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Although understanding brain mechanisms of appetitive-aversive interactions 

is relevant to our daily lives and has potential clinical relevance, our knowledge about 

these brain mechanisms is rudimentary. To address this gap in the literature, we 

conducted two functional MRI studies that investigated appetitive-aversive 

interactions during perception and attention in healthy adult human brain.  

In the first study, we probed how potential reward signaled by advance cues 

altered aversive distractor processing during a subsequent visual task. Behaviorally, 

the deleterious influence of aversive stimuli on task performance was reduced during 

the reward compared to no-reward condition. In the brain, at the task phase, 

paralleling the observed behavioral pattern, significant interactions were observed in 

the anterior insula and dorsal anterior cingulate cortex, such that responses during the 

negative (vs. neutral) condition were reduced during the reward compared to no-



  

reward condition. Notably, negative distractor processing in the amygdala appeared to 

be independent of the reward manipulation. During the initial cue phase, we observed 

increased reward-related responses in the ventral striatum, which were correlated with 

behavioral interference scores at the subsequent task phase, revealing that participants 

with increased reward-related responses exhibited a greater behavioral benefit of 

reward in reducing the adverse effect of negative images. Furthermore, the ventral 

striatum exhibited stronger functional connectivity with fronto-parietal regions 

important for attentional control. These findings contribute to the understanding of 

how potential reward influences attentional control and reduces negative distractor 

processing in the human brain.  

In the second study, we investigated brain mechanisms underlying the joint 

processing of positive and negative emotional information during a passive viewing 

task. Specifically we focused on probing the pattern of appetitive-aversive 

interactions in brain regions sensitive to the valence and salience of emotional 

stimuli. In a subset of regions that were sensitive to stimulus valence, competitive 

interaction patterns were observed. Notably, in other valence-coding regions such as 

the ventro-medial prefrontal cortex no evidence for competitive interactions was 

detected. Conversely, in regions sensitive to salience, cooperative interaction patterns 

were observed. The findings of competitive and cooperative type interactions 

supported contextual modulation of emotional processing in the human brain. 
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Chapter 1 General Introduction and Background 
 

Many of our daily decisions and behaviors are shaped by the influence of both 

positive and negative information. For instance, a thirsty animal that walks in an 

unfamiliar territory and comes across a lake would probably consider both the 

rewarding value of water along with the risk of any nearby predators before making a 

decision about stepping into the lake. In some other instances one might have to 

process a mixture of appetitive and aversive information. For example, the parents of 

two children serving in the army hear news that one child has escaped a fierce enemy 

attack in combat, whereas the other unfortunately did not; how would the parents 

react to this incoming ambivalent emotional information? Thus, there is a clear need 

to understand how the brain integrates both positive and negative information 

(Barberini et al., 2012; Hayes et al., 2014). Furthermore, from a clinical standpoint, 

anxiety and depression which are frequently associated with biases in negative and 

positive processing respectively are highly co-morbid (Gorman, 1996; Calkins et al., 

2015). Therefore a deeper understanding of how the brain integrates positive and 

negative processing is highly relevant to these mental disorders and could potentially 

aid in developing better treatment strategies (Dillon et al., 2014; Pizzagalli, 2014). 

Some prominent behavioral researchers have stressed the importance of 

investigating appetitive-aversive interactions for several decades now (Dickinson and 

Dearing, 1979). However, somewhat surprisingly, we still have a limited 

understanding of how the brain integrates positive and negative information 

(Bissonette et al., 2014; Hayes et al., 2014). A few recent studies have investigated 

interactions between appetitive and aversive processing mainly focusing on decision 
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making (Talmi et al., 2009; Amemori and Graybiel, 2012) and stress-reward type 

paradigms (Ossewaarde et al., 2011; Porcelli et al., 2012). Hence, our knowledge 

about how the brain integrates appetitive and aversive information especially during 

perception and attention is incomplete. Therefore, the objective of this dissertation 

work is to advance our understanding of appetitive-aversive interactions in the 

healthy adult human brain during perception and attention. 

 

Models of appetitive-aversive interactions 

It is well known that behavior under different situations are mainly influenced by two 

motivational systems – appetitive and aversive. The appetitive motivation system 

plays a key role in approach and reward type behaviors, whereas the aversive system 

plays an important role in avoidance and defensive type behaviors (Lang et al., 

1997a). Based on behavioral findings from learning paradigms, some researchers 

proposed that appetitive and aversive motivational systems are mutually inhibitory 

(Konorski, 1967; Dickinson and Dearing, 1979). Additionally, other proposals 

advocate for competitive interactions between appetitive and aversive processing 

such as reward-induced analgesia and pain-reduced pleasure (Leknes and Tracey, 

2008). Taken together, these models consistently point to the idea of opponency 

between appetitive and aversive systems, mainly focusing on value/valence aspect of 

the information. On the other hand, both appetitive and aversive information are more 

salient than the neutral information, which might lead to increased attention, 

motivation, or arousal. Based on the concept of salience, some recent studies have 

also proposed cooperative type interactions between appetitive and aversive 
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processing (Barberini et al., 2012). Some of the studies in this dissertation work 

systematically investigated joint processing of appetitive-aversive information based 

on the concepts of valence and salience to better understand the nature of the 

interactions (i.e., competitive vs. cooperative). 

 

Review of literature on brain mechanisms of appetitive and aversive processing 

Evidence for and against localized view of appetitive and aversive processing 

Early work in rodent models mainly centered on classical fear conditioning 

paradigms have frequently tied the amygdala to aversive processing (Davis, 1992; 

LeDoux, 2000). Similarly, many initial human brain imaging studies that have 

exclusively focused on different aspects of aversive processing (e.g., fear 

conditioning and processing of emotional stimuli such as fearful faces) have 

frequently reported the involvement of the amygdala (LaBar et al., 1998; Adolphs and 

Tranel, 2000). When studying reward processing, an appetitive domain, many early 

studies frequently implicated regions including the dopaminergic midbrain and 

ventral striatum (Schultz, 2000; Knutson et al., 2001). For instance, Schultz and 

colleagues reported selective involvement of dopaminergic midbrain neurons in 

processing of reward information in monkeys, especially in coding of prediction 

errors (Schultz et al., 1997). Similar findings have been reported in a human fMRI 

study where participants were cued in advance about the potential for performance-

based reward/punishment during the subsequent task phase. In this monetary 

incentive delay task, the ventral striatum was reported to be selectively involved 

during processing of reward cues (Knutson et al., 2001). Other studies employing 
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tasks specifically focused on reward outcome processing (e.g. card guessing task), 

have also reported the involvement of striatal regions during more hedonic aspects of 

reward processing (Tricomi et al., 2004; Delgado, 2007). In line with these findings, 

ventral striatal activation has been reported selectively during processing of erotic 

stimuli (Sabatinelli et al., 2007) and beautiful faces (Aharon et al., 2001). Together, 

these separate findings from aversive and appetitive processing literature initially 

supported the notion of a one-to-one mapping between structure and function, for 

instance linking the amygdala and ventral striatum to aversive and appetitive 

processing respectively. 

While some earlier work reported evidence inconsistent with one-to-one 

mapping, it received less attention (Rolls, 1972; Thierry et al., 1976). Later studies 

strongly challenged the simplistic notion of localized mapping of appetitive and 

aversive processing, arguing that the amygdala is also involved in reward processing 

(Baxter and Murray, 2002; Everitt et al., 2003), and involvement of the ventral 

striatum during processing of aversive information such as noxious thermal stimuli 

(Becerra et al., 2001) and anticipation of aversive shock (Jensen et al., 2003). Though 

I have mainly focused on the amygdala and ventral striatum to demonstrate the 

evidence against simple one-to-one mapping, similar findings have been reported in 

many other brain regions previously linked to appetitive or aversive processing 

exclusively. For instance, processing of aversive information has been reported in 

midbrain dopaminergic neurons (Brischoux et al., 2009) and processing of appetitive 

information has been reported in the anterior insula  (Liu et al., 2011; Mizuhiki et al., 
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2012) and bed nucleus of the stria terminalis (McGinty et al., 2011; Jennings et al., 

2013), both of which were previously linked to aversive processing. 

Evidence for and against one-to-one mapping at the level of neurotransmitters 

Initial ideas of one-to-one mapping between structure and function were not 

confined to the level of brain regions: several researchers suggested this type of 

modular mapping even at the neurotransmitter level, frequently linking dopamine to 

appetitive and serotonin to aversive processing (Daw et al., 2002). Supporting this 

theory, although some studies reported selective effects of dopamine medications on 

reward related processing (Palminteri et al., 2009), many recent studies have provided 

evidence inconsistent with simple one-to-one mapping. For instance, some studies 

have reported dopamine involvement in aversive processing (Pezze and Feldon, 2004; 

Zweifel et al., 2011) and others reported involvement of serotonin in appetitive 

processing (Kranz et al., 2010; Seymour et al., 2012; Cohen et al., 2015). These 

studies counter the simplistic idea of one-to-one mapping even at the level of 

neurotransmitters and are consistent with proposals of dopamine playing a role in 

both appetitive and aversive motivation (Salamone, 1994; Salamone and Correa, 

2012).  

Value and salience coding in brain regions  

Building on the initial evidence against one-to-one mapping, later studies that 

have employed both positive and negative stimuli (along with a neutral condition) 

reported evidence for value/valence and/or salience/intensity type signals in multiple 

brain regions. In a region that codes valence/value, one would expect signals to 
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increase monotonically from aversive to appetitive dimension (i.e., appetitive > 

neutral > aversive in the case of positive valence coding) or from appetitive to 

aversive dimension (i.e., aversive > neutral > appetitive in the case of negative 

valence coding). This type of valence signal would be important for approach and 

defensive behaviors as learning to approach positive stimuli (rewards) and avoiding 

negative stimuli (threats) is crucial for survival. Additionally, in regions that represent 

salience type signals both aversive and appetitive conditions would exhibit stronger 

activation compared to a neutral condition (i.e., both appetitive and aversive > 

neutral). Salience signals would be important for increased attention, arousal, and 

general motivation, all of which are common for appetitive and aversive stimuli. 

Many human and animal studies have reported processing of both types of 

information (i.e., both positive & negative > neutral) in the amygdala, suggesting this 

region encodes salience/intensity. For instance, the amygdala has been reported to 

play an important role during both aversive and appetitive classical conditioning in 

non-human primates (Paton et al., 2006; Shabel and Janak, 2009). In one influential 

study (Belova et al., 2007), Salzman and colleagues modulated expectancy of 

appetitive/aversive reinforcements in a paradigm that combined trace-conditioning 

with reversal learning. The authors reported convergence of both appetitive and 

aversive reinforcement information on the same neurons in the primate basolateral 

amygdala, supporting the idea of salience processing at the level of individual 

neurons (Belova et al., 2007). Consistent with animal literature, human imaging 

studies have also reported amygdala activation during processing of both appetitive 

and aversive stimuli during olfaction and gustation (Anderson et al., 2003; Small et 
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al., 2003). Subsequently, Dolan and colleagues reported interactions between valence 

and intensity in the amygdala during an fMRI study investigating human olfaction. 

The authors observed effects of intensity only for pleasant and unpleasant odors but 

not neutral odors, suggesting the amygdala codes a combination of valence and 

intensity (Winston et al., 2005).  

Although the majority of human fMRI studies report coding of salience-

related signals in the amygdala, the coarse spatial resolution of typical fMRI data 

makes it difficult to rule out the possibility of the observed fMRI signal arising from 

separate neuronal populations sensitive to appetitive and aversive stimuli (Bissonette 

et al., 2014). Interestingly, in one of the studies from Salzman and colleagues 

discussed above (Belova et al., 2007), separate neuronal populations that were 

sensitive to positive or negative stimuli were also reported. Additionally, recent 

studies have also reported positive and negative valence sensitive neurons in the 

mouse basolateral amygdala (Namburi et al., 2015; Kim et al., 2016). Moreover, 

Tonegawa and colleagues not only reported separate neuronal populations sensitive to 

positive and negative stimuli, but also provided evidence suggesting these neuronal 

populations are antagonistic (Kim et al., 2016).  

Analogously,  the midbrain and ventral striatum regions have been reported to 

be involved during processing of both appetitive and aversive information 

(Bromberg-Martin et al., 2010; Bissonette et al., 2014). In a seminal work with non-

human primates using classical conditioning paradigms, Hikosaka and colleagues 

found two different groups of dopaminergic midbrain neurons involved in the 

processing of motivational information (Matsumoto and Hikosaka, 2009). Using 
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aversive and appetitive conditioning paradigms, the authors examined spiking activity 

in dopaminergic neurons during processing of conditioned cues that predicted 

appetitive (liquid reward) and aversive (air puff) outcomes as well as during the 

processing of actual outcomes. During processing of cues and outcomes, the authors 

identified dopaminergic neurons in dorsolateral locations sensitive to value type 

signals (i.e., appetitive > neutral > aversive), whereas neurons in ventromedial 

locations were involved in processing of both appetitive and aversive information 

(relative to neutral), supporting the idea of salience processing (Matsumoto and 

Hikosaka, 2009). Similar findings of two distinct population of neurons coding for 

valence and salience were also reported in the rat ventral striatum (Bissonette et al., 

2013). Nevertheless, researchers have recently argued for selective processing of 

reward information in dopaminergic midbrain neurons (Fiorillo, 2013), though there 

are potential issues with exact recording location (Morrens, 2014). Additionally, 

many human imaging studies have supported the idea of salience processing in the 

midbrain and ventral striatum during processing of reward/punishment cues (Cooper 

and Knutson, 2008; Carter et al., 2009), pleasant/unpleasant auditory stimuli (Levita 

et al., 2009), prediction error type signals (Jensen et al., 2007; Delgado et al., 2008) 

and anticipation of reward/shock (Choi et al., 2014). Interestingly, in a decision-

making study involving ratings of food items, Rangel and colleagues reported coding 

of both value and salience type signals in the ventral striatum (Litt et al., 2010).  

Conversely, a pattern consistent with value or valence related signals (i.e., 

positive > neutral > negative) was consistently reported in the ventromedial prefrontal 

cortex (vmPFC)/orbito-frontal cortex (OFC) (Bissonette et al., 2014; Clithero and 
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Rangel, 2014). In an ingenious study, Roesch and colleagues investigated value 

related signals in OFC neurons while monkeys performed an incentive cue-guided 

saccade task to maximize rewards and minimize penalty (Roesch, 2004). The study 

was cleverly designed such that value related signals could be dissociated from 

general motivation related signals. The authors observed evidence for positive value 

coding in OFC neurons where the strongest responses were observed during 

processing of cues that signaled large reward, and the weakest responses during cues 

that signaled large penalty (with an intermediate firing rate during processing of 

neutral cues). In contrast, general motivation-related activity was observed in 

premotor neurons where the strongest responses were observed during large reward 

and large penalty conditions relative to the neutral condition (Roesch, 2004). In a 

subsequent monkey study, Salzman and colleagues used a classical trace-conditioning 

task and found evidence for both positive and negative value coding neurons in the 

OFC (Morrison and Salzman, 2009). Interestingly, during processing of 

reinforcements both positive and negative outcomes activated the same neurons, 

suggesting some OFC neurons can integrate appetitive and aversive information 

(Morrison and Salzman, 2009). In addition to the vmPFC/OFC, a recent monkey 

study reported evidence for a similar type of value coding in the ventral striatum 

(Strait et al., 2015). Additionally, human brain imaging studies also reported 

value/valence type signals in the OFC during olfaction (Anderson et al., 2003), 

gustation (Small et al., 2003) and decision-making (Litt et al., 2010). Finally, a recent 

fMRI study investigated processing of conditioned stimuli that were previously paired 

with rewards or punishments and reported evidence for value coding in the lateral 
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OFC, whereas salience coding was observed in the medial OFC (Rothkirch et al., 

2012).  

To summarize, many regions were initially thought to be exclusively linked to 

appetitive or aversive processing, and later studies have provided evidence against 

this by reporting processing of both types of information in the same regions. 

Furthermore, by employing both positive and negative stimuli in a single experiment, 

some studies were able to probe neurons or regions that encode value/valence and/or 

salience/intensity. However, these studies manipulated positive and negative stimuli 

separately from one another and hence were not able to investigate any potential 

interactions between appetitive and aversive processing. 

 

Review of literature on appetitive-aversive interactions 

Based on the evidence supporting processing of both appetitive and aversive 

information in many brain regions, investigations have recently begun to probe 

interactions between appetitive and aversive information processing in the brain. 

Below, I reviewed this literature separately in the domains of learning, decision-

making, stress manipulations, and during perception and attention. 

Appetitive-aversive interactions during learning 

Previously, studies in humans have reported competitive interactions between 

appetitive and aversive motivational systems based on behavioral learning paradigms 

(Dickinson and Pearce, 1977). Based on these findings in humans, recent studies have 

investigated  appetitive-aversive interactions in brain and behavior using classical 
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conditioning paradigms in rodents (Nasser and McNally, 2012, 2013). These studies 

focused specifically on mechanisms involved in the transfer of appetitive-to-aversive 

value associated with a conditioned stimulus. The authors reported inhibitory-type 

interactions between appetitive and aversive learning systems where fear learning was 

retarded for a conditioned stimulus previously associated with food reward (Nasser 

and McNally, 2012). Regarding brain mechanisms, the authors reported altered levels 

of protein kinase activity in several regions including the amygdala and ventral 

striatum, suggesting changes in the fear prediction error circuit (Nasser and McNally, 

2013). Although these rodent studies provided important insights regarding 

appetitive-aversive interactions at a cellular level, these inhibitory interactions are 

tied to specific contexts where appetitive and aversive manipulations are sequential in 

nature (i.e., appetitive followed by aversive learning).  

Recently, Matsumoto and colleagues investigated the integration of appetitive 

and aversive outcomes in midbrain dopaminergic neurons of the mouse lateral ventral 

tegmental area (Matsumoto et al., 2016). In a classical conditioning paradigm, the 

authors used four cues that signaled different outcomes: one cue (CSAppetitive) signaled 

appetitive reward outcome, second cue (CSAversive) signaled aversive air puff outcome, 

third cue (CSNothing) signaled no outcome and the novel fourth cue (CSApp-Aver) 

signaled both reward or air puff outcomes. The first experiment involved low-reward 

context (reward outcome probability of 25%), where researchers observed a positive 

value coding pattern in spiking activity during processing of cues where responses 

during appetitive cues increased and responses during aversive cues decreased 

relative to cues signaling nothing (i.e., CSAversive > CSNothing > CSAppetitive). Notably, 
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responses to cues signaling appetitive or aversive outcomes (CSApp-Aver) were between 

CSAppetitive and CSAversive cues, suggesting these dopaminergic neurons signaled 

integrated value of appetitive and aversive outcomes (Matsumoto et al., 2016; but see 

Fiorillo., 2013). Intriguingly, in a second experiment involving high-reward context 

(reward outcome probability of 90%), the authors observed a short latency excitation 

followed by a weaker inhibition during processing of aversive cues which nullified 

the positive value coding pattern observed during low-reward contexts. These novel 

results indicate contexts (low or high reward probability) influence the processing of 

aversive cues in midbrain dopaminergic neurons. On a broader level, these findings 

signify the need for studies to probe the joint processing of appetitive and aversive 

information in the brain.  

In a recent rodent study (Burgos-Robles et al., 2017), Tye and colleagues 

investigated behavior and underlying neural mechanisms during processing of a cue 

that signaled both appetitive and aversive outcomes. In terms of behavior, both 

reward and aversive behaviors were intermediate (i.e., reduced) while processing a 

cue that signaled both appetitive and aversive outcomes relative to cues that signaled 

only one type of outcome (appetitive or aversive). This behavioral finding provided 

more evidence for competition between appetitive and aversive information during 

processing of cues signaling conflicting motivational outcomes. Regarding neural 

mechanisms, the authors found functional interactions between the amygdala and 

prefrontal cortex (specifically input from the amygdala to prefrontal cortex) are 

critical for guiding behaviors during situations involving motivationally conflicting 

information. 
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 Another fMRI study in humans examined the interaction between negative 

emotion and reward learning (Watanabe et al., 2013). To do so, the authors presented 

a fearful or neutral face before visual cues that predicted reward or no-reward 

outcomes. When presenting a task-irrelevant fearful (relative to neutral) face before a 

reward-predicting cue, there was an increase in the rate of learning that was paralleled 

by increased reward prediction error signals in the ventral striatum (Watanabe et al., 

2013). While these initial human neuroimaging findings are reported under different 

task context, they contradict the pattern of competitive interactions reported in animal 

studies discussed above. Hence, conducting parallel work in human and animal 

models employing similar task paradigms might help us better understand the 

behavior and underlying brain mechanisms of appetitive-aversive interactions. 

Appetitive-aversive interactions during decision-making 

Additionally, other studies have investigated the processing of simultaneous 

positive and negative information, focusing on decision making tasks involving 

instrumental behaviors in humans and animals (Talmi et al., 2009; Park et al., 2011; 

Amemori and Graybiel, 2012). For instance, Talmi et al conducted a human fMRI 

study that investigated integration of reward and pain signals during a decision 

making task. On each trial, participants were asked to make a choice between two 

options: one with a higher probability and the other with a lower probability of 

outcome, where an outcome consisted of a combination of different values of reward 

and a highly aversive pain stimulus. The results showed an interaction between pain 

and reward such that at low values of reward, participants avoided the high 

probability option to minimize the chance of pain. Conversely, at higher values of 
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reward they chose the high probability outcome more frequently, thus enduring pain. 

These behavioral results indicate subjective value of reward was modified in the 

presence of highly aversive pain. A signature of this behavioral appetitive-aversive 

interaction pattern was observed during the decision-making stage in the ventral 

striatum (and anterior cingulate cortex), where pain reduced the reward prediction 

error-related activation. A similar pattern of opponent interactions in the ventral 

striatum has been reported in a recent decision-making study that used anticipatory 

anxiety via threat of shock as aversive manipulation (Engelmann et al., 2015), though 

somewhat surprisingly, this study did not observe any effects at the behavioral level. 

One key difference that may explain the lack of behavioral findings in Engelmann et 

al is that the threat of shock was task-irrelevant, while in the Talmi et al study both 

pain and reward were task-relevant.   

In another human fMRI study, Tobler and colleagues sought to understand 

how salience related activity integrates positive and negative information during 

decision making (Kahnt and Tobler, 2013). To investigate this, the authors tested two 

different concepts of salience, global and elemental, during choice options 

simultaneously associated with both positive and negative outcomes. Global salience 

is based on the salience of the integrated sum of positive and negative outcomes (i.e., 

|Pos + Neg|) and elemental salience is defined as the sum of  the saliences of positive 

and negative outcomes (i.e., |Pos| + |Neg|). The results showed elemental, but not 

global salience influenced behavior by speeding up behavioral choices, and a 

correlated brain activity consistent with the elemental salience pattern was found in 

the right temporoparietal junction.  
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Taken together, the decision making studies discussed so far have reported 

two different patterns of appetitive-aversive interactions; consistent competitive 

interactions between reward and threat processing in value-related brain signals, and 

cooperative interactions in salience-related brain signals. 

Appetitive-aversive interactions during stress manipulations 

Interactions of stress manipulations and aspects of reward processing have 

also been investigated by different research groups. One study reported acute stress 

manipulated via threat of shock reduced reward responsiveness in a behavioral setting 

(Bogdan and Pizzagalli, 2006). Additionally, human fMRI studies have reported 

reduced reward cue processing under stress using a monetary incentive delay task 

(Ossewaarde et al., 2011) and reward-outcome processing in the striatum during a 

card guessing task (Porcelli et al., 2012). We have recently reported competitive 

interactions between reward and threat of shock during anticipatory stages between 

cue and task phases (Choi et al., 2014). More recently, Pizzagalli and colleagues 

investigated the effect of stress on anticipatory and consummatory stages of reward 

processing using negative performance feedback. In line with the findings of Porcelli 

and colleagues, results showed reduced outcome-related processing under stress, 

whereas, somewhat surprisingly, stress enhanced anticipatory reward processing 

(Kumar et al., 2014). Lastly, an fMRI study using an expectation type paradigm 

involving emotional (happy/fearful) facial stimuli reported no effects of threat of 

shock manipulation on appetitive prediction error signal related activation in the 

ventral striatum, though the authors reported increased aversive prediction errors 

under threat of shock (Robinson et al., 2013). When considered together, these 
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findings suggest that stress has an opponent influence on reward processing in most 

cases, but some evidence for facilitative or null effects also exists. Notably, most of 

these studies investigated influence of aversive stress on reward-related processing 

but not the converse i.e., effect of rewards on stress-related processing (Ulrich-Lai et 

al., 2010). 

Appetitive-aversive interactions during perception and attention 

Using behavioral and brain imaging techniques, we and others have 

investigated interactions between positive and negative processing during basic 

perceptual and attentional tasks, primarily the effects of reward on negative emotion 

(Hu et al., 2013; Padmala and Pessoa, 2014; Wei and Kang, 2014). In a behavioral 

setting, participants performed a visual bar orientation task on peripheral stimuli in 

the presence of a central neutral/negative emotional distractor stimulus (Padmala and 

Pessoa, 2014). On each trial, participants were cued in advance about the potential of 

a performance-based monetary reward on the subsequent discrimination task. 

Reaction time (RT) data revealed during reward (relative to no-reward) trials, the 

impact of negative (relative to neutral) distractor stimuli on task performance was 

reduced (Padmala and Pessoa, 2014). Similar behavioral findings have been reported 

in other recent studies that involved other kind of reward manipulations (Hu et al., 

2013; Yokoyama et al., 2015). However, two other behavioral studies reported no 

interactions between reward and task-irrelevant negative processing during 

processing of face (Wei and Kang, 2014) and word stimuli (Kaltwasser et al., 2013). 

Additionally, two event-related potential (ERP) studies investigated the brain 

mechanisms underlying the influence of performance-based rewards on negative 
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processing.  (Kaltwasser et al., 2013) investigated the influence of reward on neutral 

and emotional word stimuli during a semantic categorization task. The authors 

reported independence of reward and negative emotional processing and suggested 

emotion- related processing was privileged and immune to reward manipulation.  In a 

related ERP study, Wei and colleagues investigated the interaction between 

performance-based reward and negative emotion during processing of visual word 

stimuli (Wei et al., 2016). The results of task-irrelevant emotional manipulation 

(where participants were asked to judge the color of words) showed a competitive 

interaction: negative emotional processing indexed by late positive potential ERP 

component was reduced during reward compared to no-reward condition. Given these 

mixed results, further investigation is needed to understand the brain mechanisms 

underlying the influence of reward on negative processing. 

 

Functional interactions during appetitive and aversive processing 

Traditional activation-based univariate analysis in fMRI studies provides 

information about involvement of individual brain regions in appetitive and aversive 

processing. However, brain regions do not work in isolation and how they interact 

with other brain regions is critical during many tasks (Bullmore and Sporns, 2009; 

Turk-Browne, 2013). In fMRI studies, functional interactions between regions are 

characterized by the idea of functional connectivity which is indexed by the 

correlation in responses between brain regions. To note, functional connectivity does 

not provide information about directionality of interactions nor does it imply 

anatomical connectivity between regions. Finally, in theory, just as correlation 
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between two signals does not depend on their mean levels, functional interactions 

between brain regions are independent from the activation strengths typically 

estimated from standard univariate analysis. In task-based fMRI studies, functional 

connectivity is typically compared between task conditions to understand how 

different task contexts uniquely influence functional coupling between brain regions 

(Friston et al., 1997). In the context of emotional processing, significant task-based 

functional connectivity implies responses of two regions were strongly correlated 

during one task condition (e.g., emotional) relative to the other (e.g., neutral). Both 

human and monkey fMRI studies of emotional processing have reported that 

functional interactions between the amygdala and visual cortex play an important role 

during processing of emotional visual stimuli (Vuilleumier et al., 2004; Hadj-

Bouziane et al., 2012). Likewise, recent animal studies have reported functional 

connections between the basolateral amygdala and ventral striatum during processing 

of positive valence information and between the basolateral amygdala and central 

amygdala during processing of negative valence information (Namburi et al., 2015). 

The majority of fMRI functional connectivity literature has focused on aversive 

processing, hence very little is known about functional interactions during appetitive 

processing (Kang et al., 2016). Moreover, how valence and salience dimensions of 

emotional information influence functional interactions between brain regions or how 

these functional interactions might play a role during joint processing of appetitive 

and aversive information are still unexplored. 
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Brain basis of emotion 

Based on behavioral findings, researchers have proposed different models of how 

emotion might be represented in the brain. One model, the bipolarity hypothesis 

(Barrett and Russell, 1999; Russell and Carroll, 1999), argues emotions are 

represented along a continuum from negative to positive with a neutral midpoint. One 

direct consequence of this model is that in a situation where simultaneous positive 

and negative information are presented, one might experience a neutral emotion due 

to positive and negative information neutralizing each other (Lindquist et al., 2015). 

Conversely, bivalent hypothesis argues for separate systems that process positive and 

negative emotional information (Cacioppo et al., 1999; Larsen et al., 2001). 

According to this hypothesis, one can experience both positive and negative emotion 

simultaneously (i.e., mixed emotions) as they may have distinct underlying brain 

substrates (Lindquist et al., 2015). Using meta-analytic techniques on published fMRI 

and Positron Emission Tomography (PET) imaging data, a recent study tested 

predictions from these models to understand how emotional information is 

represented in the brain (Lindquist et al., 2015). Evidence in support of bipolarity 

hypothesis in regions such as the vmPFC where activation patterns seem to follow a 

linear trend (positive > neutral > negative) was found, but no findings supported the 

bivalent model hypothesis. Instead, the authors observed evidence for valence general 

coding in many brain regions (Lindquist et al., 2015). It should be noted, however, 

that the studies included in this meta-analysis did not present positive and negative 

emotional stimuli simultaneously in any condition, which we believe is critical for 

testing these different models of valence. For instance, in an olfactory fMRI study 
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(Grabenhorst et al., 2007), the authors investigated perception of odor mixtures that 

contained both pleasant and unpleasant components. Separate processing of pleasant 

and unpleasant components of those mixtures was found in different brain regions, 

providing evidence for the bivalent model. Clearly, more studies with co-joint 

positive and negative stimuli are needed to better understand how emotional 

information is represented in the brain. 

To summarize, our current understanding of how the brain integrates positive 

and negative information is still incomplete (Bissonette et al., 2014; Hayes et al., 

2014). The majority of early studies have employed only one type of stimuli, either 

positive or negative (along with a neutral baseline) and while later studies have 

employed both positive and negative stimuli, most have treated them separately. 

Using functional MRI, our studies attempted to fill some of the critical gaps in the 

literature and advance our current understanding of appetitive-aversive interactions 

in the healthy adult human brain. 
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Chapter 2 Specific Aims 

Our knowledge about how brain integrates positive and negative information is still 

incomplete. Therefore the objective of this dissertation work is to advance our 

understanding of appetitive-aversive interactions in healthy adult human brain during 

perception and attention using functional MRI combined with multiple data-analytic 

techniques. To fill in some of the critical gaps noted above, we conducted two fMRI 

studies in this dissertation: Aim 1 investigated the influence of reward on negative 

distractor processing, and Aim 2 investigated interactions between positive and 

negative emotional processing. 

Aim 1: Interactions between reward motivation and aversive distractor 

processing 

The objective of this aim was to investigate brain mechanisms underlying the 

influence of performance-based rewards on negative distractor processing during 

attention. Our primary hypothesis was reward would improve task performance by 

counteracting the impact of negative distractor processing. Furthermore, we probed 

the relationship between reward-related brain activity and the behavioral impact of 

reward on negative processing.  

Aim 2: Interactions between positive and negative emotional processing 

The objective of this aim was to investigate the interactions between positive and 

negative emotional processing during perception. In terms of standard univariate 

analysis, our primary hypothesis was in brain regions that code valence, we would 

observe competitive interactions between positive and negative processing. In regions 
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that code salience, we tested two alternative hypotheses regarding the overall 

intensity. Finally, we examined how functional interactions between brain regions 

were sensitive to valence and salience aspects of the emotional stimuli. 

We sought to investigate how the brain integrates positive and negative 

information, which is relevant for normal human behaviors. Deeper understanding of 

how the brain integrates positive and negative information could potentially help 

develop efficacious treatments for people suffering from mental disorders such as 

anxiety and depression (Dillon et al., 2014; Pizzagalli, 2014). Furthermore, 

investigating how the brain integrates both positive and negative information could 

help refine our understanding of how emotions are represented in the brain (Lindquist 

et al., 2015). 
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Chapter 3 Interactions between reward motivation and 
aversive distractor processing 
 

Introduction 

In many real life situations, appetitive and aversive information jointly impact brain 

and behavior. Understanding potential interactions between them is important given 

their relevance to disorders such as depression and anxiety, where disturbances in 

reward and negative processing are well documented (Dillon et al., 2014; Pizzagalli, 

2014). Brain imaging studies that have investigated interactions between reward and 

aversive processing have mainly focused on decision-making mechanisms (Talmi et 

al., 2009; Park et al., 2011); a few studies have also probed the influence of stress on 

different aspects of reward processing (Ossewaarde et al., 2011; Porcelli et al., 2012; 

Kumar et al., 2014). Notably, most investigations have focused on understanding the 

influence of aversive processing on reward mechanisms, but not vice versa 

(Wittmann et al., 2008). Thus, it is important to probe the influence of reward on 

negative processing, in particular during perception and attention tasks.  

Recent work suggests that potential reward-driven motivation enhances 

executive control mechanisms that help with prioritizing goal-relevant information, 

leading to improved performance across perceptual and cognitive tasks (Pessoa, 

2013; Botvinick and Braver, 2015). For instance, using a proactive manipulation, 

where the potential for reward was signaled by advance cues, we reported that 

enhanced selective attention during the reward condition reduced the influence of 

neutral distractors resulting in better performance during a Stroop-like interference 

task (Padmala and Pessoa, 2011). In a similar fashion, potential reward has been 
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shown to reduce switching costs in task-switching paradigms (Savine et al., 2010), 

decrease stop-signal reaction times during response inhibition tasks (Boehler et al., 

2012), and increase post-conflict control in flanker tasks (Braem et al., 2012). These 

and other recent findings in the literature highlight the role of reward motivation in 

fine tuning executive function in a manner that ultimately leads to selective effects in 

behavior.  

However, little is known about how potential reward-driven attentional 

control mechanisms impact the processing of task-irrelevant negative information. 

Two event-related potential (ERP) studies investigated this question, but yielded 

mixed results. One study claimed independence between reward expectancy and 

negative information and suggested that emotion- related processing was privileged 

and immune to the reward manipulation (Kaltwasser et al., 2013). In contrast, a 

second study reported that reward expectation reduced the processing of task-

irrelevant negative information (Wei et al., 2016). Overall, our knowledge about the 

mechanisms underlying the influence of reward expectancy on aversive distractor 

processing is incomplete. 

In the present study, we investigated the influence of performance-based 

rewards on aversive distractor processing with functional MRI. As in our recent 

behavioral study (Padmala and Pessoa, 2014), we used a proactive manipulation of 

reward, where each trial started with an advance cue that signaled the potential for 

reward. During the task phase, participants discriminated the orientation of peripheral 

bars while ignoring a centrally presented aversive or neutral picture (Figure 3.1). In 

our previous behavioral study, we detected a interaction between potential reward and 
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negative items, where the interference of negative distractors was reduced with 

reward expectancy (Padmala and Pessoa, 2014). We thus anticipated that, in the 

present study, reward expectancy would reduce the impact of negative distractors at 

the behavioral level.  

Analogous to behavior, we also anticipated interactions between potential 

reward-driven goal-directed attentional control and negative distractor processing in 

the brain during the task phase. We were particularly interested in evaluating 

responses in the amygdala to test for potential mechanisms of interaction. An 

interaction pattern revealing reduced differential responses to negative vs. neutral 

pictures during the reward condition would indicate that potential reward helped in 

filtering out distractors (and would be consistent with the anticipated behavioral 

effect). In contrast, the lack of an interaction pattern in the amygdala in the presence 

of the anticipated behavior (decreased negative distractor interference with reward), 

would provide evidence that negative stimuli were not filtered out, but that enhanced 

attentional control still was able to counteract their adverse influence. 

Furthermore, we hypothesized that the processing of a reward cue would lead 

to increased responses in the ventral striatum, as well as fronto-parietal regions 

important for attention (Botvinick and Braver, 2015). We evaluated two (not mutually 

exclusive) forms of brain-behavior links. If ventral striatum activity reflected a 

“reward signal,” cue-related responses would be associated with a general energizing 

effect of reward expectancy on behavior (reward main-effect scores across 

participants); in contrast, if ventral striatum activity reflected more specific processes 

allowing improved behavior during challenging situations (see Sarter et al., 2006; 
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Salamone et al., 2009), cue-related responses would be associated with a selective 

effect of potential reward on behavior (as indexed via reward by emotion interaction 

scores). 

 

Methods 

Participants 

Sixty-one participants (31 males; mean age: 21.7 years, range: 18-33 years) with 

normal or correct-to-normal vision volunteered to participate in the study. Based on 

self-report, all participants were right-handed and were free from any past history of 

neurological or psychiatric disease. The study was approved by the Institutional 

Review Board of the University of Maryland, College Park. All participants provided 

informed consent prior to participating in the study. Out of 61 participants, two 

female participants voluntarily quit the study before completion and two other 

participants (one male and one female) exhibited poor behavioral performance (less 

than chance performance in one or more conditions). Data from these individuals 

were excluded from the analysis, resulting in a final dataset with 57 participants. 

Stimuli and behavioral paradigm 

The task was based on modified versions of the monetary incentive delay task 

(Knutson et al., 2001) and the bar-orientation discrimination task (Erthal et al., 2005), 

and was similar to the one we employed in our recent behavioral study (Padmala and 

Pessoa, 2014) with a few minor changes to fit with the scanner environment. Each 

trial (Figure 3.1) started with the presentation (1 sec) of a cue stimulus indicating the 
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Reward condition (“##”: no-reward; “$$”: reward). The cue was followed by a 2-6 

sec variable delay period during which a white fixation cross was shown at the center 

of the screen. Then, a centrally positioned image (neutral or negative; 4° x 4°) was 

shown (0.2 sec) together with two oriented bars positioned peripherally (3.5° degrees 

to the left and right). The participant’s task was to indicate whether the two bars were 

of same or different orientation and were given 1500 msec to respond via button 

press. The central images were task irrelevant. Forty-eight neutral and 48 negative 

images were employed from the International Affective Picture System (Lang et al., 

1997b, 2005) and a database of mutilation images developed by the Laboratory of 

Neurophysiology of Behavior at the Federal Fluminense University, Brazil (Mocaiber 

et al., 2011). We attempted to match for picture complexity by carefully choosing 

images with a clear counterpart (e.g., a mutilated arm/hand and an intact arm/hand). 

The trial ended with a 2-6 sec variable blank screen. Participants performed a total of 

6 runs of 32 trials each with random trial order, totaling 48 trials per condition for the 

entire experiment; due to a technical error, for the first 5 participants, one trial of the 

no-reward/neutral condition in the fifth run was not presented. Each run ended with a 

10-sec blank screen to capture the hemodynamic response of the last trial. Across the 

experiment, neutral and negative images were repeated once; they were shown once 

during the reward condition and once during the no-reward condition. Responses 

were made on MR-compatible buttons using index and middle fingers of the right 

hand and were counterbalanced across participants in terms of “same” and “different” 

responses. For the presentation of visual stimuli and recording of participant’s 
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responses, Presentation software (https://www.neurobs.com/; Neurobehavioral 

Systems, Albany, CA, USA) was used.  

 

 
Figure 3.1 Experimental design. On each trial, an initial cue indicated potential for 
reward followed by a variable delay period during which a white fixation cross was 
shown. Then a negative or neutral task-irrelevant picture (not shown here) was 
presented centrally and two bars were presented peripherally (not drawn to scale). 
The participant’s task was to indicate whether the bars are of same or different 
orientation while ignoring the central picture. Finally, each trial ended with a variable 
inter-trial interval. During the reward condition (left side), participants were rewarded 
if performance was both fast and accurate. 

 

 Before the start of the experimental runs, participants performed a brief 

training run to familiarize themselves with the bar-orientation task and buttons. This 

training run involved only neutral pictures (using a separate set of stimuli) and 

contained a total of 12 trials without a cue phase. Participants performed a second 

training run during an initial high-resolution anatomical scan (see below). Again, this 

training run involved only neutral pictures (using a separate set of stimuli) and 
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contained a total of 32 trials, each starting with a no-reward or reward cue. 

Participants were provided feedback after each trial and were explicitly informed that 

no actual reward would be provided during this training run. To calibrate the 

difficulty of the bar-orientation task to target an overall accuracy of around 80% 

correct, at the start of first main run, we adjusted the angle between the bars based on 

the performance during no-reward trials during the second training run. The goal of 

this “intermediate” task difficulty was to leave spare attentional resources needed for 

the processing of pictures and thus potentially interfere with task performance 

depending on picture type; at the same time, this level potentially allowed reward to 

have an influence on behavior (Padmala and Pessoa, 2014). If needed, task difficulty 

was calibrated after every two main runs based on the performance during the no-

reward/neutral trials of the preceding two runs. Participants were informed that they 

could earn 25 cents per trial during the reward condition if they were both fast and 

accurate. The reaction time (RT) cut-off point to determine fast performance was set 

up at 750 msec for the reward-neutral condition and an additional 20 msec were 

added to this value for the reward-negative condition. The total dollar amount accrued 

was shown at the end of each run (not after each trial). Over the entire experiment, 

participants could earn an extra $24 based on their performance during reward trials. 

On average, participants won $16.8 of bonus reward (in addition to the base pay of 

$25/hour). 
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MRI Data Acquisition 

MRI data were collected using a 3 Tesla Siemens TRIO scanner (Siemens Medical 

Systems, Erlangen, Germany) with a 32-channel head coil (without parallel imaging). 

The scanning session began with a high-resolution MPRAGE anatomical scan (TR = 

1900 ms, TE = 2.32 ms, TI = 900 ms, 0.9 mm isotropic voxels). Subsequently, during 

each functional run, 126 BOLD EPI volumes were acquired with a TR of 2500 and 

TE of 25 ms. Each volume consisted of 44 oblique slices with a thickness of 3 mm 

and an in-plane resolution of 3 mm x 3 mm (192 mm field of view). Slices were 

positioned approximately 30 degrees clockwise relative to the plane defined by the 

line connecting the anterior and posterior commissures, helping to decrease 

susceptibility artifacts at regions such as the orbitofrontal cortex and amygdala.  

 

Behavioral data analysis 

As in past studies (Erthal et al., 2005; Padmala and Pessoa, 2014), to investigate 

negative interference effects, we focused on RT data, but additional analyses on 

accuracy data were also conducted. For the RT analysis, error trials and trials with an 

RT exceeding three standard deviations from the condition-specific mean (0.8% of 

the trials) were excluded in each participant. For each participant, mean RT and 

accuracy rate data were determined as a function of Reward (reward, no-reward) and 

Distractor type (negative, neutral), and repeated-measures ANOVAs were conducted 

in SPSS software (IBM SPSS Statistics for Windows, Version 23.0, Armonk, New 

York). To further evaluate observed interaction effects, we performed post-hoc 
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comparisons using a paired t-test. We used an alpha level of 0.05 for all statistical 

tests. 

General fMRI data analysis 

Preprocessing of functional and anatomical MRI data was conducted with AFNI 

software (Cox, 1996; http://afni.nimh.nih.gov/), except as outlined below. The first 

three volumes of each functional run were discarded to account for equilibration 

effects. Data from the remaining volumes were slice-time corrected (3dTshift 

program) using Fourier interpolation to align the onset times of every slice in a 

volume to the first acquisition slice. Then a six-parameter rigid body motion 

correction (3dvolreg program) was applied to spatially register all volumes to the 

first volume, which was closest in time to the high-resolution anatomical image. The 

high-resolution anatomical image was rotated (3dWarp program) to match the 

oblique plane of functional data, and the ROBEX package (Iglesias et al., 2011); 

https://www.nitrc.org/projects/robex) was used to skull strip the anatomical image. 

The anatomical images in the oblique plane were used by the FSL software (Epi_reg 

program) to calculate a 12-parameter affine transformation matrix to co-register the 

first functional volume with the anatomical image using a boundary-based 

registration technique (Greve and Fischl, 2009). Data were normalized to standard 

space via a two-step procedure. In the first step, the anatomical image in the oblique 

plane was normalized to the MNI152 template at 1 mm resolution (from the FSL 

package) using nonlinear registration via the ANTs software (Avants et al., 2009) 

(http://stnava.github.io/ANTs/). Functional data were subsequently aligned to 

anatomical data and normalized to the MNI152 template by applying transformation 



 

 32 
 

matrices from co-registration and normalization in a single step and resampled to 2-

mm isotropic voxels. A 6-mm full-width half-maximum (FWHM) Gaussian filter was 

used to spatially smooth (3dBlurInMask program) all functional volumes (restricted 

to grey-matter voxels). Finally, to interpret the estimated regression coefficients in 

terms of percent signal change, the average intensity at each voxel (per run) was 

scaled to 100. 

 

Voxelwise analysis 

Each participant’s preprocessed functional MRI data were analyzed using multiple 

linear regression with AFNI using the 3dDeconvolve program. As noted above, 

our design included, on each trial, a variable delay between the cue and task phases 

and a variable inter-trial interval. When cue-phase responses are transient and 

independent of signals during the cue-to-task delay, this kind of design enables 

estimation of separate cue and task responses (Serences, 2004). However, in the 

present experiment, it is conceivable that cue responses would be sustained during the 

delay period, in particular in regions involved in preparatory attention (Engelmann et 

al., 2009). In this scenario, because cue-phase responses might be present until the 

onset of the task phase (Figure 3.2), estimation of unique contributions of the two 

phases is problematic because of the considerable response overlap (Ruge et al., 

2009); note that the overlap would be present for short or long delay periods, that is, it 

is independent of delay duration.  
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Figure 3.2 Simulated functional MRI responses and potential cue-task overlap. (A) 
To simulate transient cue responses, the cue was assumed to be presented for 1 sec (as 
in the experiment), followed by a 4.5-sec delay period (which varied between 2-6 
secs in the experiment), and a 0.2-sec task phase (indicated by the timeline). The 
overlap between cue and task responses is small. (B) To simulate sustained cue 
responses, the cue was assumed to the presented for 5.5 secs and followed 
immediately by a 0.2-sec task phase (indicated by the timeline). The overlap between 
cue and task responses is quite substantial. Simulated responses were generated by 
employing a canonical gamma variate hemodynamic response function (Cohen, 
1997). 

 
To address this issue, we estimated cue and task responses using a two-step 

procedure, as follows. First, we estimated cue-phase responses after controlling for 

task-related activity. To do so, we ran multiple regression on the preprocessed 

functional data including only task phase regressors in the model: no-reward and 

reward events at the task phase separately for the neutral and negative conditions, and 

a separate regressor of no interest that modeled error trials (pooled over all four 

conditions) during the task phase. Additionally, to model baseline and drifts of the 

MR signal, constant, linear, and quadratic terms were included for each run separately 

as covariates of no interest; six estimated motion parameters and their first derivatives 
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were also included as regressors in the model. Subsequently, the residual time series 

from this initial multiple regression model was used as input for a subsequent 

multiple regression analysis which included only cue phase regressors: reward and 

no-reward events at the cue phase, and error trials (pooled over all four conditions) at 

the cue phase. In this manner, estimates of cue phase responses from the second 

model were uncontaminated from task-phase responses. 

 Likewise, task phase responses were estimated after controlling for cue-

related activity. To do so, we ran a multiple regression on the preprocessed functional 

data including only cue phase regressors in the model: reward and no-reward events 

at the cue phase, and error trials (pooled over all four conditions) at the cue phase. 

Additionally, baseline, drift, and motion-related contributions were handled as above. 

Subsequently, as above, the residual time series from this initial multiple regression 

model was used as input for a subsequent multiple regression model which included 

only task phase regressors: no-reward and reward events at the task phase separately 

for the neutral and negative conditions, and a separate regressor that modeled error 

trials (pooled over all four conditions) during the task phase. In this manner, estimates 

of task phase responses from the second model were uncontaminated from cue-phase 

responses.  

 In the multiple regression analyses above, the following additional steps were 

performed. (1) To further control for head motion-related artifacts in the data (Siegel 

et al., 2014), we excluded volumes (on average 0.25%) with a frame-to-frame 

displacement of more than 1 mm Euclidean distance. (2) To estimate cue-related 

responses, no assumptions were made about the shape of the hemodynamic response, 
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because as noted above potential responses could be transient or sustained during the 

delay period depending on the brain region. Responses were estimated starting from 

cue onset to 15 secs using cubic spline basis functions. As an index of response 

strength, we used the average of the estimated responses at 5 and 7.5 sec after cue 

onset (as determined via the spline-based estimates); (3) To estimate task-phase 

responses which were expected to be transient, we used a canonical gamma variate 

hemodynamic response function model that was convolved with a square wave of 0.2 

sec stimulus duration (Cohen, 1997). (4) For the first five participants, the last four 

volumes of the fifth run were censored as the run finished early due to a technical 

error. 

Finally, as a control analysis to confirm that the results were not unduly 

related to the two-step procedure, we ran a separate multiple regression analysis 

which included both cue and task phase regressors in the same model: no-reward and 

reward events at the cue phase, and no-reward and reward events at the task phase 

separately for the neutral and negative conditions. Error trials (pooled over all four 

conditions) were modeled separately using two additional regressors of no interest, 

one for the cue phase and the other for the task phase. Cue-related responses were 

estimated starting from cue onset to 15 secs post onset using cubic spline basis 

functions. As an index of response strength, we used the average of the estimated 

responses at 5 and 7.5 sec after cue onset (as determined via the spline-based 

estimates). Task-phase responses were estimated using a canonical gamma variate 

hemodynamic response function model that was convolved with a square wave of 0.2 

sec duration. Since cue-related responses were estimated using cubic spline basis 
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functions for 15 secs from onset, considerable collinearity was present in the model 

(R2 values ranged between 0.67-0.78; note that is because multi-collinearity 

potentially impairs the estimation of regression coefficients (Mumford et al., 2015) 

that we employed the two-step procedure in the main analyses described above). 

Finally, to model baseline and drifts of the MR signal, constant, linear, and quadratic 

terms were included for each run separately (as covariates of no interest), and six 

estimated motion parameters and their first derivatives were included as nuisance 

regressors in the model. 

 

Group analysis 

Whole-brain voxelwise random-effects analyses were conducted using response 

estimates from individual-level analyses (restricted to gray-matter voxels) in AFNI. 

To probe reward processing during the cue phase, we used cue-phase responses 

(controlling for task-related activity) and ran a paired t-test to contrast reward and no-

reward conditions using the 3dttest++ program. To probe the interaction between 

reward and distractor processing during the task phase, we used task-phase responses 

(controlling for cue-related activity) and ran a 2 Reward (reward, no-reward) × 2 

Distractor (negative, neutral) repeated-measures ANOVA using the 3dANOVA3 

program. 

The alpha-level for voxelwise statistical analysis was determined by 

simulations using the 3dClustSim program. For these simulations, the smoothness of 

the data was estimated using 3dFWHMx program based on the residual time series 

from the individual-level voxelwise analysis. Taking into account the recent report of 
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increased false-positive rates linked to the assumption of Gaussian spatial 

autocorrelation in fMRI data (Eklund et al., 2016), we used the new -acf (i.e., auto-

correlation function) option recently added to the 3dFWHMx and 3dClustSim tools, 

which models spatial fMRI noise as a mixture of Gaussian plus mono-exponential 

distributions. This improvement was shown to control false positive rates around 

desired alpha level, especially with randomized fast event-related designs as 

employed in this study (Cox et al., 2017). Based on a voxel-level uncorrected p-value 

of 0.001, simulations indicated a minimum cluster extent of 48 voxels (2.0 x 2.0 x 2.0 

mm) for a cluster-level corrected alpha of 0.05. 

 

Relationship between cue-phase brain responses and behavior during the task phase 

The only difference between the reward and no-reward conditions in our design was 

the type of advance cue employed (Figure 3.1). Thus, to investigate the potential link 

between brain responses at the cue phase and subsequent behavior during the task 

phase, we focused on the ventral striatum, a region consistently implicated in reward-

related processing (Haber and Knutson, 2010; Bissonette et al., 2014). We defined 

bilateral ventral striatum regions of interest (ROIs) based on the structural atlas 

provided in the FSL package 

(http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Atlases/striatumstruc). This anatomical “ventral 

striatum” ROI included nucleus accumbens, portions of medial caudate and rostral-

ventral putamen. For each participant, and separately for each hemisphere, we 

averaged the difference of the response estimates (reward minus no-reward) within 

the ROI. First, we probed the relationship between cue-phase responses and an 
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energizing effect of reward on behavior, as indexed by reward main effect scores. To 

do so, for each ROI and across participants, we ran a robust skipped correlation 

analysis (Rousselet and Pernet, 2012; Wilcox, 2012) between cue-phase differential 

responses (Reward – No_Reward) and behavioral RT reward scores ([Negative + 

Neutral]NO_REWARD – [Negative + Neutral]REWARD). Next, we probed the relationship 

between cue-phase responses and selective effects of reward on behavior, as indexed 

by a reward by distractor interference scores. To do so, for each ROI and across 

participants, we ran a robust skipped correlation analysis between cue-phase 

differential responses (Reward – No_Reward) and behavioral RT interaction scores 

([Negative – Neutral]NO_REWARD – [Negative – Neutral]REWARD). The p-values for robust 

skipped correlation was estimated via bootstrapping based on 100,000 simulations 

(Wilcox, 2015). 

 

Relationship between task-phase brain responses and behavior during the task phase 

To investigate the potential link between brain responses at the task phase 

(controlling for cue-related activity) and behavior, we ran a voxelwise robust skipped 

correlation analysis (across participants) between fMRI-based interaction scores at 

the task phase and RT-based interaction scores. For computational expediency, the p-

value for robust skipped correlation was estimated via bootstrapping based on 5000 

simulations. To control for multiple comparisons, we used a voxel-level uncorrected 

p-value of 0.001 with a minimum cluster extent of 48 voxels (cluster-level alpha of 

0.05). 
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Functional connectivity analysis during cue phase 

Recent fMRI studies employing a proactive manipulation of reward have reported 

increased functional connectivity between striatal regions and cortical sites that are 

important for top-down attention (Harsay et al., 2011; Padmala and Pessoa, 2011). 

We thus investigated functional interactions between the ventral striatum and the rest 

of the brain by employing voxelwise functional connectivity analysis based on trial-

by-trial responses. Similar to the so-called “beta series correlation method” (Rissman 

et al., 2004), for each participant, we estimated trial-based responses at the cue phase 

(controlling for task-related activity) using the 3dLSS command in AFNI, a recently 

proposed method to improve estimation of trial-based responses in fast-event related 

designs (Mumford et al., 2012) (we modified 3dLSS to model the trial of interest, two 

additional "combined" regressors, one for the remaining reward trials, one for the 

remaining no-reward trials, as well as a regressor for error trials).  As in our recent 

studies (Padmala and Pessoa, 2011; Choi et al., 2012), to estimate trial-based 

responses at the cue phase, we assumed that responses were transient in nature and 

used a canonical gamma variate hemodynamic response function model that was 

convolved with a square wave of 1.0 sec stimulus duration (Cohen, 1997). Although 

the assumption of transient responses may not be optimal for some brain regions, 

without assuming a fixed shape the estimation of trial-based responses during fast 

event-related designs is rather poor and possibly unfeasible. We therefore believe that 

the assumption is defensible. 

 To create representative ROI estimates, trial-based responses were averaged 

across voxels within the anatomically defined left and right ventral striatum ROI, 
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separately. We then calculated the trial-by-trial robust skipped correlation between 

ventral striatum responses and the rest of the brain in a voxelwise fashion, separately 

for the reward and no-reward conditions. Estimated correlations were then initially 

transformed (via Fisher’s Z-transform) and contrasted between reward and no-reward 

conditions at the group level via a paired t-test using the 3dttest++ program. We 

would like to note that the connectivity analysis employed here is conceptually 

similar to the standard Psycho-physiological interaction (PPI) analysis (Friston et al., 

1997) and has shown to have better power to detect functional interactions in event-

related designs as employed in this study (Cisler et al., 2014). To control for multiple 

comparisons, we used a voxel-level uncorrected p-value of 0.001 with a minimum 

cluster extent of 48 voxels (cluster-level alpha of 0.05). 

 

Results 

Behavioral results 

Mean RT data were evaluated according to a 2 Reward (reward, no-reward) x 2 

Distractor (negative, neutral) repeated-measures ANOVA (Figure 3.3A). The main 

effect of Reward was significant (F1, 56 = 135.59，p = .000, η2
p = 0.71). Mean RT was 

faster during the reward (686 msec) compared to the no-reward condition (716 msec), 

demonstrating the effectiveness of the reward manipulation. The main effect of 

Distractor was also significant (F1, 56 = 6.17，p =.016, η2
p = 0.10), such that RTs 

during the negative condition (705 msec) were slower compared to the neutral 

condition (697 msec), revealing a small but consistent effect of the distractor 
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stimulus. Critically, the Reward x Distractor interaction was significant (F1, 56 = 4.44, 

p = .040, η2
p = 0.07). To further probe the two-way interaction, we ran two additional 

paired t-tests (negative vs. neutral) for the reward and no-reward conditions, 

separately. We detected a robust negative interference effect during the no-reward 

condition (13 msec; t(56) = 2.98, p = .004, d = 0.39), but not during the reward 

condition (2 msec; t(56) = 0.66, p = .51, d = 0.09).  

 

Figure 3.3 Behavioral results. (A) RT data. During no-reward trials, negative images 
slowed responses relative to neutral ones. This interference effect was reduced during 
the reward condition. (B) Accuracy data. During no-reward trials, negative images 
reduced accuracy relative to neutral ones. This effect was reduced during the reward 
condition. Error bars denote standard within-subject error term for interaction effects 
(Loftus and Masson, 1994) 
 

Because we observed a main effect of Reward such that the overall RT was 

faster during the reward condition, it is conceivable that the reduced negative 

interference during the reward condition was due to overall faster RTs (faster RTs 

would leave less room for interference). Therefore, we calculated a ratio-based index 

of interference (negative/neutral) separately for the reward and no-reward conditions. 

A comparison of the two via a paired t-test revealed a difference that is just outside 

the critical boundary (t(56) = 1.896, p = .06, d = 0.25), supporting the interpretation 
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of reduced negative interference during the reward condition. Furthermore, the main 

effect of Reward and interaction scores were not strongly correlated across 

participants (robust skipped correlation: r = .17, p = 0.32) while the original and ratio-

based indices of interaction scores were highly correlated across participants (robust 

skipped correlation: r = .99, p < 0.001), suggesting that the reduction of negative 

interference during reward was not simply due to overall faster RTs.  

 The 2 Reward x 2 Distractor repeated-measures ANOVA on mean accuracy 

rate data (Figure 3.3B) also revealed a main effect of Reward (F1, 56 = 17.71, p < 

0.001, η2
p = 0.24), such that accuracy was higher during reward (83.1%) compared to 

no-reward (80.6%). The main effect of Distractor was not significant (F1, 56 = 0.02, p 

= 0.895, η2
p = 0.00). Finally, the Reward x Distractor interaction was just outside the 

critical decision boundary (F1, 56 = 3.62, p = 0.06, η2
p = 0.06).  

 The RT and accuracy results taken together rule out the possibility of a speed-

accuracy tradeoff, as participants were both more accurate and faster during the 

reward compared to no-reward condition. Further, faster RTs also rule out the 

possibility of cautious responding during reward trials, which could help reduce 

negative-picture interference. Overall, the behavioral results point to a more selective 

effect of reward on negative distractor processing. 
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Functional MRI voxelwise analysis results 

 
Cue phase  

To investigate the impact of the reward processing, we contrasted cue-related 

responses (controlling for task-related activity) during reward vs. no-reward 

conditions. This contrast revealed stronger responses during the reward condition in a 

large cluster that spanned multiple subcortical and cortical sites (Figure 3.4 and Table 

3.1), including dorsal and ventral striatum (the latter including the accumbens), 

midbrain, thalamus, as well as fronto-parietal regions. 

 

 
Figure 3.4 Cue phase functional MRI results displayed at an uncorrected p = .001 and 
48-voxel cluster extent (cluster-level alpha of 0.05). Because cluster-extent based 
thresholding was used for multiple comparisons correction, voxels are displayed 
using a binary threshold. For further rationale about using binary maps in the context 
of cluster-based thresholding, see Woo et al., 2014.  Increased responses were 
observed during processing of reward (vs. no-reward) cue in subcortical regions and 
fronto-parietal regions. MPFC: medial prefrontal cortex, MFG: middle frontal gyrus, 
Ant. Ins: anterior insula, Thal: Thalamus, MB: midbrain, FEF: frontal eye-fields, IPS: 
intraparietal sulcus 
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Table 3.1 Clusters that survived multiple comparisons correction in voxelwise 
analysis at the cue phase (peak MNI coordinates, t(56) values, and cluster size [k]). 
Peak coordinates are presented for completeness and potential meta-analysis; with 
cluster-based thresholding, it is not possible to conclude that all the reported peaks 
were activated [see Woo et al., 2014] 

Cluster  x y z t k 
Cluster 1 (including fronto-parietal 
cortical regions and subcortical 
areas) 

R/
L 36 -88 -8 10.03 51669 

Lateral orbitofrontal cortex L -22 46 -16 5.29 96 
Frontal cluster (including middle 
frontal gyrus) L -26 46 18 8.06 1910 

Inferior temporal gyrus L -58 -18 -30 4.46 50 
Temporal pole R 50 18 -20 6.24 155 
Temporal pole L -42 12 -24 4.61 124 
 

 

Task phase 

The main focus of this study was to investigate the influence of potential reward on 

negative interference, which was examined via the Reward x Distractor interaction 

on task-phase responses (controlling for cue-related activity). We observed significant 

interaction effects in several activation clusters, including in medial prefrontal cortex 

(spanning dorsal anterior cingulate cortex and supplementary motor area), posterior 

cingulate cortex, right anterior/mid-insula, right inferior parietal lobule, left lateral 

occipital cortex (at inferior and superior locations) and right lateral occipital cortex (at 

a superior location), as well as a large left fronto-parietal cluster (spanning inferior 

parietal lobule and anterior/mid-insula) (Figure 3.5 and Table 3.2). Paralleling the 

behavioral interaction pattern, in the clusters that exhibited an interaction pattern, 

stronger negative (vs. neutral) responses during the no-reward condition were 

reduced during the reward condition. In the control analysis where cue and task phase 
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regressors were modeled simultaneously (see METHODS), a similar interaction 

pattern was observed in the clusters mentioned above except that medial prefrontal 

cortex (35 voxels), posterior cingulate cortex (35 voxels), and bilateral lateral 

posterior occipital cortex (left inferior: 36 voxels; left superior: 15 voxels; right 

superior: 10 voxels) did not survive the multiple comparisons correction. 

We observed a main effect of Distractor in clusters including the bilateral 

amygdala, bilateral ventral visual cortex/fusiform gyrus, bilateral lateral orbitofrontal 

cortex, and left ventral striatum (a similar pattern was seen in right ventral striatum at 

a slightly lower threshold; Figure 3.6 and Table 3.2). In the amygdala, ventral visual 

cortex/fusiform gyrus and orbitofrontal cortex, stronger responses were observed 

during the negative compared to the neutral condition. However, in the ventral 

striatum we observed the converse pattern, where responses were weaker during the 

negative compared to the neutral condition. 
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Figure 3.5 Task phase functional MRI results. (A) Clusters exhibiting significant 
Reward (reward, no-reward) x Distractor (neutral, negative) interactions displayed at 
an uncorrected p = .001 and 48-voxel cluster extent (cluster-level alpha of 0.05). 
Because cluster-extent based thresholding was used for multiple comparisons 
correction, voxels are displayed using a binary threshold. For further rationale about 

 



 

 47 
 

using binary maps in the context of cluster-based thresholding, see Woo et al., 2014. 
(B) Average responses within clusters that exhibited interaction effects. As some 
clusters spanned large sectors, for illustration purposes, clusters were selected at an 
uncorrected p = .0005 and 34-voxel cluster extent (cluster-level alpha of 0.05). To 
avoid circularity, error bars are not plotted. (C) Distributions of within-subject 
interaction scores in units of % signal change. The box plots within the violins 
indicate the interquartile range (first quartile to third quartile), red lines show the 
mean values, and black dots inside white circles show median values. Ant. Ins: 
anterior insula, IPL: inferior parietal lobule, dACC: dorsal anterior cingulate cortex, 
PCC: posterior cingulate cortex, LOC: lateral occipital cortex. 

 
 
Table 3.2 Clusters that survived multiple comparisons correction in voxelwise 
analysis at the task phase (peak MNI coordinates, F(1,56) values, and cluster size 
[k]). Peak coordinates are presented for completeness and potential meta-analysis; 
with cluster-based thresholding, it is not possible to conclude that all the reported 
peaks were activated [see Woo et al., 2014] 

Cluster   x y z F k 
 

Reward x Distractor 
 

       
Medial prefrontal cortex 
(including dorsal anterior 
cingulate cortex and  
supplementary motor area) 

R 6 28 36 21.17 258 

Inferior parietal lobule R 34 -34 52 34.67 350 
Fronto-parietal cluster 
(including  inferior parietal 
lobule and anterior/mid insula) 

L -46 -38 44 30.67 1176 

anterior/mid insula R 42 24 6 22.95 360 
Posterior cingulate cortex R 8 -36 46 26.09 88 
Lateral occipital cortex 
(inferior) L -52 -70 -6 23.18 224 

Lateral occipital cortex 
(superior) L -44 -82 18 23.41 86 

Lateral occipital cortex 
(superior) R 42 -72 12 24.13 77 

Supramarginal gyrus (inferior) R 62 -24 26 18.55 72 
Supramarginal gyrus 
(superior) R 62 -34 48 16.86 79 

Superior temporal gyrus R 64 -2 -4 20.81 187 
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UCluster did not survive correction for multiple comparisons.  

 
 

Precuneus R 18 -68 32 18.29 56 
 

Main effect of Reward 
 

       
Postcentral gyrus R -66 -22 18 20.65 103 
       

 
Main effect of Distractor 

 
       
Ventral visual cortex 
(including fusiform gyrus) R 38 -68 -12 76.64 1682 

Ventral visual cortex 
(including fusiform gyrus) L -36 -80 -10 73.58 1695 

Amygdala R 24 -4 -14 32.99 84 
Amygdala L -22 -6 -12 26.05 48 
lateral orbitofrontal cortex R 28 32 -12 35.62 97 
lateral orbitofrontal cortex L -38 34 -12 28.58 166 
Anterior insula L -40 26 4 24.98 66 
Inferior frontal gyrus R 44 12 26 20.61 86 
Superior parietal/occipital 
cortex R 26 -60 52 28.89 153 

Superior parietal/occipital 
cortex L -22 -66 40 24.96 61 

Ventral striatum R 16 18 -4 17.18 31U 
Ventral striatum L -6 16 -6 21.09 133 
Lateral occipital cortex 
(superior) R 44 -70 36 28.48 315 

Lateral occipital cortex 
(superior) L -42 -60 50 16.81 92 

Middle frontal gyrus R 30 18 46 24.35 402 
Middle frontal gyrus L -34 16 50 21.36 103 
Supramarginal gyrus 
(posterior) R 48 -42 40 23.76 118 

Occipital cluster (including 
lingual gyrus) R 12 -76 -2 32.74 731 

Superior parietal lobule L -26 -48 70 25.83 276 
Precuneus R 14 -54 8 21.37 69 
Precuneus L -6 -66 52 18.53 56 
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Figure 3.6 Task phase functional MRI results displayed at an uncorrected p = .001 
and 48-voxel cluster extent (cluster-level alpha of 0.05). Because cluster-extent based 
thresholding was used for multiple comparisons correction, voxels are displayed 
using a binary threshold. For further rationale about using binary maps in the context 
of cluster-based thresholding, see Woo et al., 2014. (A) Clusters exhibiting significant 
main effect of Distractor type (neutral, negative). (B) Main-effect response pattern 
from a subset of regions. To avoid circularity, error bars are not plotted. (C) 
Distributions of within-subject main effect of Distractor scores in units of % signal 
change. The box plots within the violins indicate the interquartile range (first quartile 
to third quartile), red lines show the mean values, and black dots inside white circles 
show median values. Amyg: amygdala, OFC: orbital frontal cortex, VS: ventral 
striatum, FG: fusiform gyrus 

 

Relationship between cue-related responses and behavior 
 
To probe the link between cue-related responses and subsequent behavior, we focused 

on the ventral striatum, a region that has been consistently implicated in reward-

related processing. We evaluated the relationship between cue-phase responses and 

behavioral reward main effects, which would reflect an unspecific reward effect. The 

robust correlation analysis revealed a positive relationship between reward (vs. no-

reward) responses to the cue and behavioral RT scores in the right ventral striatum 

ROI (robust skipped correlation r = -.31, p = .02) and was just outside the critical 

decision boundary in the left ventral striatum ROI (robust skipped correlation r = -.25, 

p = .06), indicating that participants with stronger reward-related cue responses were 

behaviorally faster during the reward condition. We also evaluated the relationship 

between cue-phase responses and behavioral interaction scores which would reflect a 

more specific effect of reward on behavior. In both left and right ventral striatum 

anatomical ROIs, across-subject robust correlation analysis revealed a significant 

positive relationship between reward (vs. no-reward) responses to the cue and 

behavioral RT interaction scores (Figure 3.7). This linear relationship indicates that 
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participants with stronger reward-related responses in the ventral striatum during the 

cue phase were more successful at reducing the impact of negative images on task 

performance. 

 
Figure 3.7 Brain-behavior relationship. A positive linear relationship was observed 
between reward (vs. no-reward) cue responses and behavioral RT interaction scores 
in the right and left ventral striatum ROIs. 

 

Relationship between task-related responses and behavior 
 
A whole-brain voxelwise robust correlation analysis between task phase-responses 

and behavior did not detect significant linear relationships. 

 

Functional connectivity during cue phase 
 
In line with previous studies investigating the impact of cues signaling reward 

(Harsay et al., 2011; Padmala and Pessoa, 2011), we anticipated stronger functional 

connectivity between the ventral striatum and cortical sites involved in attention and 

goal-directed processing during reward trials. To probe functional interactions, we 

determined trial-based functional connectivity of the ventral striatum with voxels 
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across the brain. This analysis revealed stronger functional coupling during reward 

(vs. no-reward) with cortical sites, including parietal cortex and sites consistent with 

the frontal eye-fields (Figure 3.8 and Table 3.3).  

 

 

Figure 3.8 Cue phase functional connectivity results displayed at an uncorrected p = 
.001 and 48-voxel cluster extent (cluster-level alpha of 0.05). Because cluster-extent 
based thresholding was used for multiple comparisons correction, voxels are 
displayed using a binary threshold. For further rationale about using binary maps in 
the context of cluster-based thresholding, see Woo et al., 2014. Stronger functional 
coupling was observed between ventral striatum and fronto-parietal regions during 
the processing of reward relative to no-reward cues. VS: ventral striatum, FEF: 
frontal eye-fields, IPS: intraparietal sulcus. 
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Table 3.3 Clusters that survived multiple comparisons correction in voxelwise 
functional connectivity analysis with ventral striatum at cue phase (peak MNI 
coordinates, t(56) values, and cluster size [k]). Peak coordinates are presented for 
completeness and potential meta-analysis; with cluster-based thresholding, it is not 
possible to conclude that all the reported peaks were activated [see Woo et al., 2014] 

 
Peak location  x y z t k 
 
With left ventral striatum ROI 
 
Frontal eye fields R 38 -2 46 6.27 345 
Intraparietal sulcus L -32 -48 42 4.79 60 
Supplementary motor cortex R/L -2 -4 68 5.05 173 
Lateral occipital cortex (superior) L -8 -80 50 5.50 76 
 
With right ventral striatum ROI 
 
Frontal eye fields R 26 2 48 5.16 118 
Precuneus R 6 -72 50 4.74 50 
 
 
 
 

Discussion 

We investigated the interaction between potential reward and negative distractor 

processing in the human brain. Behaviorally, the prospect of reward signaled by an 

advance cue reduced the influence of negative distractors during a subsequent 

perceptual discrimination task. In terms of brain responses, interactions paralleling 

behavior were observed across multiple sites, including the anterior insula and dorsal 

anterior cingulate cortex. Notably, in some brain regions, including the amygdala and 

fusiform gyrus, we did not detect the influence of potential reward on distractor 

processing. Together, our fMRI findings revealed evidence for both interaction and 

independence between potential reward driven top-down attentional control 

mechanisms and negative-distractor processing. 
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Based on observed patterns of behavior, a few studies have proposed that 

aversive distractor processing is immune to potential reward, at least under certain 

conditions (Kaltwasser et al., 2013; Wei and Kang, 2014). Kaltwasser et al. (2013) 

did not detect an interaction between reward expectancy and task-irrelevant valence 

in a word categorization task, and suggested that the processing of emotionally 

valenced words is immune to a reward manipulation. Wei and colleagues (2014) did 

not detect an interaction between the valence of face stimuli and potential reward 

when faces were task irrelevant like in the present study; they did observe an 

interaction when the valence of the faces was relevant to the task. The behavioral 

findings of the present study revealed a potential reward by distractor type interaction 

that replicated our previous behavior-only study (Padmala and Pessoa, 2014). More 

broadly, the interaction pattern observed here is consistent with other behavioral 

findings of enhanced processing of goal-relevant information in the presence of 

threat-related distractors (Vogt et al., 2013; Vromen et al., 2015). 

 In terms of brain signals, during the cue phase, consistent with the previous 

literature from both human and animal studies (Haber and Knutson, 2010; Liu et al., 

2011), we observed stronger responses during reward trials in a large cluster that 

included subcortical regions involved in reward-related processing, including the 

striatum and midbrain, as well as parietal and frontal cortical sites important for 

attention and executive function (Padmala and Pessoa, 2011; Krebs et al., 2012). In 

addition, we detected increased functional connectivity between the ventral striatum 

and a subset of the fronto-parietal regions (Harsay et al., 2011; Padmala and Pessoa, 

2011). As the only difference between the reward and no-reward conditions was the 
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type of cue employed, these results suggest that the processing of the reward relative 

to the no-reward cue led to the enhancement of proactive executive control 

mechanisms (Chiew and Braver, 2013) that enabled participants to better handle the 

impact of the negative distractors. 

Consistent with this notion, across participants, we observed a significant link 

between cue-related response strength in the ventral striatum/accumbens and 

behavioral interaction scores during the subsequent task phase. Participants with 

stronger responses to reward cues in the ventral striatum exhibited a greater benefit of 

reward in reducing negative-picture interference. This brain-behavior relationship is 

in line with proposals that ascribe a role for the ventral striatum in driving the 

redistribution of processing resources (Sarter et al., 2006; Salamone et al., 2009), 

which can lead to more selective effects of reward on behavioral performance (see 

also Pessoa, 2013). In this context, cue-related activity in the ventral striatum might 

have reflected processes engaged to handle challenging situations (in this case, 

handling aversive distractors). As observed here, these processes might have involved 

the up-regulation of attentional control regions in frontal and parietal cortex, as 

reflected in the enhanced functional connectivity observed during reward cues (see 

also Harsay et al., 2011; Padmala and Pessoa, 2011). But note that an association 

between cue responses and an unspecific effect of reward on behavior was also 

detected, consistent with the idea that reward cues also served an energizing function. 

During the task phase, we detected significant interaction effects in frontal and 

parietal brain regions, including the anterior and mid-insula, medial prefrontal cortex, 

and inferior parietal lobule. Paralleling the behavioral data, in all these sites, 



 

 56 
 

differential responses (negative minus neutral) were reduced during the reward 

condition. The finding in the anterior insula is noteworthy given its involvement in 

negative processing (Phillips et al., 2003; Craig, 2009), including the processing of 

mutilation images (Wright et al., 2004; Sarinopoulos et al., 2010). Another 

noteworthy site of interaction was in a medial prefrontal cortex cluster that included 

the dorsal anterior cingulate cortex. Based on the review of human and animal 

literatures, Etkin and colleagues (2011) suggested that dorsal aspects of the anterior 

cingulate cortex are involved in emotional appraisal/expression. Our findings mesh 

well with this proposal as, in line with behavior, the differential response (negative 

minus neutral) to distractors was positive during the control condition (no-reward), 

but flipped sign during the reward condition. Thus, in the context of our task, the 

dorsal anterior cingulate exhibited a profile consistent with emotional reactivity (see 

also Etkin et al., 2015) that was influenced by motivational processing. 

We also observed a significant interaction effect during the task phase in the 

lateral occipital cortex where negative (vs. neutral) responses were decreased during 

the reward condition. Intriguingly, in a meta-analysis of emotional perception studies 

(Sabatinelli et al., 2011), the lateral occipital cortex was found to be engaged during 

the processing of complex emotional images such as mutilated bodies. If, in our 

study, the lateral occipital cortex activation reflected engagement by aversive 

pictures, the interaction pattern would be consistent with the idea that potential 

reward decreased the impact of such stimuli. 

 An important question concerns the pattern of responses in the amygdala. 

Given that negative-distractor interference was essentially eliminated behaviorally, 
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one could have anticipated that differential responses (negative greater than neutral) 

observed during no-reward would be eliminated (or at least reduced) during the 

reward condition. However, only a main effect of distractor type in the anticipated 

direction (negative greater than neutral) was observed, not an interaction. Thus, in our 

task, the prospect of reward did not appreciably influence how the amygdala 

responded to aversive images. This overall pattern of response should be contrasted to 

the one observed during demanding attentional manipulations; when attention is 

robustly consumed elsewhere, the impact of unattended emotional stimuli is largely 

decreased or even eliminated (Pessoa, 2002; Mitchell et al., 2007). Such findings 

have been interpreted as indicating that the processing of emotional stimuli is not 

automatic, and that they can be filtered out during strong attentional manipulations. In 

the present study, we observed interaction effects across several regions, including 

the anterior insula, dorsal anterior cingulate, and inferior parietal lobule, but not in the 

amygdala. Thus, advance reward did not appear to lead to the filtering out of 

emotional distractors (see Vuilleumier, 2005). However, the deleterious impact of 

negative images was eliminated behaviorally. It is thus likely that the regions 

exhibiting the reward by emotion interaction play a role in reducing the impact of 

negative distractors. It is worth pointing out that the pattern of responses observed in 

the amygdala was similar to the one we saw when reward was manipulated in a 

reactive fashion, that is, where certain stimuli were linked to reward and no advance 

reward cues were used (Hu et al., 2013; see also Wittmann et al., 2008); in such 

cases, the impact of negative stimuli in the amygdala was not counteracted by reward. 



 

 58 
 

Previous studies have shown that motivation enhances attention when 

participants are explicitly informed of the possibility of reward (Engelmann et al., 

2009; Hubner and Schlosser, 2010; Krebs et al., 2012). In a previous study (Padmala 

and Pessoa, 2011), participants were informed of the possibility of reward by a cue 

stimulus that preceded the target phase during which a Stroop-like interference 

stimulus was displayed. Behaviorally, participants exhibited reduced conflict during 

the reward versus no-reward condition. Brain imaging results revealed that a group of 

subcortical and frontoparietal regions was robustly influenced by reward at cue 

processing and, importantly, that increased cue-related responses in fronto-parietal 

regions important for attention were correlated with reduced conflict-related signals 

during the upcoming target phase. Together, our findings were consistent with a 

model in which motivationally salient cues are employed to upregulate top-down 

control processes that bias the selection of visual information, thereby leading to 

more efficient stimulus processing during conflict conditions. 

In the current study, we observed a similar behavioral pattern of reduced 

interference (here with negative distractors) as in our previous study (Padmala and 

Pessoa, 2011). However, the absence of an interaction effect in the amygdala and 

fusiform gyrus suggests a modified interpretation of our results. Given the 

intermediate attentional demands of the bar task, negative images were registered by 

the amygdala (and lateral orbitofrontal cortex; see Fig. 6), impacting processing along 

visual cortex (Vuilleumier et al., 2004; Hadj-Bouziane et al., 2012). However, 

enhanced attentional control mechanisms during the reward condition enabled 

participants to reduce the deleterious impact of negative images. Enhanced attentional 
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control appeared to be linked to interactions between the ventral striatum and fronto-

parietal regions important for executive control (in and around the frontal eye fields, 

and posterior intraparietal sulcus). Furthermore, as previously stated, it is likely that 

the regions exhibiting the reward by emotion interaction play a more direct role than 

regions possibly involved in registering the stimulus itself (for instance, amygdala 

and fusiform gyrus). We note, however, that in regions exhibiting the reward by 

emotion interaction, evidence for a brain-behavior relationship was not detected in the 

present study. 

In conclusion, our study demonstrated the influence of performance-based 

monetary rewards on aversive processing. In terms of behavior, negative interference 

scores were reduced during the reward condition and a parallel interaction pattern was 

observed in several brain regions, including the anterior insula, dorsal anterior 

cingulate, and inferior parietal lobule. During reward cue processing, stronger 

responses were observed in subcortical regions important for reward processing, as 

well as fronto-parietal regions important for cognitive control. Notably, stronger 

reward-cue responses in the ventral striatum were associated with reduced behavioral 

negative interference during the subsequent task phase. Together, our study refines 

our understanding of the brain mechanisms underlying the influence of potential 

reward on the processing of negative distractors in the human brain. 
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Chapter 4 Interactions between positive and negative 
emotional processing 
 

Introduction 

Over the course of evolution, human beings developed strategies to detect, recognize, 

and rapidly react to significant stimuli in the environment. The perceptual system, 

particularly the visual modality, identifies and evaluates potential threats and rewards, 

both important for well-being and continued survival. While research has sought to 

understand how appetitive and aversive stimuli separately influence brain responses, 

it remains unclear how pleasant and unpleasant stimuli potentially interact in the 

brain. In many real world situations, both types of stimuli are present: for example, in 

nature, a prey animal may see a food reward (an appetitive stimulus) while a predator 

lurks around the area (aversive stimulus). So, it is important to study these two types 

of stimuli together to better understand how the brain processes appetitive and 

aversive stimuli in real world settings. 

According to the dimensional models of affect (Lang et al., 1990; Russell and 

Barrett, 1999), two major dimensions underlie our emotional experience: valence and 

arousal or salience. The valence dimension ranges from unpleasant to pleasant with a 

neutral midpoint, and the arousal dimension varies from low to high intensity with 

medium in between. Previously, neuroimaging studies have used both positive and 

negative stimuli (along with a neutral baseline) to investigate the sensitivity of 

responses to valence and salience dimensions (Figure 4.1). Many of these studies 

consistently reported responses in the ventro-medial prefrontal cortex (vmPFC) were 

sensitive to valence, whereas responses in the amygdala were sensitive to salience 
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(Anderson et al., 2003; Small et al., 2003), suggesting that the valence and salience 

dimensions of emotional stimuli are largely encoded in distinct brain regions (but see 

Winston et al., 2005; Jin et al., 2015).  

 

 

Figure 4.1 Valence and salience coding schemes. (A) Responses consistent with 
positive (“Aver” > “Neut” > “App”) and negative (“App” > “Neut” > “Aver”) 
valence coding. (B) Responses consistent with salience (“Aver” & “App” > “Neut”) 
or inverted salience (“Aver” & “App” < “Neut”) coding. Aver: aversive, Neut: 
neutral, App: appetitive. 
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While previous research has studied brain responses to pleasant and 

unpleasant stimuli, the majority have focused on how these responses were influenced 

by each individually (but see Grabenhorst et al., 2007). Therefore, our knowledge of 

the joint influence of pleasant and unpleasant stimuli on brain responses is 

rudimentary. In particular, very little is known about how regions that code valence or 

arousal information integrate positive and negative information. For instance, in 

salience coding regions, when both pleasant and unpleasant stimuli are presented, the 

overall intensity may be represented in two distinct ways: one solely dependent on the 

intensity of items, and alternatively, another dependent on valence (Kahnt and Tobler, 

2013). Furthermore, some recent frameworks argue against the localized view of 

emotional processing and propose that the integration of information between 

multiple brain regions is central during emotional processing (Hamann, 2012; Pessoa, 

2017). Nevertheless, very little is known about how valence and salience dimensions 

influence functional interactions during emotional processing. 

To fill in these gaps, the current fMRI study investigated how the joint 

processing of pleasant (pictures of heterosexual erotica) and unpleasant (pictures of 

mutilation) stimuli influenced univariate brain responses and functional interactions 

during a passive viewing task (Figure 4.2). Specifically, the study aimed to 

investigate how regions that code valence and salience integrate positive and negative 

information. Because of mutually opponent interactions between appetitive and 

aversive motivational systems (Konorski, 1967; Dickinson and Dearing, 1979), in 

valence coding regions, we hypothesized competitive interactions during the joint 

processing of pleasant and unpleasant stimuli. Additionally, in salience coding 
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regions, two alternative hypotheses of overall intensity were tested: if the overall 

intensity can be considered equal to the sum of individual intensities of the oppositely 

valenced stimuli (i.e., |Pleasant| + |Unpleasant|, where |x| indicates the absolute value 

of x), then responses during the processing of pleasant-plus-unpleasant stimuli would 

be greater compared to responses during the processing of one pleasant or unpleasant 

stimulus. Conversely, if the overall intensity can be considered to be equal to the 

combined intensity of the valence of the stimuli (i.e., |Pleasant + Unpleasant|), then 

responses during processing of pleasant-plus-unpleasant stimuli would be weaker 

than responses to pleasant or unpleasant stimulus. The latter hypothesis is supported 

by evidence of antagonistic interactions between positive and negative coding 

neurons recently reported in the amygdala (Kim et al., 2016), and by findings of 

valence dependence in structures sensitive to both positive and negative stimuli, such 

as the amygdala (Winston et al., 2005). 

While previous work focused on activation based responses has consistently 

implicated the vmPFC in valence-related processing (Anderson et al., 2003; Small et 

al., 2003), very little is known about how the vmPFC potentially integrates 

information with other brain regions during emotional perception. To address this, we 

conducted functional connectivity analysis to specifically investigate how valence 

and salience dimensions influence the integration of information between the vmPFC 

and rest of the brain. Additionally, we explored functional interactions between the 

vmPFC and other brain regions during joint processing of pleasant and unpleasant 

stimuli. By investigating these unexplored questions in terms of univariate responses 
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and functional connectivity, the current study sought to enhance our understanding of 

the brain mechanisms of appetitive-aversive interactions during emotional perception. 

 
 

Methods 
 

Participants 

Fifty-six male participants (age range: 18-30 years; average: 20.61 years) with normal 

or corrected-to-normal vision and no self-reported neurological or psychiatric disease 

were recruited from the University of Maryland community. Based on self-report, all 

participants were right-handed. The study was approved by the University of 

Maryland College Park Institutional Review Board and all participants provided 

written informed consent before participation. Out of 56 participants, two participants 

voluntarily quit the study before completion. The task paradigm was presented 

incorrectly to another participant due to programming error. Data from these three 

individuals were excluded from the analysis, resulting in a final dataset of 53 

participants. 

 As noted in the Introduction, this study used erotic pictures of heterosexual 

couples to manipulate positive emotional processing. Based on previously reported 

gender differences in processing erotic images (Hamann et al., 2004; Sabatinelli et al., 

2004; Rupp and Wallen, 2008), we only included male participants in this study. 

Further, participants’ sexual orientations were screened using a behavioral sexual 

attraction questionnaire (Appendix A) and all were heterosexual based on self-report. 
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Procedure and Stimuli 

In this study we employed a fast event-related fMRI design: each trial started with 

presentation of a 200 msec central white fixation, followed by a centrally-positioned 

image (pleasant, neutral, or unpleasant; 4° x 4°) for 1000-ms, followed immediately 

by another centrally-positioned image (pleasant, neutral, or unpleasant; 4° x 4°) for 

the same duration (Figure 4.2). Finally, each trial ended with a variable inter-stimulus 

interval (2-6 sec) where a blank screen was shown. Participants were instructed to 

passively view and pay attention to the images shown on the screen. A passive 

viewing task was used (i.e., no button press responses) to avoid any potential 

contamination from motor related activity and allow for better interpretation of 

responses in structures such as the striatum (Hayes et al., 2014). To ensure 

participants attention to the images, prior to the task, participants were told of a 

subsequent task (outside the scanner) involving images from the current task that 

could result in a bonus reward (up to $20) based on performance. 

 Because of the sluggish nature of the BOLD response measured by fMRI, 

responses to two successive images shown on each trial would substantially overlap; 

therefore we focused on estimating pooled responses to the pair of images presented 

during each trial (Figure 4.2). Six main experimental conditions based on 

combinations of the different emotional images were used: Neutral-Neutral (“N-N”); 

Pleasant-Pleasant (“P-P”); Unpleasant-Unpleasant (“U-U”); Pleasant-Neutral/Neutral-

Pleasant (“N-P”); Unpleasant-Neutral/Neutral-Unpleasant (“N-U”); and Pleasant-

Unpleasant/Unpleasant-Pleasant (“P-U”). Each of the six experimental conditions 

included 54 trials for a total of 324 trials. The main experiment session was divided 
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into 6 runs of 54 trials each (9 trials per each condition) and each run lasted ~5.5 

minutes in duration. Trials were presented in a pseudorandom order with a constraint 

that no more than 2 trials of same condition would be presented in sequence.  

 

Figure 4.2 Experimental paradigm. On each trial participants passively viewed two 
emotional pictures (each for 1 sec; not shown here) in quick succession. Six 
experimental conditions were used based on different types of emotional image 
pairings: Neutral-Neutral (“N-N”), Pleasant-Pleasant (“P-P”), Unpleasant-Unpleasant 
(“U-U”), Pleasant-Neutral/Neutral-Pleasant (“N-P”), Unpleasant-Neutral/Neutral-
Unpleasant (“N-U”), and Pleasant-Unpleasant/Unpleasant-Pleasant (“P-U”). Because 
of sluggish nature of the fMRI BOLD response, pooled response to both images on 
each trial (indicated by green dotted line) was estimated. 

 

 

To reduce potential confounds linked to low-level stimulus properties, a 

relatively large picture set (216 stimuli in each emotional category) was used with 

eight different trial order sequences that were randomly assigned to participants, each 
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of which with random pairings of pictures. Each image was presented only once to 

minimize any potential habituation effects (Ishai et al., 2004; Codispoti et al., 2016). 

Images were employed from the International Affective Picture System (Lang et al., 

1997a; Lang et al., 2005), a database of mutilation images developed by the 

Laboratory of Neurophysiology of Behavior at the Federal Fluminense University, 

Brazil (Mocaiber et al., 2011), and from online websites. Images of bodily injury and 

mutilation were used as unpleasant stimuli, neutral images consisted of people in a 

neutral context, and images of erotic heterosexual couples were used as pleasant 

stimuli. Pictures of mutilation and erotica were chosen based on previous reports 

showing both categories have similar intensity levels based on self-reported arousal 

ratings (Appendix A) and also physiological skin conductance responses (Bradley et 

al., 2001; Schupp et al., 2004).  

Prior to the experimental runs, participants viewed two sample trials of each 

of the six experimental conditions (total of 12 trials) with separate set of images 

during a short practice run presented during anatomical scan. As a measure of 

physiological arousal, skin conductance response (SCR) was collected during the 

scanning session using MP-150 system from BioPac systems at a sampling rate of 

250 Hz using MRI-compatible electrodes attached to the index and middle fingers of 

the non-dominant left hand. However, when we analyzed SCR responses, they 

appeared to be very weak (about an order of magnitude less than those observed in 

our previous studies). Since more detailed investigation is needed to explore the SCR 

data, SCR results were not included in this dissertation. 
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As informed, after the scan session participants performed a “old”/”new” 

recognition memory task using a subset of images presented during the scan session 

along with new images. In addition to their base pay for participation in the fMRI 

session ($25/hour), participants received an additional bonus (average: $12.7) based 

on their memory task performance. 

 

MRI data acquisition 

 Functional and structural MRI data were acquired using a 3T Siemens TRIO scanner 

with a 32-channel head coil. First, a high-resolution T1-weighted MPRAGE 

anatomical scan (0.9 mm isotropic) was collected. Subsequently, we collected six 

functional runs of 149 EPI volumes each (3 out of 53 participants had only 5 runs) 

using a multiband scanning sequence (Feinberg et al., 2010) with TR = 2.2 sec, TE = 

58 ms, FOV = 192 mm, and multiband factor = 6. Each volume contained 84 non-

overlapping oblique slices oriented approximately 20°-30° clockwise relative to the 

AC-PC axis (1.5 mm isotropic) helping to decrease susceptibility artifacts at regions 

such as the orbitofrontal cortex and amygdala. Additionally, in each session spin-echo 

field maps with opposite phase encoding direction were acquired with acquisition 

parameters matched to the functional scans. 

 

Functional MRI preprocessing 

A combination of packages and in-house scripts were used to preprocess both the 

functional and anatomical MRI data. The first three volumes of each functional run 
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were discarded to account for equilibration effects. Slice-timing correction (with 

AFNI’s 3dTshift) used Fourier interpolation to align the onset times of every slice in 

a volume to the first acquisition slice, and then a six-parameter rigid body 

transformation (with AFNI’s 3dvolreg) corrected head motion within and between 

runs by spatially registering each volume to the first volume.  

Skull stripping determines which voxels are to be considered part of the brain 

and, although conceptually simple, plays a very important role in successful 

subsequent co-registration and normalization steps. Currently, available packages 

perform sub-optimally in specific cases, and mistakes in the brain-to-skull 

segmentation can be easily identified. Accordingly, to skull strip the T1 high-

resolution anatomical image (which was rotated to match the oblique plane of the 

functional data with AFNI’s 3dWarp), six different packages were used: ANTs 

(Avants et al., 2009; http://stnava.github.io/ANTs/), AFNI (Cox, 1996; 

http://afni.nimh.nih.gov/), ROBEX (Iglesias et al., 2011; 

https://www.nitrc.org/projects/robex), FSL (Smith et al., 2004; 

http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/), SPM (http://www.fil.ion.ucl.ac.uk/spm/), and 

BrainSuite (Shattuck and Leahy, 2002; http://brainsuite.org/). Then, a “voting 

scheme” was employed: based on T1 data, a voxel was considered to be part of the 

brain if four-out-of-six packages estimated it to be a brain voxel; otherwise the voxel 

was not considered to be brain tissue.  

Subsequently, FSL was used to process field map images and create a phase-

distortion map for each participant (“top-up” command). Then, FSL’s epi_reg was 

used to apply boundary-based co-registration in order to align the first EPI volume 
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image with the skull-stripped T1 anatomical image along with simultaneous EPI 

distortion-correction (Greve and Fischl, 2009). 

Next, ANTS was used to learn a nonlinear transformation that mapped the 

skull-stripped anatomical image to the skull-stripped MNI152 template (interpolated 

to 1-mm isotropic voxels). Finally, ANTS combined the transformations from co-

registration (from mapping first functional EPI volume to the anatomical T1) and 

normalization (from mapping T1 to the MNI template) into a single transformation 

that was applied to map volume registered functional volumes to standard space 

(interpolated to 2-mm isotropic voxels). The resulting spatially normalized functional 

data was blurred using a 4mm full-width half-maximum (FWHM) Gaussian filter. 

Spatial smoothing was restricted to grey-matter mask voxels (3dBlurInMask 

program). Finally, to interpret the estimated regression coefficients in terms of 

percent signal change, the average intensity at each voxel (per run) was scaled to 100.  

 

Voxelwise analysis 

Each participant’s preprocessed functional data were analyzed using multiple 

linear regression (restricted to gray-matter voxels) using AFNI’s 3dDeconvolve 

program. The six main event types in the design matrix reflected the six experimental 

conditions: “N-N”, “P-P”, “U-U”, “N-P”, “N-U”, and “P-U”. To estimate responses 

for these six conditions, a canonical gamma variate hemodynamic response function 

model convolved with a square wave of 2 sec stimulus duration was used (Cohen, 

1997). Other regressors included in the model comprised 6 motion parameters (3 

linear displacements and 3 angular rotations), and their discrete temporal derivatives. 
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To further control for head motion-related artifacts in the data (Siegel et al., 2014), 

volumes (on average 0.2%) with a frame-to-frame translational displacement of more 

than 1 mm Euclidean distance were excluded. Additionally, to model baseline and 

drifts of the MR signal, regressors corresponding to polynomial terms up to third 

orders were included (for each run separately).  

To investigate valence and salience coding patterns, two general linear 

contrast tests were used in the voxelwise analysis. A linear trend analysis with “U-U’, 

“N-N” and “P-P” conditions (using contrast weights of [-1 0 +1] respectively) was 

employed to identify voxels that coded valence type signals. In this general linear 

contrast, voxels with positive linear trend indicate positive valence coding (i.e., “P-P” 

> “U-U”) whereas voxels with negative linear trend are indicative of negative valence 

coding (“U-U” > “P-P”). Similarly, a quadratic trend analysis using “U-U’, “N-N” 

and “P-P” conditions (using contrast weights of [+1 -2 +1] respectively) identified 

voxels that coded salience type signals. Further, three additional general linear tests 

were used to separately contrast “P-U” vs. “N-P”, “P-U” vs “N-U” and “P-U” vs. 

average of “N-P” and “N-U” conditions. These additional contrasts probed 

interactions between positive and negative processing in voxels that coded valence 

and salience type response patterns (see the conjunction analysis below for further 

details)     

 

Group analysis 

Whole-brain voxelwise random-effects analyses were conducted using response 

estimates from individual-level analyses (restricted to gray-matter voxels) in AFNI. 
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The alpha-level for voxelwise statistical analysis (except for voxelwise conjunction 

analyses described below) was determined by 3dClustSim simulations (restricted to 

gray-matter voxels). For these simulations, smoothness of the data was estimated 

using 3dFWHMx program (restricted to gray-matter voxels) based on the residual 

time series from the individual-level voxelwise analysis. In response to the recent 

report of increased false-positive rates linked to the assumption of Gaussian spatial 

autocorrelation in fMRI data (Eklund et al., 2016), the new -acf (i.e., auto-correlation 

function) option was implemented. This recently added function models spatial fMRI 

noise as a mixture of Gaussian plus mono-exponential distributions in the 3dFWHMx 

and 3dClustSim tools. The new auto-correlation function was shown to control false 

positive rates around desired alpha level, especially in randomized fast event-related 

designs with stringent voxel-level uncorrected p values (Cox et al., 2017). Based on a 

voxel-level uncorrected p value of 0.001, simulations indicated a minimum cluster 

extent of 10 voxels (2.0 x 2.0 x 2.0 mm) for a cluster-level corrected alpha of 0.05. 

 

Valence and Salience coding 

At the group level, to probe regions that code valence, a one-sample t-test 

(against zero) was performed on linear trend coefficients from individual-level 

analysis using the AFNI’s 3dttest++ program. Similarly, to probe for regions that 

code salience, we ran a one-sample t-test (against zero) on quadratic trend 

coefficients from individual-level analysis. Because the “N-N” condition was 

assigned a zero weight in the linear trend analysis contrast, regions that code salience 

type signals (i.e., where responses during both “P-P” and “U-U” conditions are 
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greater than responses during “N-N” condition) might also be picked up if one 

emotion results in a larger activation over another i.e., if a difference exists between 

“P-P” and “U-U” conditions (Figure 4.3). Indeed, this is a possibility—a meta-

analysis recently reported that regions including left amygdala exhibited salience-type 

coding along with preference for negative over positive valence (Lindquist et al., 

2015). Thus, to identify voxels that exhibited clear linear trend (i.e., “P-P” > “N-N” > 

“U-U” or “U-U” > “N-N” > “P-P”), we masked voxels that exhibited salience coding 

(at a liberal uncorrected p value of .05) from valence coding group map (see 

(Lindquist et al., 2015) for similar strategy in the context of meta-analysis). 

 

 

Figure 4.3 Salience coding with preference for valence. Regions that code salience 
type signals and that have preference for one valence over the other (positive or 
negative valence preference) could be picked by linear trend contrast because “N-N” 
condition was assigned a zero weight in that contrast which effectively “P-P” vs “U-
U” conditions. 
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Interactions between pleasant and unpleasant emotional processing 

 One of our main goals in this study was to investigate how regions that code 

valence- and salience-type signals integrated pleasant and unpleasant emotional 

information. To test the hypothesis of competitive interactions in positive valence 

coding regions, a voxelwise conjunction analysis (Friston et al., 2005; Nichols et al., 

2005) was ran with voxels that exhibited positive valence coding and voxels that 

exhibited differences between “P-U” vs. “N-P” conditions. The logic behind this 

conjunction analysis is that positive valence coding voxels that exhibit evidence for 

competitive interactions, should show reduced response during pleasant-plus-

unpleasant stimuli (“P-U”) compared to responses during pleasant-plus-neutral 

stimuli (“N-P”; Figure 4.4A). Similarly, to test for competitive interactions in 

negative valence coding regions, a voxelwise conjunction analysis was ran with 

voxels that exhibited negative valence coding and voxels that exhibited differences 

between “P-U” vs. “N-U” conditions. The logic behind this conjunction analysis is 

that in voxels that code negative valence and exhibit evidence for competitive 

interactions, response during pleasant-plus-unpleasant stimuli (“P-U”) should be 

reduced in comparison to unpleasant-plus-neutral stimuli (“N-U”;  Figure 4.4B). 

Moreover, because the linear trend estimation was based only on “P-P”, “N-N” and 

“U-U” conditions, the contrasts of “P-U” vs. “N-P” and “P-U” vs. “N-U” conditions 

are independent of the contrast used to define positive and negative valence coding 

voxels (Figure 4.4A-B). 

To test competing hypotheses about the overall intensity in salience coding 

regions, a voxelwise conjunction analysis was performed with voxels that exhibited 



 

 75 
 

salience coding and voxels that exhibited differences between “P-U” vs. average of 

“N-P” and “N-U” conditions. If overall intensity was determined by the intensity of 

individual items (i.e., |Pleasant| + |Unpleasant|), then responses during processing of 

two salient stimuli of opposite valence (i.e., “P-U”) would be greater than the average 

response to one salient stimuli (Figure 4.4C). On the other hand, if overall intensity is 

based on the combined valence of the stimuli (i.e., |Pleasant + Unpleasant|), then 

responses during processing of two salient stimuli of opposite valence (i.e., “P-U”) 

would be weaker than the average response to one salient stimuli (Figure 4.4C). 

Moreover, as the quadratic trend estimation was based on only “P-P”, “N-N” and “U-

U” conditions, the contrast of “P-U” vs. average of “N-P” and “N-U” conditions is 

independent of the contrast used to define salience coding voxels (Figure 4.4C). 
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Figure 4.4 Contrasts used for testing interactions in valence and salience coding 
regions. (A) in positive valence coding regions, contrast between responses during 
“P-U” and “N-P” conditions would allow to test the hypothesized competitive 
interaction; (B) in negative valence coding regions, contrast between responses 
during “P-U” and “N-U” conditions would allow to test the hypothesized competitive 
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interaction; and (C) in salience coding regions, contrast between response during “P-
U” and average response during “N-P” and “N-U” conditions would allow to test two 
competing hypothesis about the overall intensity. All these contrasts used to test 
interactions are independent of the contrasts used to define valence and salience 
coding regions which were only based on “P-P”, “N-N” and “U-U” conditions that 
were marked in gray. 

 
Although the cluster level multiple comparison correction techniques have 

better sensitivity in detecting the effects in voxelwise analysis, they do not allow 

inferences to be drawn at the level of individual voxels (Woo et al., 2014a). 

Therefore, it has been suggested that voxel level correction methods such as false 

discovery rate (FDR) correction are more appropriate for voxelwise conjunction 

analysis (Woo et al., 2014a).  To run each conjunction analysis described above, for 

each contrast separately, we first created a mask based on voxels that survived the 

FDR correction at p = .05 level. Then, an intersection map of the two masks was 

created, revealing voxels with common significant activation. To control for isolated 

voxels, only clusters with a minimum cluster extent of 5 voxels (an arbitrary cut-off) 

in the intersection mask were reported. 

 

vmPFC functional connectivity analysis 

To investigate how different task contexts influenced functional interactions between 

vmPFC and rest of the brain, a voxelwise functional connectivity analysis based on 

trial-by-trial responses was employed. Similar to the so-called “beta series correlation 

method” (Rissman et al., 2004), trial-based responses were estimated for each 

participant using the 3dLSS command in AFNI, a recently proposed method to 

improve estimation of trial-based responses in fast-event related designs (Mumford et 
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al., 2012). The 3dLSS was used to model the trial of interest and modified to include 

six additional "combined" regressors for each task condition: “N-N”, “P-P”, “U-U”, 

“N-P”, “N-U” and “P-U”.  As in the standard activation analysis described above,  to 

estimate trial-based responses a canonical gamma variate hemodynamic response 

function model that was convolved with a square wave of 2.0 sec stimulus duration 

was used (Cohen, 1997).  

 To create representative ROI estimates, trial-based responses were averaged 

across voxels within a functionally defined vmPFC ROI. For this analysis, the 

vmPFC cluster that exhibited valence coding in the activation based analysis was 

used.  To note, because correlations between two signals are independent of their 

mean levels, selection of vmPFC cluster based on activation analysis does not lead to 

circularity issues. Then, a trial-by-trial robust correlation between responses of 

vmPFC and the rest of the brain in a voxelwise fashion was calculated separately for 

each of the six task conditions. Initially we probed how the functional interactions 

between vmPFC and rest of the brain were shaped by valence and salience type 

coding. To identify voxels that exhibited valence type connectivity pattern with the 

vmPFC, a linear trend analysis was performed with estimated correlations (initially 

transformed via Fisher’s Z-transform) based on “U-U”, “N-N” and “P-P” conditions 

using contrast weights of [-1 0 +1] respectively. In this analysis, voxels with positive 

linear trend are indicative of positive valence coding type connectivity pattern (i.e., 

“P-P” > “U-U”) whereas voxels with negative linear trend are indicative of negative 

valence coding type connectivity pattern (“U-U” > “P-P”). In a similar fashion, a 

quadratic trend analysis using estimated correlations (initially transformed via 
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Fisher’s Z-transform) of “U-U”, “N-N” and “P-P” conditions (contrast weights of [+1 

-2 +1] respectively) was used to identify voxels that exhibited salience type 

connectivity pattern with the vmPFC. 

 

vmPFC functional connectivity: Valence and Salience coding  

At the group level, to probe for regions that exhibited valence type 

connectivity patterns with vmPFC, a one-sample t-test (against zero) was ran on 

linear trend coefficients from individual-level analysis using AFNI’s 3dttest++ 

program. Similarly, to probe for regions that exhibited salience type connectivity 

patterns with vmPFC, a one-sample t-test (against zero) was ran on quadratic trend 

coefficients from individual-level analysis using the AFNI’s 3dttest++ program. 

Based on the same logic used in activation based group analysis, in order to identify 

voxels that exhibited a clear linear trend pattern of functional connectivity (i.e., “P-P” 

> “N-N” > “U-U” or “U-U” > “N-N” > “P-P”), voxels that exhibited salience type 

connectivity coding (at a liberal uncorrected p value of .05) were masked from 

valence coding group connectivity map. To control for multiple comparisons, 

functional connectivity group statistical maps were thresholded at voxel-level 

uncorrected p-value of 0.001 with a minimum cluster extent of 10 voxels for a 

cluster-level corrected alpha of 0.05. 
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vmPFC functional connectivity: Interactions between pleasant and unpleasant 

emotional processing 

 We investigated the joint influence of pleasant-plus-unpleasant stimuli on 

vmPFC functional connectivity with rest of the brain. Specifically, to probe for 

competitive interactions, a conjunction analysis (Friston et al., 2005; Nichols et al., 

2005) was conducted with voxels with exhibited connectivity to vmPFC in a positive 

valence coding pattern and voxels that exhibited differential vmPFC connectivity 

between “P-U” vs. “N-P” conditions. In the case of competitive interactions, the 

conjunction analysis would reveal reduced functional connectivity during the 

pleasant-plus-unpleasant stimulus (“P-U”) in comparison to connectivity during the 

pleasant-plus-neutral stimulus (“N-P”). Moreover, the linear trend estimation used to 

identify valence coding connectivity voxels was based only on “P-P”, “N-N” and “U-

U” conditions, therefore the contrast of “P-U” vs. “N-P” is independent of the 

contrast used to define positive valence coding connectivity voxels. 

Additionally, functional connectivity of the vmPFC during pleasant-

unpleasant (“P-U”) condition was probed with regions that exhibited salience type 

connectivity patterns. In order to do so, a voxelwise conjunction analysis was 

conducted between voxels that exhibited connectivity with vmPFC in a salience 

coding pattern and voxels that exhibited differential vmPFC connectivity between “P-

U” vs. average of “N-P” and “N-U” conditions. If cooperative interactions exist, 

functional connectivity during processing of two salient stimuli of opposite valence 

(i.e., “P-U”) would be greater than connectivity during processing of one neutral and 

one salient stimulus as presented in neutral-pleasant (“N-P”) and neutral-unpleasant 
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(“N-U”) conditions. Moreover, as the quadratic trend estimation was based on only 

“P-P”, “N-N”, and “U-U” conditions, the contrast of “P-U” vs. average of “N-P” and 

“N-U” conditions is therefore independent of the contrast used to define salience 

coding connectivity voxels. 

Similar to the activation based analysis, for each conjunction analysis 

described above, for each contrast separately, a mask based on voxels that survived 

the FDR correction at p = .05 level was created.  Based on intersection map of the 

two masks, voxels with significant common connectivity were revealed.  

 

Results 

Valence and salience coding brain regions 

In a whole-brain voxelwise analysis, regions whose responses were consistent with 

positive or negative valence coding patterns were probed (Figure 4.1A). Responses 

consistent with positive valence coding were observed in multiple regions including 

the ventro-medial prefrontal cortex (vmPFC), bilateral striatum, bilateral superior 

temporal gyrus and precuneus (Figure 4.5 and Table 4.1), where responses linearly 

increased from unpleasant to pleasant conditions (i.e., “P-P” > “N-N” > “U-U”). 

Conversely, responses consistent with negative valence coding were observed in 

regions including the bilateral fusiform gyrus (Figure 4.5 and Table 4.1), where 

responses linearly increased from pleasant to unpleasant conditions (i.e., “U-U” > “N-

N” > “P-P”). 
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Figure 4.5 Valence coding fMRI results. (A) Clusters exhibiting positive (red) and 
negative (blue) valence coding (based on “P-P”, “N-N” and “U-U” conditions) 
displayed at an uncorrected p = .001 and 10-voxel cluster extent (cluster-level alpha 
of 0.05). Because cluster-extent based thresholding was used for multiple 
comparisons correction, voxels are displayed using a binary threshold. For further 
rationale about using binary maps in the context of cluster-based thresholding, see 
Woo et al., 2014. (B) Average responses within clusters that exhibited valence 
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coding. To avoid circularity, error bars are not plotted. (C) Distributions of within-
subject valence coding index in units of % signal change. The box plots within the 
violins indicate the interquartile range (first quartile to third quartile), red lines show 
the mean values, and black dots inside white circles show median values. vmPFC: 
ventro-medial prefrontal cortex, STG: superior temporal gyrus, FG: fusiform gyrus. 

 
 
Table 4.1 Clusters that survived multiple comparisons correction in voxelwise 
valence coding analysis (peak MNI coordinates, t(52) values, and cluster size [k]). 
Peak coordinates are presented for completeness and potential meta-analysis; with 
cluster-based thresholding, it is not possible to conclude that all the reported peaks 
were activated [see Woo et al., 2014] 

 
Cluster   x y z t k 

Positive valence coding  

     Precuneus/posterior cingulate 
cortex R/L 18 -62 26 9.41 3581 
Lingual gyrus/striate area R/L -2 -74 4 8.19 801 
Angular gyrus R 46 -68 22 7.58 647 
Ventro-medial prefrontal cortex R/L 6 54 -6 6.73 542 
Angular gyrus L -44 -66 20 9.08 503 
Cerebellum L -8 -78 -38 6.97 345 
Superior frontal sulcus R 28 0 54 6.62 263 
Middle frontal gyrus L -38 -2 56 5.69 211 
Cerebellum/fusiform gyrus R 40 -48 -22 6.71 167 
Cerebellum L -26 -56 -50 6.94 137 
Cerebellum R 10 -52 -52 7.28 136 
Transverse temporal gyrus L -60 -36 24 5.99 126 
Supramarginal gyrus R 52 -32 28 6.54 92 
Striatum L -6 6 -6 4.72 87 
Angular gyrus R 38 -70 44 5.01 82 
Superior frontal gyrus L -26 42 40 5.31 78 
Lingual gyrus L -14 -58 4 5.45 69 
Lingual gyrus R 16 -62 8 5.21 58 
Superior frontopolar gyrus L -8 58 14 5.46 50 
Angular gyrus L -32 -52 42 4.88 48 
Cerebellum L -42 -46 -34 6.63 45 
Middle frontal gyrus R 54 26 30 5.64 41 
Striatum R 8 14 0 5.15 40 
Superior frontal gyrus R 20 40 48 4.85 38 
Cerebellum L -36 -62 -26 4.72 34 
Cerebellum R 40 -62 -40 4.73 33 
Cerebellum R/L 4 -50 -42 4.84 32 
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Cerebellum R 44 -66 -28 4.49 32 
Cuneus L -28 -78 42 5.16 28 
Cerebellum R 28 -58 -30 6.07 27 
Inferior/middle frontopolar gyrus L -26 52 10 5.16 27 
Middle frontal gyrus L -44 48 10 5.57 26 
Postcentral gyrus L -32 -38 50 4.94 23 
Cerebellum L -28 -28 -34 5.04 22 
Cerebellum L -40 -54 -32 5.25 22 
Middle frontal gyrus L -38 44 22 5.19 22 
Angular gyrus R 44 -76 32 4.31 22 
Occipital gyrus L -22 -52 4 6.01 20 
Middle temporal gyrus L -64 -4 -12 5.17 19 
Cerebellum L -32 -62 -48 5.92 18 
Posterior cingulate cortex R 6 -38 34 4.69 17 
Middle temporal gyrus R 62 -4 -22 4.11 15 
Anterior cingulate cortex L -8 34 16 5.22 15 
Superior frontal gyrus L -10 50 44 4.31 15 
Cerebellum R 34 -72 -28 4.5 13 
Postcentral gyrus L -46 -34 54 4.84 13 
Precentral gyrus R 10 -30 70 4.87 13 
Precentral gyrus L -58 4 36 4.21 12 
Rostral gyrus R/L -2 34 -24 4.21 11 
Cerebellum R 18 -76 -20 4.77 11 
Cerebellum R 10 -40 -20 4.24 11 
Cerebellum L -6 -56 -16 4.39 11 
Medial orbital gyrus L -26 46 -16 4.97 11 
Superior temporal gyrus R 42 -62 8 7.09 11 
Thalamus R 16 -30 12 5.64 11 
Anterior cingulate cortex L -8 26 30 5.06 11 
Striatum (dorsal) R 12 6 14 3.87 10 
Middle frontal gyrus L -42 34 24 4.72 10 

       
Negative valence coding 

 

     Fusiform gyrus R 28 -54 -10 -9.02 117 
Fusiform gyrus L -26 -58 -10 -6.88 103 
Fusiform gyrus (anterior) R 34 -20 -22 -5.54 19 
Planum polare L -40 12 -18 -4.73 10 
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We then probed for regions whose responses were consistent with salience 

coding (Figure 4.1B). We observed this type of response pattern in multiple cortical 

and sub-cortical brain regions including the dorsal portions of the bilateral amygdala, 

bilateral thalamus, bilateral anterior insula, bilateral lateral orbito-frontal cortex and 

mid-cingulate cortex (Figure 4.6 and Table 4.2), where responses during both 

pleasant and unpleasant were greater than responses during the neutral condition (i.e., 

both “P-P” and “U-U” > “N-N”). On the other hand, we observed response patterns 

consistent with inverted salience pattern in regions including the bilateral 

parahippocampal gyrus, bilateral lateral parietal cortex and bilateral superior frontal 

gyrus (Figure 4.6 and Table 4.2), where responses during both positive and negative 

emotional conditions were smaller than those during the neutral condition (i.e., both 

“P-P” and “U-U” < “N-N”). 
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Figure 4.6 Salience coding fMRI results. (A) Clusters exhibiting salience (red) and 
inverted salience (blue) coding (based on “P-P”, “N-N” and “U-U” conditions) 
displayed at an uncorrected p = .001 and 10-voxel cluster extent (cluster-level alpha 
of 0.05). Because cluster-extent based thresholding was used for multiple 
comparisons correction, voxels are displayed using a binary threshold. For further 

 



 

 87 
 

rationale about using binary maps in the context of cluster-based thresholding, see 
Woo et al., 2014. (B) Average responses within clusters that exhibited salience 
coding. To avoid circularity, error bars are not plotted. (C) Distributions of within-
subject salience coding index in units of % signal change. The box plots within the 
violins indicate the interquartile range (first quartile to third quartile), red lines show 
the mean values, and black dots inside white circles show median values. AMYG: 
amygdala, Ant. Ins.: anterior insula, MCC: mid-cingulate cortex, Lat. OFC: lateral 
orbito-frontal cortex, PHG: parahippocampal gyrus. 

 
Table 4.2 Clusters that survived multiple comparisons correction in voxelwise 
salience coding analysis (peak MNI coordinates, t(52) values, and cluster size [k]). 
Peak coordinates are presented for completeness and potential meta-analysis; with 
cluster-based thresholding, it is not possible to conclude that all the reported peaks 
were activated [see Woo et al., 2014] 

 
Cluster   x y z t k 

Salience coding 
 

     Occipital/temporal cortex R/L -50 -70 -10 11.12 17687 
Precentral/middle frontal gyrus R 46 10 28 10.39 1365 
Precentral gyrus L -48 4 34 8.28 519 
Mid-cingulate cortex R/L -2 6 30 8.29 519 
Posterior insula L -40 -4 10 10.34 383 
Insular gyrus R 38 10 -12 7.37 243 
Frontal-eye fields L -30 -8 52 6.35 205 
Posterior insula R 38 -4 12 8.66 180 
Midbrain/periacqueductal gray R/L 4 -28 -2 10.09 155 
Lateral orbito-frontal cortex R 30 34 -14 7.48 141 
Lateral orbito-frontal cortex L -24 28 -16 7.94 127 
Cerebellum R/L -2 -50 -36 6.72 82 
Middle frontal gyrus L -46 34 -12 4.97 77 
Thalamus L -8 -16 8 6.85 63 
Anterior insula L -34 28 2 7.06 56 
Thalamus R 8 -16 10 7.08 46 
Anterior/mid cingulate cortex R/L 2 20 18 4.68 46 
Anterior cingulate cortex R/L 0 32 4 6.46 44 
Thalamus R 14 -24 10 5.87 26 
Paracentral lobule L -8 -46 60 5.08 22 
Temporal cortex L -28 -4 -34 4.72 21 
Cerebellum L -20 -34 -42 5.34 19 
Amygdala (dorsal) L -18 -6 -12 7.17 19 
Superior frontal gyrus (medial) R 8 10 56 5.64 19 
Cerebellum R 20 -36 -44 6.78 18 
Hippocampus (anterior) R 28 -36 -2 4.67 18 
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Cerebellum L -16 -44 -46 4.47 17 
Supramarignal gyrus R 48 -36 12 4.56 15 
Cerebellum R 8 -64 -20 5.28 13 
Rostral gyrus R/L 0 32 -20 4.51 13 
Amygdala (dorsal) R 20 -6 -10 5.37 13 
Cerebellum L -42 -62 -26 4.58 10 
Paracentral fissure L -34 -28 -22 4.8 10 
Amygdala (lateral) R 26 0 -18 5.59 10 
Postcentral/insular cortex R 32 -12 -6 5.44 10 

       
Inverted salience coding 

 

     Lateral parietal cortex L -52 -56 48 -6.37 516 
Lateral parietal cortex R 52 -48 38 -6.75 416 
Superior frontal gyrus R 42 22 40 -6.22 281 
Superior frontal gyrus L -38 20 54 -5.45 275 
Parahippocampal gyrus L -26 -44 -6 -10.78 250 
Parahippocampal gyrus R 30 -44 -6 -9.19 244 
Occipital gyrus R 16 -52 8 -7.23 237 
Superior temporal gyrus (anterior) L -66 -26 -4 -5.57 212 
Occipital gyrus L -18 -58 8 -7.16 170 
Superior temporal gyrus (anterior) R 64 -22 -2 -5.01 143 
Superior frontal gyrus R 28 20 52 -4.96 130 
Transverse temporal gyrus R 50 -30 18 -5.45 105 
Superior frontal gyrus L -24 28 46 -4.71 69 
Inferior frontal gyrus (orbital part) L -50 42 -12 -4.67 58 
Middle frontopolar gyrus R 28 62 6 -5.49 58 
Inferior frontal gyrus (opercular 
part) R 58 0 8 -5.02 50 
Middle frontal gyrus L -40 54 0 -4.95 43 
Angular gyrus R 46 -72 36 -4.65 36 
Middle temporal gyrus L -60 -6 -10 -4.82 35 
Transverse temporal gyrus L -42 -36 18 -4.93 32 
Inferior frontal gyrus (orbital part) R 42 54 -12 -6.59 28 
Parieto-occipitalis R 10 -84 30 -4.78 21 
Angular gyrus L -38 -78 36 -4.87 21 
Parieto-occipitalis R/L 0 -84 28 -4.69 17 
Thalamus (posterior) R 6 -30 14 -5.81 14 
Anterior central operculum L -44 -16 16 -4.97 13 
Superior frontal gyrus R 24 62 22 -3.85 11 
Hippocampus L -18 -14 -22 -5.75 10 
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Integration of positive and negative emotion in valence and salience coding regions 

This study primarily focused on probing interactions between positive and 

negative emotional processing in regions that exhibited valence and salience coding. 

To test our hypothesis of competitive interactions in valence coding regions, we 

contrasted responses during “P-U” condition with those during “N-P” or “N-U” 

condition (see Methods for logic behind this comparison).  Responses in positive 

valence coding regions including precuneus, bilateral superior temporal gyrus 

demonstrated competitive interactions where responses during “P-U” condition were 

reduced compared to “N-P” condition (Figure 4.7 and Table 4.3). Somewhat 

surprisingly and contrary to our predictions, in other positive valence coding regions 

such as vmPFC and bilateral striatum, no differences were detected between “P-U” 

and “N-P” conditions (Figure 4.8). On the other hand, negative valence coding 

regions including the bilateral fusiform gyrus exhibited responses supporting 

competitive interactions where responses during “P-U” condition were reduced 

compared to “N-U” condition (Figure 4.7 and Table 4.3). 

 

 

 



 

 90 
 

 

Figure 4.7 Competitive interactions in valence coding regions. (A) Clusters 
exhibiting competitive interactions during processing of oppositely valenced stimuli 
displayed at 5-voxel cluster extent. (B) Average responses within clusters that 
exhibited competitive interactions. To avoid circularity, error bars are not plotted. (C) 
Distributions of within-subject competitive interaction index in units of % signal 
change. The box plots within the violins indicate the interquartile range (first quartile 
to third quartile), red lines show the mean values, and black dots inside white circles 
show median values. STG: superior temporal gyrus, FG: fusiform gyrus. 
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Table 4.3 Clusters that exhibited competitive interactions in voxelwise conjunction 
analysis (peak MNI coordinates, t(52) values, and cluster size [k]). 

 
Cluster   x y z t k 

Positive valence coding 
 

     Superior Occipital gyrus R/L 2 -86 14 -5.08 43 
Precuneus R/L -2 -56 46 -4.25 37 
Occipital gyrus L -16 -62 6 -4.77 23 
Lingual gyrus (superior) L -10 -60 -2 -4.98 19 
Precuneus L -4 -74 14 -4.19 13 
Lingual/occipital gyrus L -22 -52 4 -4.05 9 
Lingual gyrus (inferior) R/L -2 -76 8 -3.89 9 
Superior temporal gyrus L -46 -50 10 -4.46 9 
Angular gyrus R 44 -68 26 -3.78 9 
Superior temporal gyrus R 48 -58 22 -4.19 8 
Paracentral lobule R/L -2 -32 64 -4.21 8 
Occipital gyrus R 8 -56 10 -3.75 7 
Parieto-occipitalis/precuneus R 6 -78 20 -3.83 7 
Occipital gyrus R 18 -64 20 -4.78 7 
Parieto-occipitalis L -12 -92 30 -3.68 7 
Middle temporal gyrus L -64 -12 -12 -4.47 6 
Occipital gyrus R 20 -56 6 -3.92 6 
Paracentral lobule L -4 -46 48 -3.89 6 
Paracentral lobule R/L 2 -16 60 -3.83 6 
Superior parietal lobule R 8 -78 38 -3.52 5 

       Negative valence coding  

     right Fusiform gyrus R 26 -44 -12 -3.99 23 
left Fusiform gyrus L -22 -46 -12 -3.68 13 
right Planum polare R 42 8 -16 -3.91 9 
right Fusiform gyrus (anterior) R 30 -38 -14 -3.89 8 
right fusiform gyrus (anterior) R 32 -28 -18 -3.51 6 
right Fusiform gyrus (anterior) R 28 -30 -18 -4.28 5 
right Planum polare R 46 14 -16 -3.83 5 
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Figure 4.8 Null-findings of competitive interactions in ventro-medial prefrontal 
cortex and bilateral striatum. (A) Histogram of competitive interaction index in units 
of % signal change. (B) Distributions of within-subject competitive interaction index 
in units of % signal change. The box plots within the violins indicate the interquartile 
range (first quartile to third quartile), red lines show the mean values, and black dots 
inside white circles show median values. vmPFC: ventro-medial prefrontal cortex. 

 
To evaluate competing hypotheses about the overall intensity in salience 

coding regions, responses were compared during “P-U” condition to average response 

during “N-P” and “N-U” conditions (see Methods for logic behind this comparison). 

Stronger responses were observed during “P-U” condition in multiple regions 

including the dorsal portions of the bilateral amygdala, bilateral anterior insula, and 

mid-cingulate cortex (Figure 4.9 and Table 4.4). On the other hand, in regions that 

exhibited inverted salience coding, including bilateral parahippocampal gyrus, 
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responses to “P-U” condition were weaker than the average response during “N-P” 

and “N-U” conditions (Figure 4.9 and Table 4.4). 
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Figure 4.9 Co-operative interactions in salience coding regions. (A) Clusters 
exhibiting co-operative interactions during processing of oppositely valenced stimuli 
displayed at 5-voxel cluster extent. (B) Average responses within clusters that 
exhibited competitive interactions. To avoid circularity, error bars are not plotted. (C) 
Distributions of within-subject co-operative interaction index in units of % signal 
change. The box plots within the violins indicate the interquartile range (first quartile 
to third quartile), red lines show the mean values, and black dots inside white circles 
show median values. AMYG: amygdala, Ant. Ins.: anterior insula, MCC: mid-
cingulate cortex, Lat. OFC: lateral orbito-frontal cortex, PHG: parahippocampal 
gyrus. 

 
In an additional functional ROI analysis, responses were compared during 

high-arousing stimuli of opposite valence (i.e., “P-U”) condition to average response 

during high-arousing stimuli of same valence (i.e., “P-P“and “U-U”) conditions. 

Stronger responses were observed during “P-U” condition in dorsal portions of the 

bilateral amygdala (right: t(52) = 2.5; p = .016; left: t(52) = 3.12; p = .003), bilateral 

anterior insula (right: t(52) = 2.51; p = .015; left: t(52) = 2.07; p = .043) and mid-

cingulate cortex (t(52) = 2.27; p = .027).  
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Table 4.4 Clusters that exhibited cooperative interactions in voxelwise conjunction 
analysis (peak MNI coordinates, t(52) values, and cluster size [k]). 

 
Cluster   x y z t k 

Salience coding  

     Temporal/parietal cortex R 46 -68 -8 11.65 6689 
Temporal/parietal cortex L -38 -76 -12 12.85 6312 
Precentral gyrus R 48 6 -24 7.85 749 
Precentral gyrus L -50 6 28 6.99 365 
Posterior cingulate cortex R/L -2 -36 26 7.02 170 
Middle frontal gyrus R 46 34 18 4.87 167 
Cerebellum L -24 -62 -46 5.33 138 
Frontal eye-fields L -26 -10 50 4.79 84 
Cerebellum R 18 -72 -46 5.00 72 
Mid-cingulate cortex R/L 2 2 32 4.46 68 
Cerebellum L -8 -70 -18 4.59 60 
Midbrain/peri acqueductal gray R/L 8 -30 -2 4.42 50 
Posterior occipital cortex L -4 -102 -4 4.28 43 
Lateral orbito-frontal cortex R 26 30 -14 4.72 42 
Lateral orbito-frontal cortex L -30 34 -14 4.82 42 
Anterior insula R 40 26 2 3.97 40 
Precentral gyrus L -40 -4 50 4.02 32 
Insular gyrus R 36 12 -8 5.35 31 
Cerebellum R/L -2 -50 -32 4.09 25 
Superior medial frontal cortex R/L 2 6 60 3.99 25 
Middle frontal gyrus L -48 34 16 3.95 22 
Insular gyrus L -34 8 -12 4.51 20 
Mid/posterior insula R 42 -2 6 4.59 20 
Mid/posterior insula L -40 -4 12 4.53 20 
Mid-cingulate cortex L -10 24 26 6.67 20 
Insular gyrus L -22 10 -18 4.81 19 
Mid/posterior insula R 38 -4 12 4.48 17 
Cerebellum R 8 -62 -16 4.19 14 
Occipital gyrus R 16 -80 6 3.88 14 
Lateral orbito-frontal cortex R 36 36 -16 4.01 12 
Occipital gyrus R 12 -74 12 4.59 10 
Anterior insula L -28 22 8 4.23 9 
Amygdala (dorsal) R 24 -8 -10 3.77 8 
Lingual gyrus (inferior) R 8 -82 -10 4.11 8 
Thalamus R/L -2 -12 0 3.77 8 
Supramarginal gyrus L -56 -36 26 3.47 8 
Cerebellum R/L -2 -46 -38 3.48 7 
Mid-insula L -34 16 2 4.55 7 
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Cerebellum L -6 -72 -36 3.97 7 
Insular gyrus L -40 16 -6 3.26 6 
Paracentral lobule L -8 -50 60 3.54 6 
Cerebellum R 8 -66 -24 4.25 6 
Amygdala (dorsal) L -22 -6 -12 3.69 5 
Anterior cingulate cortex L -4 36 6 4.21 5 
Middle frontal gyrus L -38 32 14 4.02 5 

       
Inverted salience coding 

      Parahippocampal gyrus R 30 -44 -6 -8.34 211 
Occipital gyrus R 18 -52 6 -7.07 189 
Parahippocampal gyrus L -24 -46 -6 -6.5 162 
Occipital gyrus L -16 -60 8 -5.56 118 
Lateral parietal cortex R 52 -52 42 -3.78 26 
Supramarginal gyrus R 50 -44 38 -3.42 18 
Hippocampus R 20 -22 -16 -3.87 15 
Parahippocampal gyrus 
(anterior) L -32 -32 -14 -4.33 15 
Middle temporal gyrus R 62 -2 -4 -3.91 12 
Superior frontal gyrus L -26 14 46 -3.66 11 
Parasubiculum L -14 -32 -10 -4.63 10 
Subcentral sulcus (anterior) R 60 4 4 -3.46 9 
Parieto-occipitalis R/L -2 -84 30 -3.23 9 
Middle temporal gyrus R 66 -20 -6 -3.56 8 
Thalamus (posterior) L -4 -32 10 -4.29 8 
Parietal operculum R 46 -26 18 -3.31 8 
Lateral parietal cortex L -52 -50 42 -3.73 8 
Superior temporal sulcus L -60 -26 0 -3.49 7 
Central operculum L -48 -12 12 -4.26 7 
Central operculum R 42 -14 14 -4.09 7 
Central operculum R 50 -12 12 -3.26 6 
Thalamus (posterior) R/L 0 -26 16 -3.69 6 
Precentral gyrus L -62 4 20 -3.65 6 
Middle frontal gyrus L -46 22 34 -4.37 6 
Hippocampus L -18 -16 -22 -3.89 5 
Parieto-occipitalis L -4 -84 20 -3.35 5 
Angular gyrus R 44 -74 34 -3.4 5 
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Functional interactions with vmPFC: Valence and Salience coding  

Using beta series correlation approach, we investigated functional connectivity 

between vmPFC and rest of the brain in a voxelwise analysis. Our first focus was how 

valence of the stimuli shaped functional connectivity between vmPFC and other brain 

regions. Functional connectivity of vmPFC and left precentral gyrus (similar pattern 

with two right precentral gyrus clusters at p < .001 and 4 voxel cluster extent) was 

observed in a positive valence coding pattern (Figure 4.10 and Table 4.5), where the 

connectivity strength increased from unpleasant to pleasant conditions (i.e., “P-P” > 

“N-N” > “U-U”). No regions exhibited negative valence type pattern of functional 

connectivity with vmPFC (i.e., “U-U” > “N-N” > “P-P”). 
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Figure 4.10 Valence coding in vmPFC functional connectivity. (A) Clusters 
exhibiting positive (red) valence coding (based on functional connectivity with 
vmPFC during “P-P”, “N-N” and “U-U” conditions) displayed at an uncorrected p = 
.001 and 10-voxel cluster extent (cluster-level alpha of 0.05). Because cluster-extent 
based thresholding was used for multiple comparisons correction, voxels are 
displayed using a binary threshold. For further rationale about using binary maps in 
the context of cluster-based thresholding, see Woo et al., 2014. (B) Average 
connectivity within left precentral gyrus cluster that exhibited functional connectivity 
with vmPFC in a valence coding pattern. To avoid circularity, error bars are not 
plotted. (C) Distributions of within-subject valence coding connectivity index. The 
box plots within the violins indicate the interquartile range (first quartile to third 
quartile), red lines show the mean values, and black dots inside white circles show 
median values. PreCG: precentral gyrus. 
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Table 4.5 Clusters that survived multiple comparisons correction in voxelwise 
valence coding connectivity analysis with vmPFC (peak MNI coordinates, t(52) 
values, and cluster size [k]). Peak coordinates are presented for completeness and 
potential meta-analysis; with cluster-based thresholding, it is not possible to conclude 
that all the reported peaks were activated [see Woo et al., 2014] 

 
Cluster   x y z t k 

vmPFC functional connectivity: Positive valence coding   
Precentral gyrus L -48 10 28 4.66 30 
Precentral gyrus R 52 8 26 4.51U 4 
Precentral gyrus R 50 6 22 3.94U 4 

 

UCluster did not survive correction for multiple comparisons.  

 

 

Next, we explored how stimulus intensity influenced functional connectivity 

between vmPFC and other brain regions. Functional connectivity consistent with 

salience coding was observed in multiple regions including the bilateral anterior 

insula, mid-cingulate cortex, supplementary motor area and bilateral intraparietal 

sulcus (Figure 4.11 and Table 4.6), where greater connectivity strength was exhibited 

during both pleasant and unpleasant conditions than that of the neutral condition (i.e., 

both “P-P” and “U-U” > “N-N”). 
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Figure 4.11 Salience coding in vmPFC functional connectivity. (A) Clusters 
exhibiting salience coding (based on functional connectivity with vmPFC during “P-
P”, “N-N” and “U-U” conditions) displayed at an uncorrected p = .001 and 10-voxel 
cluster extent (cluster-level alpha of 0.05). Because cluster-extent based thresholding 
was used for multiple comparisons correction, voxels are displayed using a binary 
threshold. For further rationale about using binary maps in the context of cluster-
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based thresholding, see Woo et al., 2014. (B) Average connectivity within clusters 
that exhibited functional connectivity with vmPFC in a salience coding pattern. To 
avoid circularity, error bars are not plotted. (C) Distributions of within-subject 
salience coding connectivity index. The box plots within the violins indicate the 
interquartile range (first quartile to third quartile), red lines show the mean values, 
and black dots inside white circles show median values. Ant. Ins.: anterior insula, 
MCC: mid-cingulate cortex; SMA: supplementary motor area; IPS: intra-parietal 
sulcus; IFC: inferior frontal cortex.  

 
Table 4.6 Clusters that survived multiple comparisons correction in voxelwise 
salience coding connectivity analysis with vmPFC (peak MNI coordinates, t(52) 
values, and cluster size [k]). Peak coordinates are presented for completeness and 
potential meta-analysis; with cluster-based thresholding, it is not possible to conclude 
that all the reported peaks were activated [see Woo et al., 2014] 

 
Cluster   x y z t k 

vmPFC functional connectivity: Salience coding 

   Intraparietal sulcus R 42 -48 54 5.85 181 
Inferior frontal gyrus/anterior 
insula R 58 12 14 5.46 135 
Middle frontal gyrus R 36 -2 62 5.96 117 
Supramarginal gyrus R 64 -18 26 5.53 80 
Postcentral gyrus R 60 -28 42 5.07 60 
Inferior frontal gyrus R 58 12 34 5.06 51 
Supplementary motor area R/L 2 0 62 5.11 33 
Superior frontal gyrus R 26 -10 68 4.55 26 
Middle temporal gyrus R 46 -62 4 5.63 25 
Superior temporal gyrus R 48 -42 18 4.72 25 
Mid-cingulate cortex R 8 4 44 5.00 25 
Anterior insula L -40 22 -4 4.75 20 
Middle temporal gyrus R 66 -40 10 4.65 20 
Angular gyrus R 46 -68 22 4.66 20 
Intraparietal sulcus L -34 -54 50 4.19 20 
Postcentral gyrus R 52 -22 46 4.73 19 
Supramarginal gyrus L -52 -42 28 4.78 17 
Superior frontal gyrus R 40 42 36 4.70 14 
Middle temporal gyrus R 60 -56 -2 5.02 13 
Middle frontal gyrus L -44 -6 58 4.84 13 
Anterior insula R 40 22 8 4.74 12 
Planum temporale L -62 -34 20 5.34 12 
Superior parietal lobule R 18 -76 58 4.35 12 
Superior temporal gyrus L -60 -48 8 5.42 11 
Superior parietal lobule R 20 -62 64 4.88 10 
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Functional interactions with vmPFC: Integration of positive and negative emotion  

 Using voxelwise conjunction analysis, we probed for competitive interactions 

in connectivity during processing of overlapping pleasant and unpleasant emotion in 

positive valence coding connectivity voxels. We did not detect any evidence 

supporting competitive interactions in this analysis.  

 In a separate conjunction analysis, we probed for interactions in connectivity 

during processing of overlapping pleasant and unpleasant emotion in salience coding 

connectivity voxels. Again, no evidence supporting interactions were detected in this 

analysis. 

 

Discussion 

Despite the relevance of joint processing of pleasant and unpleasant emotional 

information to our daily lives, past work has mainly investigated the processing of 

oppositely-valenced emotional information separately (but see Grabenhorst et al., 

2007). In the present fMRI investigation, interactions between pleasant and 

unpleasant emotional stimuli were probed specifically in regions that were sensitive 

to valence and salience dimensions of the stimuli. Using standard activation based 

analysis, competitive interaction patterns were observed in a subset of regions 

sensitive to valence of the stimuli. Notably, in other valence-related brain regions, 

including the vmPFC, no evidence for competitive interactions was detected. 

Conversely, other regions sensitive to stimulus salience exhibited cooperative 

interaction patterns. Overall, distinct patterns of appetitive-aversive interactions 

revealed contextual modulation of emotional processing in the human brain. 
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 The primary focus of this study was to investigate the patterns of appetitive-

aversive interactions in regions that were sensitive to valence and salience. So, we 

first probed for brain regions whose responses were sensitive to valence and salience 

dimensions. We observed responses in multiple regions that varied as a function of 

valence of emotional stimuli: responses in the vmPFC, striatum, precuneus and 

superior temporal gyrus exhibited positive valence coding with responses that 

monotonically increased from unpleasant to pleasant with neutral in between. On the 

other hand, a salience-related pattern was observed in the dorsal portions of the 

amygdala, anterior insula, lateral OFC and mid-cingulate cortex with increased 

responses during unpleasant and pleasant compared to neutral. These results 

correspond with previous findings (Anderson et al., 2003; Small et al., 2003; 

Kensinger and Schacter, 2006). However, these past studies did not investigate how 

these regions that are sensitive to valence or salience integrate positive and negative 

information.  

By employing a novel pleasant-plus-unpleasant stimulus condition, our design 

allowed us to probe interactions in regions that were sensitive to valence and salience. 

To note, the contrasts used to probe these interactions were independent of the 

contrasts used to define valence and salience coding regions. We observed 

competitive interactions between pleasant and unpleasant stimuli in a subset of 

valence-related regions including the precuneus and bilateral superior temporal gyrus. 

The precuneus is a node in the distributed network involved in attribution of emotion 

to the self and others (Ochsner et al., 2004). Additionally, the precuneus has been 

reported to be valence-sensitive during processing of diverse sets of emotional stimuli 
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including music, pictures, words and videos (Kensinger and Schacter, 2006; Kim et 

al., 2017). Likewise, the superior temporal gyrus has been implicated in the 

processing of emotional stimuli such as fearful faces (Narumoto et al., 2001; 

Adolphs, 2002). These competitive interactions extend previous findings in an 

important direction by revealing contextual dependence of emotional information 

processing in these regions, and are consistent with the opponency between appetitive 

and aversive motivational systems (Konorski, 1967; Dickinson and Dearing, 1979). 

The observed competitive interaction patterns are in line with some behavioral 

findings reported based on subjective emotional experience (Schimmack and 

Colcombe, 2007; Fujimura et al., 2013). For instance, to study interactions between 

positive and negative emotional experience, Schimmack and Colcombe used 

subjective reports while presenting oppositely-valenced emotional images in a 

sequential order (as in the present study) or simultaneously (Schimmack and 

Colcombe, 2007). The authors observed reduced pleasantness ratings of pleasant 

pictures in the presence of unpleasant pictures and similarly, displeasure ratings of 

unpleasant pictures were reduced in the presence of pleasant pictures which suggests 

an antagonistic interaction during joint processing of pleasant and unpleasant stimuli.  

However, contrary to our hypothesis, a competitive interaction pattern during 

joint processing of oppositely-valenced stimuli was not observed in the vmPFC. No 

difference was detected between responses to pleasant-plus-unpleasant stimuli and 

pleasant-plus-neutral stimuli. Though caution should be taken due to reliance on null 

findings, the observed response pattern suggests that in non-threatening conditions 

(e.g., in an MR machine), processing of erotic content may be resistant to antagonistic 
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influence of mutilated content in the vmPFC, at least in young male adults. 

Interestingly, other regions such as bilateral striatum exhibited a similar pattern of 

responses. 

More broadly, the findings of valence-sensitive responses are consistent with 

the bipolarity model of emotion (Barrett and Russell, 1999; Russell and Carroll, 

1999), which argues that emotions are represented along a gradient from negative to 

positive with a neutral midpoint. According to this model, positive and negative 

information neutralize one another during their joint processing (Larsen and McGraw, 

2014). The observed competitive interaction patterns in the precuenus and superior 

temporal gyrus are consistent with the prediction of bipolarity hypothesis. However, 

the absence of competitive interactions in the vmPFC and striatum indicates this 

model does not hold true for all valence-related regions. To note, in an olfactory 

fMRI study (Grabenhorst et al., 2007) that investigated perception of odor mixtures 

containing both pleasant and unpleasant components, the authors reported processing 

of pleasant and unpleasant components in separate brain regions, providing evidence 

for the bivalent model. 

In regions sensitive to stimulus salience, using two competing models, this 

study investigated how overall intensity was reflected during joint processing of 

positive and negative stimuli. One model was based on the intensity of individual 

items (i.e., |Pleasant| + |Unpleasant|), whereas other model was based on the 

combined intensity of the valence of the stimuli (i.e., |Pleasant + Unpleasant|). We 

observed cooperative interaction patterns in multiple regions including the dorsal 

portions of the amygdala, anterior insula, lateral OFC and mid-cingulate cortex, 
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suggesting overall intensity was based on individual intensities of oppositely valenced 

stimuli. These results coincide with the findings of a decision-making fMRI study 

involving benefits and costs (Kahnt and Tobler, 2013). Here, a similar type of 

salience process (termed “elemental salience”) influenced choice-based decisions and 

was associated with activity in the right temporoparietal junction.  

The amygdala has been frequently reported in both animal and human work 

studying the processing of emotional information. While earlier proposals linked 

amygdala exclusively to processing of aversive stimuli (Davis, 1992; LeDoux, 2000), 

recent frameworks suggest the amygdala is involved in detection and processing of 

motivationally significant stimuli to coordinate adaptive behavioral responses (Sander 

et al., 2003; Pessoa, 2010; Cunningham and Brosch, 2012). Our findings of 

cooperative interference effects in the presence of oppositely valenced stimuli are 

consistent with these frameworks and indicate intensity also drives amygdala activity 

during joint processing of positive and negative information.  

The anterior insula and mid-cingulate cortex regions are considered key nodes 

of the salience network involved in detection and processing of salient stimuli in the 

environment (Uddin, 2015), and exhibit functional diversity by their participation in 

multiple task domains including interoceptive awareness, cognitive control and 

emotional processing (Anderson et al., 2013). The observed pattern of responses from 

these regions suggests overall salience during joint processing of high-arousing 

pleasant and unpleasant stimuli may strongly engage these regions. Furthermore, in 

regions such as bilateral amygdala, bilateral insula and mid-cingulate cortex, 

pleasant-plus-unpleasant stimuli elicited greater response compared to the average 
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response during valence matched emotional stimuli (i.e., “P-P” and “U-U”). This 

suggests that processing of two high-arousing stimuli of opposite valence may engage 

these regions more strongly compared to the stimuli of the same valence.  

The majority of past work has focused on investigating how responses in 

individual brain regions are sensitive to valence and salience aspects of the emotional 

stimuli. Very little is known about how functional connectivity between brain regions 

is shaped by these valence and salience dimensions. Here, we investigated this by 

specifically focusing on the functional connectivity of the vmPFC with rest of the 

brain. Neuroanatomical work in animal models has demonstrated that vmPFC is 

densely connected with several cortical and sub-cortical regions suggesting this 

region potentially integrates information with rest of the brain (Cavada et al., 2000). 

In humans, Tobler and colleagues reported resting-state functional connectivity of the 

vmPFC/OFC with diverse set of regions including the striatum, anterior insula and 

portions of medial prefrontal cortex (Kahnt et al., 2012). Additionally, some studies 

have investigated functional interactions of the vmPFC during task conditions, but 

specifically focused on connectivity with the amygdala during regulation of 

emotional responses (Urry et al., 2006; Banks et al., 2007). Therefore little is known 

about how vmPFC integrates information with other brain regions during emotional 

perception.  

The current study observed functional connectivity between the vmPFC and 

precentral gyrus that increased as a function of valence: the strength of functional 

interactions increased from unpleasant to pleasant with neutral in between. Even in 

the absence of any overt behavioral response, the observed functional coupling 
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between the vmPFC and precentral gyrus, a region typically associated with motor 

activity, is consistent with recent proposals of integration between emotion and action 

related processes in the brain (Blakemore and Vuilleumier, 2016; Hommel et al., 

2017). 

Interestingly, the vmPFC exhibited functional connectivity with a multitude of 

regions including the anterior insula, mid-cingulate cortex, supplementary motor area 

and inferior parietal sulcus based on the saliency of the stimuli where the strength of 

functional interactions was stronger during pleasant and unpleasant (relative to 

neutral) conditions. These findings are notable because although vmPFC is sensitive 

to valence in activation-based responses, our results suggest that it also integrates 

information with nodes of salience network and parietal attentional regions during the 

processing of both pleasant and unpleasant stimuli. Overall, these findings of vmPFC 

functional connectivity are consistent with recent frameworks that propose large-scale 

integration of information during emotional processing which probably underlies the 

wide spread impact of emotion on perception, motivation, cognition and action 

(Pessoa, 2017).  

To conclude, this study investigated appetitive-aversive interactions during a 

passive emotional perception task. Using standard activation based analysis, evidence 

supporting both competitive and cooperative interactions during joint processing of 

pleasant and unpleasant stimuli was observed. Furthermore, connectivity analysis 

revealed distinct functional coupling patterns sensitive to valence and intensity 

aspects of the stimuli exhibited by the vmPFC. Taken together, these findings 

advance our current understanding of the brain mechanisms of appetitive-aversive 



 

 109 
 

interactions and support the view of context dependent processing of emotional 

information.  
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Chapter 5 Conclusions and future directions 
 

Although understanding brain mechanisms of appetitive-aversive interactions 

is relevant to our daily lives and has potential clinical relevance, our knowledge about 

these brain mechanisms is still rudimentary. To fill in some of the gaps in our 

knowledge base, we conducted two functional MRI studies that investigated 

appetitive-aversive interactions during perception and attention in healthy adult 

human brain.  

Study 1 

Cognitive control mechanisms which allow us to optimize information 

processing based on our internal goals or changing task demands are critical for our 

regular behaviors. In the past decade, a sizable number of neuroimaging studies 

investigated the influence of reward motivation on cognitive control mechanisms 

(Locke and Braver, 2008; Padmala and Pessoa, 2011; Etzel et al., 2016). These 

studies have revealed selective effects of reward on control processes suggesting that 

reward motivation sharpens or fine tunes executive functions leading to enhanced 

performance across a diverse set of tasks (Pessoa, 2013; Botvinick and Braver, 2015). 

The majority of the past work investigated the impact of reward on control 

mechanisms involving only neutral information.  However, in many situations, we are 

exposed to aversive stimuli that interfere with task performance especially when not 

relevant to the task at hand (Pessoa, 2005; Vuilleumier, 2005). Our knowledge about 

how potential reward influences the processing of potent aversive distractors is 
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incomplete and the limited evidence thus far is clearly mixed (Kaltwasser et al., 2013; 

Wei et al., 2016). 

To fill in this gap, in the first study of this dissertation work (Chapter 3), we 

investigated how reward expectancy influences control mechanisms in the context of 

aversive distractors. Specifically, we tested whether motivation manipulated via 

performance-based rewards mitigate the influence of potent aversive stimuli? 

Behaviorally, the prospect of reward reduced the deleterious impact of aversive 

distractors during a visual discrimination task. In terms of brain responses, 

interactions paralleling behavior were observed in multiple regions including the 

anterior insula and dorsal anterior cingulate cortex, but not in the amygdala. During 

reward cue processing, stronger responses were observed in subcortical regions 

important for reward processing, as well as fronto-parietal regions important for 

cognitive control. Notably, stronger reward-cue responses in the ventral striatum were 

associated with reduced behavioral interference in the presence of negative pictures 

during the subsequent task phase. Furthermore, during processing of reward (vs. no-

reward) cues, the ventral striatum exhibited stronger functional connectivity with 

fronto-parietal regions important for attentional control. Taken together, our findings 

suggest that potential reward enhanced attentional control mechanisms enabled 

participants to reduce the deleterious impact of potent aversive images. 

Although the interaction pattern observed between potential reward and 

aversive processing may seem consistent with opponency between appetitive-aversive 

motivational systems (Konorski, 1967; Dickinson and Dearing, 1979), in our task 

reward was task-relevant whereas aversive stimuli were task-irrelevant. So the 
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observed interaction pattern could simply reflect competition between task-relevant 

and task-irrelevant processes. Interestingly, other recent behavioral and ERP studies 

have reported that potential reward enhances the processing of negative stimuli when 

they were relevant to the task at hand (Wei and Kang, 2014; Wei et al., 2016). These 

findings suggest that task context might play an important role in determining the 

influence of reward motivation on aversive processing. Future work could investigate 

the role of task-context by directly comparing the influence of reward motivation on 

task-relevant and task-irrelevant aversive processing. In particular, it would be 

interesting to compare the responses in the amygdala during these task contexts given 

the important role of this region in emotional processing. 

In the presence of potent distractors such as high-arousing aversive stimuli, 

behavioral interference costs could result from stronger initial attentional capture 

and/or slower disengagement from those stimuli. Some behavioral evidence suggests 

that specifically difficulties in disengagement from negative stimuli are more 

prominent in individuals with elevated levels of self-reported anxiety (Fox et al., 

2001; Georgiou et al., 2005). Based on the absence of reward influence on the 

stronger amygdala responses to aversive items in our study, one could infer that 

reward expectancy might have influenced slower disengagement processes rather 

than the initial attentional capture. However, given the poor temporal resolution of the 

fMRI signal, this is purely speculative and our experimental manipulation was not 

designed to parse out the influence of reward expectancy on attentional capture vs. 

disengagement processes from task-irrelevant aversive stimuli. Future studies could 
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employ specific attentional manipulations that would allow teasing apart these 

influences of reward expectancy which would be of potential importance.   

It is well known that both positive (i.e, gaining reward) and negative (i.e., 

avoiding punishment) reinforcement influence our behaviors. In our study, motivation 

was manipulated with only potential for reward. However, motivation to avoid 

punishments also leads to improvements in behavior across many tasks (Engelmann 

and Pessoa, 2007; Savine et al., 2010; Braem et al., 2013). Furthermore, some past 

work has suggested that reward vs. punishment motivation (in the context of neutral 

items) might influence behavior via different control mechanisms (Potts, 2011; 

Paschke et al., 2015). Future work could directly compare the influence of reward vs. 

punishment motivation on aversive distractor processing. 

The majority of past studies have focused on investigating the interference 

effects of negative (relative to neutral) distractors during perceptual and attentional 

tasks. Some work reported that high-arousing positive stimuli also elicit similar 

interference effects suggesting that the salience of items plays a major role rather than 

valence (Schimmack, 2005; Codispoti et al., 2016) whereas others argue that 

interference from positive items is different from negative ones at least under certain 

task conditions (Gupta et al., 2016; Iordan and Dolcos, 2017). Future work could 

investigate how reward and punishment motivation influence processing of these 

positive distractor stimuli. 

Finally, during processing of reward cues we observed enhanced functional 

connectivity between ventral striatum and fronto-parietal attentional regions 

suggesting that reward motivation enhanced top-down attentional control that might 
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help mitigate the influence of potent aversive distractors. By employing network-

level analysis using graph-theory based methods, some recent fMRI studies of 

emotional and motivational processing have extended the idea of functional 

connectivity between two regions to integration of information between large-scale 

brain networks (Kinnison et al., 2012; McMenamin et al., 2014). Future work could 

investigate how these kinds of functional interactions between large-scale brain 

networks during reward processing influence behavior in the context of emotional 

distractors.  

Study 2 

During many situations, one might be exposed to positive and negative 

emotional information in an overlapping or simultaneous fashion. Hence 

understanding brain mechanisms during joint processing of positive and negative 

emotional stimuli is relevant to our daily lives. However most of the past brain 

imaging work focused on investigating the processing of positive and negative stimuli 

separately. In the second fMRI study of this dissertation work (Chapter 4), we 

investigated brain mechanisms underlying the joint processing of positive and 

negative emotional information during a passive viewing task. Specifically we 

focused on probing the pattern of appetitive-aversive interactions in brain regions that 

were sensitive to valence and salience aspects of the emotional stimuli.  

In a subset of regions that were sensitive to stimulus valence, competitive 

interaction patterns were observed, such that responses during processing of pleasant-

plus-unpleasant items were reduced relative to those during pleasant-plus-neutral 

items. These competitive interactions are consistent with the proposals of opponency 
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between appetitive and aversive motivational systems (Konorski, 1967; Dickinson 

and Dearing, 1979). Notably, in other valence-coding regions such as the ventro-

medial prefrontal cortex and bilateral striatum no evidence for competitive 

interactions was detected. At least in the context of our task that involved pictures of 

erotica and young male adult population, it appears that antagonistic relationship 

between appetitive and aversive systems is not pervasive in the brain.  

Conversely, in regions that were sensitive to salience, responses during 

processing of two salient stimuli of opposite valence were stronger relative to those 

during one salient-plus-neutral stimuli. This suggests that stimulus salience might 

lead to cooperative interaction pattern between oppositely valenced stimuli (Barberini 

et al., 2012).  Overall, distinct patterns of appetitive-aversive interactions revealed 

contextual modulation of emotional processing in the human brain. In other words, 

our findings suggest that processing of emotional information is not absolute but is 

modulated in the context of other emotional items (Fujimura et al., 2013). This kind 

of contextual modulation of emotional processing happens in many real world 

settings. For instance, in some countries, cigarette packages contain an aversive 

picture with the hope that negative value from the picture reduces the positive value 

of smoking cigarettes. 

In this study we chose to present positive and negative stimuli in a sequential 

fashion rather than presenting them simultaneously. This was done purposefully to 

control the locus of attention and is relevant to many real-life situations where 

positive and negative information are processed in a serial fashion. Moreover, some 

previous behavioral work has reported similar subjective reports of emotional 
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experience in both sequential/simultaneous cases (Schimmack and Colcombe, 2007). 

Nevertheless, future studies should compare and contrast the brain mechanisms of 

appetitive-aversive interactions when stimuli were processed sequentially versus 

simultaneously. 

We used a passive viewing task to avoid potential contamination from motor-

related processes on the brain responses (Hayes et al., 2014). So, it might be difficult 

to fully interpret the functional role of the observed brain activity. As traditionally 

appetitive and aversive stimuli are linked to opposing approach and avoidance type 

behaviors respectively (Lang and Bradley, 2013), future studies could investigate 

interactions between positive and negative emotional processing during tasks that 

involve an active behavioral component. 

In this study, we used high-arousing mutilated and erotic images to 

manipulate negative and positive emotional processing. However, because of 

previously reported sex differences especially during processing of the erotic stimuli 

(Hamann et al., 2004; Sabatinelli et al., 2004; Rupp and Wallen, 2008), we only 

included male participants in this study.  So the observed results may not be 

generalizable to the entire population. By employing appetitive and aversive 

conditioning procedures to imbue positive and negative value to otherwise neutral 

stimuli, future studies could investigate interactions during joint processing of 

positive and negative stimuli in participants of both genders. 

Finally, the functional MRI technique employed here offers limited spatial 

resolution as typical BOLD response in each voxel represents pooled activity from 

several thousand neurons. We have attempted to mitigate this limitation to some 
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extent by collecting fMRI data at higher spatial resolution (1.5 mm isotropic) than 

typically employed (3 mm isotropic). This issue is particularly relevant while 

interpreting salience signals because of the possibility that positive and negative 

information could be processed by distinct but anatomically intermingled neuronal 

populations. As previously noted, this might be the case in the basolateral amygdala 

where it appears that there is no clear anatomical separation between positive and 

negative valence coding neuronal populations (Zhang et al., 2013). In this situation, 

one could (spuriously) interpret fMRI activity from this region as representing 

salience whereas single cell activity indicates separate coding of positive and negative 

valence. Interestingly, in addition to these valence coding cells, some neurons in the 

amygdala respond to both positive and negative information representing salience 

(Belova et al., 2007). Since fMRI signal pools activity from these divergent neuronal 

populations, our ability to fully elucidate the underlying brain mechanisms is limited. 

So to better characterize appetitive-aversive interactions at a finer spatial scale, 

parallel studies should be conducted in animal models which provide resolution at the 

level of individual neurons. Thus the combined knowledge from parallel human and 

animal work will provide a richer mechanistic understanding of the brain (Hayes et 

al., 2014).  

To conclude, in this dissertation work, we have taken initial strides at 

investigating brain mechanisms underlying interactions between appetitive and 

aversive information processing during perception and attention. Our findings from 

the first study contribute to the understanding of how potential reward influences 

attentional control and reduces negative distractor processing in the human brain. The 
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findings of competitive and cooperative type interactions from the second study 

supported contextual modulation of emotional processing in the human brain. 
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Appendices 
 
 

Appendix A: Sexual Attraction Scale 
 
 
 

 

*Participants who reported only 1 or 2 on this scale were eligible to participate in the 
study  
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