. Middle Frontal Gyrus BA 10

3.25 57 -61 7 R. Middle Temporal Gyrus BA 37

2.74 48 -76 9 R. Middle Temporal Gyrus BA 39

2.71 59 -49 8 R. Middle Temporal Gyrus BA 21

3.54 25 -20 -7 R. Parahippocampal Gyrus BA 28

3.05 48 -10 -6 R. Superior Temporal Gyrus BA 22

2.77 54 7 -7 R. Superior Temporal Gyrus BA 38

2.74 42 -71 -17 R. Cb. Declive

V2 FCPS
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Table 11. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast and the main effect and the TRAIT regressor, with V2 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3 -7 35 7 L. Anterior Cingulate BA 24

2.61 -3 62 -4 L. Medial Frontal Gyrus BA 10

2.26 -7 35 -16 L. Medial Frontal Gyrus BA 11

2.14 -26 51 19 L. Middle Frontal Gyrus BA 10

2.38 -16 25 -22 L. Orbital Gyrus BA 47

2.01 -10 23 -12 L. Subcallosal Gyrus BA 11

2.42 -16 -53 -15 L. Cb. Culmen

2.26 -7 -67 -14 L. Cb. Declive

2.63 -14 -58 -26 L. Cb. Dentate

2.45 -5 -66 -25 L. Cb. Pyramis

2.5 7 35 4 R. Anterior Cingulate BA 24

2.23 18 -68 4 R. Lingual Gyrus BA 18

2.25 21 -69 -7 R. Lingual Gyrus BA 19

2.61 7 51 -6 R. Medial Frontal Gyrus BA 10

2.22 1 48 -14 R. Medial Frontal Gyrus BA 11

2.92 1 -55 -9 R. Cb. Culmen

2.46 14 -57 -17 R. Cb. Declive

2.96 -1 30 22 L. Anterior Cingulate BA 24

2.94 -9 11 22 L. Anterior Cingulate BA 33

2.95 -9 6 20 L. Caudate Body

3.12 9 53 18 R. Medial Frontal Gyrus BA 9

V2 MAIN

V2 TRAIT
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Table 12: Summary of significant effects (MAIN: group effect, STATE: state anxiety score, 

TRAIT: trait anxiety score, FCPS: hedonic capacity score) across PPI contrasts (F: fearful, H: 

happy, N: neutral) and seed areas (amygdala, V1, and V2). 
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4. SUMMARY AND CONCLUSIONS 

   The work presented in this thesis was aimed at 1) studying the effect of exposure to an 

emotional stimulus on subsequent visual search, 2) examining, via functional connectivity 

analysis of fMRI data, the interactions between brain areas involved in emotion, low-level visual 

perception, and visual attention, and 3) investigating the influence of individual differences in 

self-reported measures of anxiety and hedonic capacity on the observed effects of emotion on 

behavioral performance and functional connectivity patterns.    

 Behavioral performance was significantly better in both the fearful and happy conditions 

compared with the neutral one.  Furthermore, subjects were more accurate in the fearful than in 

the happy condition.  While the finding of enhanced search performance in the fearful condition 

replicated the results of Phelps et al. (2006), the demonstration of this effect for happy face cues 

is novel. An examination of the performance differential between the fearful and happy 

conditions revealed significant correlations with the self-reported measures of anxiety and 

hedonic capacity. Higher scores on the Spielberger State and Trait questionnaires were 

associated with better relative performance in fearful trials, whereas higher scores on the Fawcett 

Clark Pleasure Capacity scale (hedonic capacity) were linked with higher comparative 

performance in happy trials.  These results show that exposure to an image of a fearful or happy 

face can facilitate subsequent detection of a target with no emotional salience.  Additionally, 

individual differences in anxiety and hedonic capacity influence the magnitude of these effects. 

 To determine whether arousal could have played a role in the behavioral results, the time 

course of pupil diameter, serving as an indicator of general arousal, was analyzed across all 

valence conditions.  The time courses did not significantly differ across valences, suggesting that 

arousal levels were not significantly different between conditions.  Therefore arousal does not 
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appear to be driving the observed performance differences due to the valence of the face cue. 

Interestingly, the analysis of pupil diameter revealed a correlation of greater state or trait anxiety 

scores with faster pupil responses in the happy condition as compared to the fearful condition. 

While this result was counterintuitive, it further supports the interpretation that the observed 

effects of greater search accuracy cannot be entirely attributed to greater arousal. 

In order to examine the neural underpinnings of these behavioral findings, I first 

conducted a standard GLM analysis, exploring activation differences between conditions.  This 

analysis was intended to provide general information on activation that would inform the 

primary investigation into functional connectivity using the psychophysiological interaction 

(PPI) approach. While this whole brain analysis did not reveal any statistically significant main 

effect of valence, a region of interest analysis did yield such an effect.  These regions of interest, 

the amygdala, V1 and V2, were chosen a priori due to their relevance to the aims of this study.  

These regions also served as the seeds in the subsequent PPI analysis.   The results showed 

significant differences in amygdala parameter estimates that corresponded with valence effects 

on search performance.  The mean parameter estimates for the Fearful – Neutral and Fearful – 

Happy contrasts were significantly greater than zero.   Unlike the difference in visual search 

accuracy between the happy and neutral conditions, the amygdala parameter estimate in the 

contrast of these conditions was not significantly different from zero. Given the role of the 

amygdala in emotion processing, it is surprising that individual differences in the self-reported 

measures in hedonic capacity and anxiety were not significantly correlated with amygdala 

parameter estimates.  Furthermore, the ROI analysis of V1 and V2 did not reveal a significant 

effect of valence. 
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 In order to understand the neural mechanisms underlying the influence of emotion on 

visual search performance, it was important to examine the functional connections of the 

amygdala and early visual areas under different valence conditions.  First, it was found that the 

amygdala had higher functional connectivity in the fearful relative to the neutral condition with 

areas located in early and higher order extrastriate cortex including inferotemporal gyrus and 

fusiform gyrus.   In addition, there was increased connectivity with the insula, with which it has 

reciprocal anatomical connections (Augustine, 1996).  Higher connectivity with the medial 

dorsal nucleus of the thalamus (MdDN) was also observed.  The MdDN receives amygdala 

projections and has been found to be reciprocally connected with dorsolateral prefrontal cortex, 

which may be a mechanism by which this thalamic area links emotion and cognition (Abitz et 

al., 2007).  It has been implicated in the processing of emotion in visual scenes (Sabatinelli, 

2011). The present results indicate that the MdDN may also be involved in the processing of 

emotional facial expressions. 

Previous studies on the processing of emotional faces or emotional scenes have focused 

on higher visual processing areas and have found correlated activation of the amygdala and 

fusiform face area or inferotemporal cortex (Pessoa et al., 2002; Winston et al., 2003; Peelen et 

al., 2007). This experiment extends these findings to regions earlier in the visual processing 

stream.  Furthermore, while other studies have frequently reported the deleterious attention-

capturing effects of fearful faces on cognition (Fox et al., 2001; Egner and Hirsch, 2005), this 

study demonstrates that fearful faces can enhance performance on subsequent visual search, 

possibly though increased functional connections between the amygdala and visual cortex.  In 

addition, the amygdala was also more functionally connected with the precuneus in the fearful 

condition than in the neutral one.  The precuneus, while considered a major hub in the task-
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negative default mode network (Cavanna, 2007; Fransson and Marrelec, 2008), also plays a role 

in the dorsal frontoparietal attention network (Corbetta, Patel, and Shulman, 2008; Shulman et 

al., 2009).  This finding supports the view of the precuneus playing a complex role in cognition, 

particularly in the context of emotion. 

Also for the Fearful > Neutral contrast, V1 had higher functional connectivity with key 

members of the default mode network, specifically medial prefrontal cortex, posterior cingulate 

and superior frontal gyrus.  Since the default mode network is considered to be task negative, the 

increase in functional connectivity between members of this network with an area critical to 

performing the visual search task highlights the multiple roles the MdPFC, PCC and SFG play 

besides their default mode designation.  Indeed, the ventral aspect of medial prefrontal cortex is a 

hub that links several networks involved in various facets of emotion processing (Roy, Shohamy, 

and Wager, 2012).  In addition, there was increased V1-pulvinar connectivity during the fearful 

condition, which may reflect a subcortical pathway for the processing of fearful stimuli: from the 

superior colliculus, which receives direct information from the retina, through the pulvinar, to the 

amygdala in the processing of fearful stimuli. In the emotion processing model by Pessoa et al. 

(2010), the pulvinar is assumed to be reciprocally connected to early visual areas, including the 

V1-pulvinar connection seen in the current study, and frontal and parietal areas, among others. 

In addition, there was a correlation between hedonic capacity level and increased 

connectivity between V1 and several areas including the hippocampus, which has been 

implicated in the processing of fear conditioning (Marschner et al., 2008).  Thus this correlation 

between hedonic capacity and functonal connectivity between V1 and the hippocampus is very 

surprising.  Furthermore this result has no behavioral performance counterpart, making the 

implications of this finding in the present context unclear. 
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In the contrast Happy > Neutral, the amygdala had higher functional connectivity with 

the inferior parietal lobule and precuneus.  Both of these areas key players in the default mode 

network and are also involved in attention.  The IPL has been implicated in covert shifts of 

spatial attention (Berman, Geng, and Shomstein, 2004), bottom-up attentional capture by 

memory content (Ciaramelli, Grady, and Moscovitch, 2008), and top-down control of attention. 

The precuneus has also been implicated in top-down control of visual attention (Corbetta and 

Shulman, 2011). Therefore, the enhancement of visual search performance in the happy 

condition relative to the neutral one may occur through an increase of amygdala connectivity to 

areas mediating visual attention.  For both positive and negative stimuli the same neural 

mechanisms involving interaction between the amygdala and attention areas may underlie the 

observed performance effects.  Consequently, it is important to look at a direct comparison of 

functional connectivity between these two valence conditions. 

There were no significant differences between the fearful and happy conditions.in 

amygdala functional connectivity.  This result further supports the notion that the amygdala 

contributes to performance enhancements through mechanisms that are similar between the two 

valences. Both V1 and V2 had increased connectivity with the medial frontal gyrus and anterior 

cingulate.  The anterior cingulate has been implicated in a wide variety of cognitive tasks 

requiring attention (Weissman, et al. 2003; Kondo, Osaka, and Osaka, 2004) and disturbances in 

emotion processing (Critchley, et al., 2003) including depression and anxiety disorders (Brody, 

et al, 2001), and transient mood changes (Mayberg, et al, 1999).  While connections between the 

amygdala and attention regulating brain regions are important for both positive and negative 

emotion processing, fearful search engages additional functional connections with MdFG and 

ACC.   This difference may underlie the stronger effect of fearful stimuli on search performance. 
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In the Fearful > Happy functional connectivity contrast, greater hedonic capacity was 

correlated with increased V1 connectivity to the inferior frontal gyrus, which is part of the 

frontoparietal attention network, as well as medial and superior temporal gyri.  This effect of 

hedonic capacity was also seen in V2 connectivity with the inferior as well as the middle frontal 

gyri, a region also implicated in the frontoparietal attention network.  In addition, increased V2 

connectivity with emotion processing areas such as the amygdala and insula, as well as the 

middle and superior temporal gyri was observed.  These findings, however, do not correlate with 

the observed differences in the performance data.   

Trait anxiety was also positively correlated with connectivity for both V1 and V2 seeds 

with the medial frontal gyrus and anterior cingulate.  V2 had an additional increase in functional 

connectivity with the caudate.   A corresponding facilitating effect of trait anxiety on visual 

search accuracy was seen in the behavioral data.  Individuals with higher trait anxiety showed 

better performance in the fearful relative to the happy condition. Thus ACC and MdFG are both 

implicated in attention and emotion processing and may play a critical role in visual search in the 

context of the processing of negative emotion (Etkin, Egner, and Kalisch, 2011). 

Although the focus of this project was the study of functional connectivity between brain 

regions involved in emotion processing, early vision, and visual attention, it is important to 

remark upon the differences in functional connectivity found between these areas and the 

cerebellum due to valence.  In the Fearful > Neutral contrast, increased functional connectivity 

was found between the amygdala and the culmen and declive of the cerebellum.  This 

relationship was also found between these cerebellar areas and V1 for the same contrast.  

Similarly, when comparing the Fearful and Happy conditions, there was increased V1/V2 

functional connectivity with these and additional cerebellar areas.  Disruptions in a wide range of 
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cognitive functions including attention, visuospatial processing have been seen in patients who 

have suffered cerebellar infarctions (Kalashnikova, Zueva, Pugacheva, & Korsakova, 2005).  In 

addition to these deficits in executive functioning, disturbances in emotion processing have also 

been observed in patients with cerebellar damage (Schmahmann, 2006).  The current study has 

provided further evidence for the involvement of the cerebellum in non-motor functions.   

In conclusion, this study has shown that emotion can enhance visual search performance 

in displays with low-level feature conjunctions that are unrelated to the emotional cue. This 

effect does not seem to be due to general arousal, but may arise from specific neural circuitry 

related to affective priming.  The present neuroimaging results suggest that this enhancement is 

based on functional connectivity between the amygdala and both visual processing and 

attentional brain regions.  In addition, the thalamus plays a critical role in the neural correlates of 

the performance effects through medial dorsal nucleus connectivity with the amygdala and 

pulvinar connectivity with MdFG and SFG, which are traditionally assigned to the default mode 

network. There may be two types of neural mechanisms underlying the performance effect: First, 

activation in early visual areas may be increased via direct connections with emotion processing 

brain regions such as the amygdala and the pulvinar. Second, signals from emotion processing 

areas may induce activation in brain regions that control visual attention, particularly the 

precuneus and IPL, which in turn recruit additional processing resources in visual cortex through 

top-down and bottom-up control of attention. These mechanisms seem to be similar for positive 

(happy faces) and negative emotional stimuli (fearful faces) but are more pronounced in the 

negative case. The effect of negative emotion is further emphasized in individuals with high 

anxiety scores through additional connectivity between early visual areas V1 and V2 and brain 

regions involved in visual attention, particularly ACC and MdFG.  
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These results shed light onto the neural processes involved in the interaction of emotion 

and cognition. The present study can thus be considered a step toward a better understanding of 

how emotion influences fundamental cognitive processes such as visual search that are crucial 

for performing everyday tasks. Future research needs to include a more fine grained investigation 

of the role of visual attention in the enhancement of visual task performance. For instance, the 

conjunction search task could be contrasted with a simple feature search task that does not 

require top-down control of visual attention. This comparison might allow researchers to 

disentangle the contributions of top-down and bottom-up control of attention to the observed 

effects. Furthermore, tasks involving other low-level visual features such as motion or high-level 

features such as semantics should be studied in order to systematically investigate emotional 

influence throughout the visual system.   
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APPENDIX 

 

 

 

Figure A1. Results of retinotopic mapping for Subject 1. 
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Figure A2. Results of retinotopic mapping for Subject 2. 
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Figure A3. Results of retinotopic mapping for Subject 3. 
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Figure A4. Results of retinotopic mapping for Subject 4. 
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Figure A5. Results of retinotopic mapping for Subject 5. 
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Figure A6. Results of retinotopic mapping for Subject 6. 
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Figure A7. Results of retinotopic mapping for Subject 7. 
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Figure A8. Results of retinotopic mapping for Subject 8. 
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Figure A9. Results of retinotopic mapping for Subject 9.  
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Figure A10. Results of retinotopic mapping for Subject 10. 
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Figure A11. Results of retinotopic mapping for Subject 11. 
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Figure A12. Results of retinotopic mapping for Subject 12. 
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Figure A13. Results of retinotopic mapping for Subject 13. 
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Figure A14. Results of retinotopic mapping for Subject 14. 
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Figure A15. Results of retinotopic mapping for Subject 15. 
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Figure A16. Results of retinotopic mapping for Subject 16. 
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Figure A17. Results of retinotopic mapping for Subject 17. 
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Figure A18. Results of retinotopic mapping for Subject 18. 
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Figure A19. Results of retinotopic mapping for Subject 19. 
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Figure A20. Mean RT for correct and incorrect responses in each of the four runs of the 

experiment. Error bars indicate standard error of the mean. 
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Figure A21. Mean response accuracy (proportion of correct responses) as a function of cue 

valence and run number. Error bars indicate standard error of the mean.  
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Figure A22: Significant areas of task positive and negative activation (p < 0.05; cluster 

corrected Z >1.96) during visual search in the fearful condition. 
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Figure A23: Significant areas of task positive and negative activation (p < 0.05; cluster 

corrected Z >1.96) during visual search in the happy condition. 
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Figure A24: Significant areas of task positive and negative activation (p < 0.05; cluster 

corrected Z >1.96) during visual search in the neutral condition. 
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Table A1. Functional connectivity differences between brain areas for the Fearful > Neutral 

contrast, with the amygdala as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3.05 -15 -78 20 L. Cuneus BA 18

2.26 -18 10 -14 L. Inferior Frontal Gyrus BA 47

2.73 -29 23 14 L. Insula BA 13

2.74 -12 5 5 L. Lateral Globus Pallidus

2.25 -22 34 18 L. Medial Frontal Gyrus BA 9

3.29 -28 -76 20 L. Middle Occipital Gyrus BA 19

2.99 -64 -36 -14 L. Middle Temporal Gyrus BA 21

2.98 -60 -49 -9 L. Middle Temporal Gyrus BA 37

3.34 -32 -77 34 L. Precuneus BA 19

3.29 -9 -57 52 L. Precuneus BA 7

2.98 -22 -60 30 L. Precuneus BA 7

2.97 -18 11 -5 L. Putamen

2.87 -24 -1 1 L. Putamen

2.76 -20 16 4 L. Putamen

2.63 -24 -2 19 L. Putamen

2.72 -11 -17 9 L. Thalamus-MeDN

3.16 -1 -54 0 L. Cb. Culmen

3.43 -5 -63 -17 L. Cb. Declive

3.2 4 -72 17 R. Cuneus BA 18

3.11 48 -52 -16 R. Fusiform Gyrus BA 37

3.03 33 -38 -12 R. Fusiform Gyrus BA 37

3.15 59 -46 -10 R. Inferior Temporal Gyrus BA 20

3.44 48 -62 -2 R. Middle Temporal Gyrus BA 37

3.14 23 -50 -5 R. Parahippocampal Gyrus BA 19

3.24 2 -69 46 R. Precuneus BA 7

3.05 2 -51 45 R. Precuneus BA 7

3.33 20 -80 -14 R. Cb. Declive

Amygdala MAIN
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Table A2. Functional connectivity differences between brain areas for the Fearful > Neutral 

contrast, with V1 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.82 18 10 13 R. Caudate Body

2.88 35 -15 13 R. Claustrum

2.94 37 -27 -9 R. Hippocampus

3.33 10 -6 -8 R. Hypothalamus

2.77 33 -29 -16 R. Parahippocampal Gyrus BA 36

3.19 -16 33 14 L. Anterior Cingulate BA 32

2.85 -5 35 7 L. Anterior Cingulate BA 24

2.72 -7 18 1 L. Caudate Head

2.57 -7 54 7 L. Medial Frontal Gyrus BA 10

2.12 -5 52 16 L. Medial Frontal Gyrus BA 9

2.02 -1 64 0 L. Medial Frontal Gyrus BA 10

2.87 -27 62 11 L. Middle Frontal Gyrus BA 10

2.66 -22 69 8 L. Middle Frontal Gyrus BA 10

2.17 -14 19 -10 L. Subcallosal Gyrus BA 47

2.6 -9 -30 12 L. Thalamus-Pulvinar

2.48 -5 -28 1 L. Thalamus-Pulvinar

3.31 -1 -61 -8 L. Cb. Culmen

3.03 -1 -60 1 L. Cb. Culmen of Vermis

2.12 -9 -66 -17 L. Cb. Declive

2.32 5 22 -1 R. Anterior Cingulate BA 24

2.11 10 35 9 R. Anterior Cingulate BA 32

2.38 12 -51 2 R. Lingual Gyrus BA 19

2.67 12 -43 8 R. Posterior Cingulate BA 29

2.39 4 -49 15 R. Posterior Cingulate BA 30

3 16 63 9 R. Superior Frontal Gyrus BA 10

2.37 7 64 22 R. Superior Frontal Gyrus BA 10

2.21 20 62 24 R. Superior Frontal Gyrus BA 10

2.9 12 -34 12 R. Thalamus-Pulvinar

2.44 6 -30 3 R. Thalamus-Pulvinar

2.64 3 -49 4 R. Cb. Culmen

2.43 8 -43 -3 R. Cb. Culmen

V1 FCPS

V1 MAIN
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Table A3. Functional connectivity differences between brain areas for the Happy > Neutral 

contrast.  

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.62 -45 -56 41 L. Inferior Parietal Lobule BA 40

3.36 -30 -81 34 L. Precuneus BA 19

2.56 -15 -75 34 L. Precuneus BA 7

Amygdala MAIN
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Table A4. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast, with V1 as seed area. 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3.33 43 20 -8 R. Inferior Frontal Gyrus BA 47

3.26 57 -57 5 R. Middle Temporal Gyrus BA 21

2.91 29 -16 -8 R. Putamen

2.82 63 -46 13 R. Superior Temporal Gyrus BA 22

3.37 20 -24 -4 R. Br. Medial Geniculum Body

3.18 -8 35 2 L. Anterior Cingulate BA 24

2.99 -18 39 7 L. Anterior Cingulate BA 32

2.47 -8 43 -5 L. Anterior Cingulate BA 32

2.4 -10 36 15 L. Anterior Cingulate BA 32

2.61 -20 -43 0 L. Lingual Gyrus BA 30

2.43 -16 -52 3 L. Lingual Gyrus BA 18

2.95 -3 58 0 L. Medial Frontal Gyrus BA 10

2.49 -8 63 7 L. Medial Frontal Gyrus BA 10

3.08 -39 -56 -28 L. Cb. Culmen

2.85 -9 -53 -13 L. Cb. Culmen

2.35 -5 -47 2 L. Cb. Culmen

2.23 -43 -47 -22 L. Cb. Culmen

2.83 -14 -58 -26 L. Cb. Dentate

2.67 -11 -68 -25 L. Cb. Pyramis

3.27 -30 -62 -26 L. Cb. Uvula

3.37 5 51 -1 R. Anterior Cingulate BA 10

2.9 12 -50 0 R. Lingual Gyrus BA 19

2.99 12 59 9 R. Medial Frontal Gyrus BA 10

2.23 3 63 18 R. Medial Frontal Gyrus BA 10

2.52 24 60 22 R. Middle Frontal Gyrus BA 10

2.57 20 -55 12 R. Posterior Cingulate BA 30

2.02 12 -40 8 R. Posterior Cingulate BA 29

3.21 27 42 41 R. Superior Frontal Gyrus BA 8

3.02 22 28 47 R. Superior Frontal Gyrus BA 8

2.25 14 69 15 R. Superior Frontal Gyrus BA 10

3.13 3 -60 -2 R. Cb. Culmen

3.41 1 -55 -11 R. Cb. Declive

2.82 4 -66 -21 R. Cb. Declive

2.68 20 -70 -23 R. Cb. Uvula

3.38 -1 28 20 L. Anterior Cingulate BA 24

2.9 -18 47 4 L. Medial Frontal Gyrus BA 10

2.58 1 46 6 R. Anterior Cingulate BA 32

FCPS

MAIN

TRAIT

V1

V1

V1
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Table A5. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast and the FCPS regressor, with V2 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

2.68 -24 -8 -10 L. Amygdala

3.04 -37 -37 1 L. Caudate Tail

2.52 -31 7 0 L. Claustrum

2.75 -9 -6 -6 L. Hypothalamus

3.06 -56 17 -1 L. Inferior Frontal Gyrus BA 47

2.84 -31 21 -12 L. Inferior Frontal Gyrus BA 47

2.63 -48 32 7 L. Inferior Frontal Gyrus BA 46

2.63 -45 15 -7 L. Inferior Frontal Gyrus BA 47

2.59 -48 20 11 L. Inferior Frontal Gyrus BA 45

2.59 -56 -28 -21 L. Inferior Temporal Gyrus BA 20

2.35 -45 -1 5 L. Insula BA 13

2.89 -60 -31 -3 L. Middle Temporal Gyrus BA 21

2.32 -52 -17 -11 L. Middle Temporal Gyrus BA 21

2.26 -65 -21 -9 L. Middle Temporal Gyrus BA 21

2.42 -20 -33 -8 L. Parahippocampal Gyrus BA 35

2.46 -18 15 -12 L. Subcallosal Gyrus BA 47

2.46 -52 -4 -5 L. Superior Temporal Gyrus BA 22

2.25 -45 -25 -9 L. Superior Temporal Gyrus BA 22

2.78 37 3 -5 R. Claustrum

2.85 27 -90 -11 R. Fusiform Gyrus BA 18

2.75 29 -29 -8 R. Hippocampus

2.84 7 -6 -6 R. Hypothalamus

3.08 31 20 -8 R. Inferior Frontal Gyrus BA 47

3.04 44 20 -8 R. Inferior Frontal Gyrus BA 47

2.69 37 -88 -11 R. Inferior Occipital Gyrus BA 18

2.88 50 -68 1 R. Inferior Temporal Gyrus BA 37

2.84 26 47 -4 R. Middle Frontal Gyrus BA 10

3.25 57 -61 7 R. Middle Temporal Gyrus BA 37

2.74 48 -76 9 R. Middle Temporal Gyrus BA 39

2.71 59 -49 8 R. Middle Temporal Gyrus BA 21

3.54 25 -20 -7 R. Parahippocampal Gyrus BA 28

3.05 48 -10 -6 R. Superior Temporal Gyrus BA 22

2.77 54 7 -7 R. Superior Temporal Gyrus BA 38

2.74 42 -71 -17 R. Cb. Declive

V2 FCPS
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Table A6. Functional connectivity differences between brain areas for the Fearful > Happy 

contrast and the main effect and the TRAIT regressor, with V2 as seed area. 

 

Talairach Coordinates

Seed Effect Z-Score X Y Z Hem. Area

3 -7 35 7 L. Anterior Cingulate BA 24

2.61 -3 62 -4 L. Medial Frontal Gyrus BA 10

2.26 -7 35 -16 L. Medial Frontal Gyrus BA 11

2.55 -6 55 -11 L. Medial Frontal Gyrus BA 11

2.14 -26 51 19 L. Middle Frontal Gyrus BA 10

2.38 -16 25 -22 L. Orbital Gyrus BA 47

2.01 -10 23 -12 L. Subcallosal Gyrus BA 11

2.42 -16 -53 -15 L. Cb. Culmen

2.56 -1 -54 0 L. Cb. Culmen

2.26 -7 -67 -14 L. Cb. Declive

2.63 -14 -58 -26 L. Cb. Dentate

2.45 -5 -66 -25 L. Cb. Pyramis

2.5 7 35 4 R. Anterior Cingulate BA 24

2.23 18 -68 4 R. Lingual Gyrus BA 18

2.46 2 -71 0 R. Lingual Gyrus BA 18

2.49 12 -86 -8 R. Lingual Gyrus BA 18

2.25 21 -69 -7 R. Lingual Gyrus BA 19

2.61 7 51 -6 R. Medial Frontal Gyrus BA 10

2.95 5 50 5 R. Medial Frontal Gyrus BA 10

2.22 1 48 -14 R. Medial Frontal Gyrus BA 11

2.92 1 -55 -9 R. Cb. Culmen

1.97 4 -64 -19 R. Cb. Declive

2.46 14 -57 -17 R. Cb. Declive

2.96 -1 30 22 L. Anterior Cingulate BA 24

2.94 -9 11 22 L. Anterior Cingulate BA 33

2.95 -9 6 20 L. Caudate Body

2.85 10 4 18 R. Caudate Body

3.12 9 53 18 R. Medial Frontal Gyrus BA 9

V2 TRAIT

V2 MAIN

 

 

 

 


