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Abstract 

Attention-deficit hyperactivity disorder (ADHD) and bipolar disorder (BD) are prevalent in the 

population, highly comorbid, and have similar clinical features that complicate diagnoses despite rather 

distinct diagnostic criteria. Executive functioning deficits in ADHD are similar to those reported in BD but 

lack the specificity to distinguish between these groups. Emotion processing similarly affects both ADHD 

and BD and, by combining these processes on a single task, we may increase sensitivity to differences 

between these populations in a way that may better categorize each disorder. Therefore, we compared 

performance on a cognitively demanding, affective oculomotor task. Adults, aged 18-62, with ADHD 

(n=22), BD (n=20), and healthy Controls (n=21) performed an interleaved pro- and antisaccade task (look 

toward versus looking away from a visual target, respectively). Task irrelevant emotional faces (fear, 

happy, sad, neutral) were presented on a subset of trials either before or with the target. We observed a 

group by task interaction (F(2,58)=3.849,p=.027,ηp
2=.117) where the ADHD group made more direction 

errors (looked in the wrong direction) than Controls in the antisaccade condition (p=.027). A three way 

interaction between image, task, and group (Fig.6; F(8, 58)=2.607,p=.013,ηp
2=.082) revealed that 

presentation of negatively valenced, fear (p=.044) and sad (p=.053), and ambiguous, neutral (p=.003), 

emotional faces increased saccadic reaction time in BD. In summary, the antisaccade task in general 

differentiated ADHD from Controls and simultaneous emotion processing further impaired processing 

speed in BD only. These findings suggest that response inhibition-emotion processing interactions differ 

between BD and ADHD and reinforce that emotion processing deficits are fundamental in BD and may 

be attention-driven in ADHD. We propose that response inhibition is critical in both processing systems, 

but this inhibitory signal is selectively slowed down by concurrent emotion processing dysfunction in BD. 

We refer to a hypothetical framework integrating these systems and suggest potential loci of 

dysfunction, the amygdala and orbitofrontal cortex, that may result in the emotional modulation of 

oculomotor behaviour we have observed here. The differences in how these processing systems interact 
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in ADHD and BD may better characterize each disorder and suggests that refinement of an emotional 

antisaccade task may be clinically useful.  
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Chapter 1  
General Introduction 

 

 Psychiatric illnesses have slowly become of greater interest to the general public as we learn 

more about them, however, the etiologies of many disorders are unclear and fairly complicated 

(Kraemer et al., 2002; Ozomaro et al., 2013). In most cases both genetic and environmental factors 

contribute to the onset of psychiatric disorders, although the degree that each contributes varies from 

illness to illness (Cortese, 2012; Ozomaro et al., 2013; Schmitt et al., 2014). A more comprehensive 

understanding of gene-environment interactions has provided some insight, particularly with regard to 

maternal and early life stress (Curatolo et al., 2009; Cortese, 2012). However, these findings have 

relatively small effect sizes, suggesting an array of genetic loci contribute to the development of 

psychopathology (Ozomaro et al., 2013; Schmitt et al., 2014; Cortese, 2012). Unsurprisingly, these 

disorders are often difficult to diagnose and to distinguish from one another because of their 

heterogeneity. Indeed, most mental health disorders are comorbid with one another, like attention-

deficit/hyperactivity disorder (ADHD) and bipolar disorder (BD) (Kooij et al., 2012; Kessler et al., 2006), 

which makes effective treatment difficult because diagnoses are based entirely on subjective reports of 

symptoms and are reactive instead of preventative (Peele et al., 2003).  

Psychiatric research has shifted focus from disorders being general and symptom based to a 

dimensional perspective where specific, measurable deficits collectively result in a disease phenotype 

(Glahn et al., 2014; Kraemer et al., 2002; Ilsen et al., 2010). In essence, rather than considering specific 

psychopathology as an isolated, categorical construct, a variety of deficits culminate in similar 

presentations, despite variation within a single diagnostic category or similarities between others. 

Therefore, it is worthwhile to compare and contrast disorders with similar functional deficits but with 

differences in their presentation. As such, we chose to compare ADHD and BD, the former a 

developmental disorder requiring presentation at age 7 and the latter a mood disorder that typically 
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presents later on in life (American Psychiatric Association [APA], 2000). These clinical groups are ideal 

for comparison because they are prevalent in the population (Matte et al., 2012; Simon et al., 2009; 

Merikangas et al., 2007; Merikangas et al., 2011), are highly comorbid (Miller et al., 2013; Larsson et al., 

2013), and present with similar functional deficits in executive functioning and emotion processing 

domains (Torralva et al., 2011; Seymour et al., 2015; Cerullo et al., 2009). Unfortunately, these groups 

have rarely been compared and traditional tests of emotion processing and executive functioning lack 

specificity and sensitivity to help clarify a diagnosis. Therefore, the interaction between these processing 

systems may be able to detect subtle differences between ADHD and BD that otherwise would not have 

been observed (Torralva et al., 2012; Wasserman & Wasserman, 2012). To do this, we utilized an 

emotional oculomotor task, an interleaved pro- and antisaccade task, because it engages similar brain 

regions in both emotion processing and executive functioning networks (McKenna & Eyler, 2012; Phillips 

et al., 2008; Colby & Goldberg, 1999; Munoz, 2002). We expect that engaging emotion processing and 

executive functioning processes in parallel on this task will modulate behavioural responses in an 

emotion specific manner and these effects will negatively affect BD participants more so than those with 

ADHD. Response inhibition and processing speed are the executive functions we focus on to make the 

distinction between these patient populations.  

 

1.1 Clinical Presentation, Diagnostic Features, and Etiology of ADHD  

According to the Diagnostic Statistical Manual of Mental Disorders, 4th edition (DSM-IV), ADHD is 

classified as a developmental disorder where symptoms must present before age 7 (APA, 2000), and can 

be diagnosed as an inattentive, hyperactive/impulsive, or combined subtype depending on one’s 

presentation. These symptoms must exceed what is typical of others at the same stage of development 

and be consistent in at least two distinct environments (i.e., in both the classroom and at home). 

Symptoms should also negatively impact developmentally appropriate behaviours in social, academic, or 
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occupational endeavours (APA, 2000). Because ADHD is a developmental disorder, the majority of 

research focuses on children and adolescents (Loe et al., 2008; Rommelse et al., 2008) and it was 

previously believed to remit as a patient entered adulthood (Faraone et al., 2000; Hill & Schoener, 

1996). However, as children with ADHD mature, certain symptoms present differently. For example, 

symptoms of hyperactivity diminish at a quicker rate than those of inattention (Biederman et al., 2000), 

or can be better operationalized as impulsivity in adults (Matte et al., 2012). There are other symptoms 

that are not necessary for diagnosis but have been described both clinically and experimentally, namely 

in domains of cognitive functioning (Brown, 2008; Walshaw et al., 2010), and emotion processing 

(Herrmann et al., 2010; Shaw et al., 2014; Banaschewski et al., 2012). 

The worldwide prevalence of ADHD in children and adolescents is approximately 5.3% (Matte et 

al., 2012; Polanczyk et al., 2007) and is lower in adults, roughly 1.0-4.7% (Matte et al., 2012; Kooij et al., 

2005; Faraone & Biederman, 2005; Simon et al., 2009). Depending on the rigidity of diagnostic criteria, 

16-65% of children diagnosed with ADHD in childhood will continue to present with clinically relevant 

symptoms into adulthood (Faraone et al., 2006a, b, c). Typical treatment of ADHD includes 

pharmacological interventions, typically stimulant medication, or behavioural therapy, however a 

combination of both pharmacological and behavioural intervention is recommended for individuals 

above age 6 (Visser et al., 2015; Kooij et al., 2012). Additionally, men are more likely to present with the 

disorder than women, where 61.6% of adults with ADHD are male (Kessler et al., 2006). ADHD diagnoses 

have been increasing over time (Akinbami et al., 2011) and its increasing prevalence has resulted in a 

high degree of economic burden (Pelham et al., 2007; Bimbaum et al., 2005; Swensen et al., 2003). 

Comorbidities are common in ADHD, 50-75% of adults diagnosed have a comorbid mental illness 

(Kooij et al., 2012), however, they vary slightly with age. In children, 59% of those with ADHD are 

diagnosed with oppositional defiant disorder (ODD), 47% major depressive disorder (MDD), 33% with 

multiple anxiety disorders, and 18% with BD (Wilens et al., 2002). In adults, however, 29.3% have a 
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comorbid diagnosis of social phobia, 22.7% specific phobia, 19.6% an impulse control disorder, and 

19.4% BD (Kessler et al., 2006). A variety of research suggests a strong genetic component in the 

development of ADHD. Twin studies show high rates of the disorder among siblings, and the parents of 

children with ADHD are more likely to have an ADHD diagnosis (Faraone et al., 2012; Barnett & Smoller, 

2009; Sharp et al., 2009; Doyle & Faraone, 2002; Cortese, 2012). Additionally, first-degree relatives of 

those diagnosed have higher rates of the disorder or an increase in subclinical ADHD symptoms (Doyle & 

Faraone, 2002; Smalley et al., 2000; Faraone et al., 1997).  

An array of genetic variants have been associated with ADHD’s behavioural problems, the most 

common involving the dopaminergic system (Sharp et al., 2009; Curatolo et al., 2009; Doyle et al., 2005). 

Differences within this system are associated with symptoms of inattention and inhibition, while the 

connectivity between the prefrontal cortex (PFC) and subcortical structures is compromised. This is 

reinforced by observations that signaling, production, and binding of catecholamines (epinephrine, 

norepinephrine, and dopamine) are atypical in this disorder (Oades et al., 2005; Brennan & Arnsten, 

2008; Arnsten & Pliszka, 2011; del Campo et al., 2011). The release and activity of these 

neurotransmitters is typically related to arousal, where decreased norepinephrine release leads to the 

presentation of inattention, impulsivity, and motor agitation, and, despite being tightly regulated to 

optimize PFC function, circulating levels of dopamine are associated with working memory and attention 

(del Campo et al., 2011; Arnsten & Goldman-Rakic, 1998; Arnsten & Pliszka, 2011). Other genes 

associated with ADHD include the serotonin transporter and serotonin 1B receptor genes (Cortese, 

2012; Sharp et al., 2009; Curatolo et al., 2009), associated with impulsive behaviours (Bidwell et al., 

2011), and the COMT gene, which codes for a protein that degrades dopamine and norepinephrine in 

the frontal lobe (Doyle et al., 2005; Curatolo et al., 2009). There are environmental factors that play a 

role in its development as well, as the occurrence of ADHD cannot be completely explained by genetic 
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inheritance (Cortese, 2012). Specifically, alcohol or tobacco exposure during pregnancy or premature 

birth has been associated with increased rates of ADHD (Curatolo et al., 2009).  

 Neuroimaging studies also highlight developmental changes in structure and function of cortical 

and subcortical regions related to motivation, motor output, and executive functioning.  Indeed, the 

developmental trajectory of PFC and striatal gray matter and volume is consistently delayed in ADHD 

children by about 3 years (Thome et al., 2012; Curatolo et al., 2009). In addition, whole brain gray 

matter volumes are reduced in this population (Tripp & Wickens, 2009; Curatolo et al., 2009). The 

regions that are consistently implicated in structural and functional changes across the lifespan are part 

of fronto-striatal-cerebellar networks, such as the dorsolateral prefrontal cortex (DLPFC), anterior 

cingulate cortex (ACC), basal ganglia (BG), thalamus, parietal cortex, cerebellar vermis, and amygdala 

(Doyle et al., 2005; Purper-Ouakil et al., 2011; Cortese, 2012; Tripp & Wickens, 2009; Leh et al., 2007; 

Middleton & Strick, 2000). White matter tracts measured through diffusion tensor imaging (DTI) have 

confirmed that fronto-striatal-cerebellar circuits are compromised in ADHD (Thome et al., 2012). Some 

argue for a dual pathway model in which prefrontal-striatal circuit deficits are related to inattention and 

executive dysfunction while fronto-limbic pathways affect hyperactivity through modulation of reward 

response and motivation (Purper-Ouakil et al., 2011; Sonuga-Barke, 2005). The structures mentioned 

above are all involved in some capacity with at least one of executive functioning, motor control, or 

emotion processing (Phillips et al., 2008; Arsalidou et al., 2013; Munoz et al., 2007; Castellanos et al., 

2008; Mills et al., 2012). 

 

1.2 Clinical Presentation, Diagnostic Features, and Etiology of Bipolar Disorder  

BD is a mood disorder that is characterized by fluctuations between depressed and elevated 

mood states and typically presents in late adolescence or early adulthood (Merikangas et al., 2007; 

Miller et al., 2014), which can result in numerous hospitalizations making it the most expensive 
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behavioural diagnosis currently (Peele et al., 2003). Under the BD umbrella, four different diagnoses are 

described in the DSM-IV (APA, 2000), but we will focus on bipolar disorder I (BD I) and bipolar disorder II 

(BD II). In each instance, variations of major depressive and manic episodes are present. Major 

depressive episodes (MDE) are characterized by at least 5 of the following symptoms: diminished 

interest in most activities, weight loss or gain, disturbed sleep, fatigue, feelings of worthlessness, 

indecisiveness, and thoughts of death. Manic episodes, on the other hand, require at least 4 of the 

following symptoms: feelings of grandiosity, decreased need for sleep, extreme talkativeness, racing 

thoughts, distractibility, psychomotor agitation, and impulsivity. BD I patients must experience one or 

more MDE lasting at least two weeks and one or more manic or mixed episodes (concurrent 

presentation of both depressive and manic symptoms) lasting at least a week (APA, 2000). Experiencing 

one or more major depressive episodes lasting at least two weeks is also needed for a BD II diagnosis, 

however, manic symptoms observed in this group are less severe and are considered hypomanic (APA, 

2000).  

BD disorders have a total lifetime prevalence of approximately 4.5% for all bipolar disorders (1% 

for BD I, 1.1% for BD II) (Merikangas et al., 2007; Merikangas et al., 2011). Additionally, 65-95% of 

patients meeting the BD threshold are diagnosed with a comorbid psychiatric condition (McElroy et al., 

2001; Gadermann et al., 2012; Merikangas et al., 2007) and it is fairly common for patients to present 

with three or more comorbid psychopathologies (70.1%) (Merikangas et al., 2007). The most common 

comorbidities across all BD diagnoses include: anxiety disorders (74.9%), impulse control disorders 

(62.8%), including ADHD (31.4%), and substance use disorders (SUD; 35.4%) (Merikangas et al., 2007). 

BD patients are typically prescribed mood stabilizers, antiepileptics, antidepressants, and atypical 

antipsychotics in order to regulate mood fluctuation (Brenner & Shyn, 2014). Psychotherapy is also used 

in conjunction with pharmacological treatment because the combination has been shown reduce 

relapses, hospitalization rates, and stabilize mood quicker than using medication alone (Brenner & Shyn, 
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2014; Parikh et al., 2015). Appropriate treatment is critical as rates of completed suicide, 11-19% of 

those diagnosed with BD, are highest in this population compared to any other psychiatric condition (da 

Silva Costa et al., 2015; Parmentier et al., 2012). Suicide attempts are more frequent if BD patients are 

prescribed the incorrect medication, such as stimulants (Brenner & Shyn, 2014; da Silva Costa et al., 

2015), making a correct diagnosis critical.  

The causes of BD are not clear. Like ADHD, it seems to be highly heritable, with heritability 

estimates ranging from 60-85% (Barnett & Smoller, 2009; Maletic & Raison, 2014) and specific genetic 

loci have been reported consistently in BD. However, they have weak effect sizes and do not clarify the 

pathophysiology of the disorder because these variants have also been associated with other psychiatric 

disorders (Maletic & Raison, 2014; Arnsten & Rubia, 2012). In general, they are related to neuronal path 

finding, development, plasticity, and monoamine (serotonin, dopamine, norepinephrine) transport, 

synthesis, and signaling (Andreazza & Young, 2014; Maletic & Raison, 2014; Barnett & Smoller, 2009). 

These findings suggest dopaminergic systems are compromised in this population, much like ADHD. A 

catecholaminergic-cholinergic balance hypothesis has been proposed to describe the different mood 

states of BD, where increased catecholamine function results in manic behaviours and increased 

cholinergic activity results in depressive behaviours (van Enkhuizen et al., 2015; van Enkhuizen et al., 

2014). In addition, the kindling hypothesis suggests a mechanism by which BD initially presents: specific 

life events are critical for inducing an initial mood episode and subsequent mood episodes more easily 

occur and are less environmentally dependent (Post, 1992; Bender & Alloy, 2011). This hypothesis 

leaves room for gene-environment interactions and epigenetic factors in the pathogenesis of BD 

(Schmitt et al., 2014).  

The structural integrity, functional activity, and connectivity of brain regions of BD patients have 

shown consistent deficits in the neuroimaging literature. Whole brain volumes do not differ from 

healthy controls, however, there are region-specific volumetric increases observed in the amygdala, 
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striatum/BG, and the lateral and third ventricles (Strakowski et al., 2000; Strakowski et al., 2005; Maletic 

& Raison, 2014). Decreases in PFC (Strakowski et al., 2000), specifically in the orbitofrontal cortex (OFC) 

(Eker et al., 2014), and cerebellar volumes have also been described (Strakowski et al., 2000; Strakowski 

et al., 2005). Dysfunctional neural activity has been traditionally localized to striatal-thalamic-PFC 

(Strakowski et al., 2000; Strakowski et al., 2005), automatic, and volitional emotion regulation circuits 

(Maletic & Raison, 2014; Phillips et al., 2008). Consistent hyperactivity of subcortical structures, like the 

amygdala, striatum, and thalamus, and hypoactivity of regulatory cortical structures, like the DLPFC & 

ventrolateral prefrontal cortex (VLPFC), seem to characterize the mood lability of this group (Phillips & 

Vieta, 2007; Strakowski et al., 2005; Maletic & Raison, 2014; Blumberg et al., 2003). In a study 

comparing healthy siblings of BD patients, the healthy siblings had increased DLPFC volumes, 

presumably conferring resiliency to BD presentation (Eker et al., 2014), reinforcing the concept that an 

imbalance between overactive subcortical responses and underactive executive control cortical 

structures is critical in BD presentation.  

 

1.3 Executive Functioning and Cognitive Control 

Executive functioning is an umbrella term referring to a variety of complex cognitive functions 

that are supported by a variety of brain structures, particularly those located in the frontal lobe (Koziol 

& Lutz, 2013; Logue & Gould, 2014). Although many definitions of executive functions exist (Koziol & 

Lutz, 2013), the most straightforward describes their purpose as “the coordinated operation of various 

processes to accomplish a particular goal in a flexible manner” (Funahashi, 2001). Attentional control, 

inhibition, working memory, processing speed, and set shifting are consistently described as processes 

of executive function that allow one to flexibly and efficiently allocate their cognitive resources 

(Funahashi, 2001; Faraone et al., 2000; Brown, 2008). Researchers have argued that response inhibition 

is one of if not the most critical executive function because deficits in this domain have been associated 
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with deficits downstream in working memory, regulation of affect/motivation/arousal, internalization of 

speech, and verbal/behavioural fluency (Barkley, 1997; Douglas, 1980; Douglas 1983; Bari & Robbins, 

2013). These functions then act in conjunction to generate an appropriate response (Barkley, 1997). 

However, most deficits of executive function lack specificity when it comes to differentiating between 

various patient populations, like ADHD and BD (Torralva et al., 2012; Wasserman & Wasserman, 2012), 

particularly because both involve damage to frontostriatal circuits that support these functions 

(Dickstein & Castellanos, 2011; Phillips et al., 2008; Goto et al., 2010; Blumberg et al., 2003). 

Additionally, standard tests of executive function cannot consistently capture deficits in those with less 

severe phenotypes of a disorder, like BD II (Torralva et al., 2012). It has been suggested that research on 

executive functioning should strive to become more ecologically valid (Wasserman & Wasserman, 2012; 

Torralva et al., 2012), which may require a progression from traditional tests of executive function to 

those assessing the interaction between cognitive systems that overlap anatomically and better reflect 

real life scenarios.  

1.3.1 Executive Functioning Circuitry 

Although it is difficult to parse which executive functions are actually being assessed in a task 

and how certain structures may contribute to each of these processes, neuroimaging techniques have 

provided some insight as to how they are supported in the brain. For example, working memory has 

been shown to depend on DLPFC functioning for inhibitory function (Petrides et al., 1993; Jonides et al., 

1993), but regions involved in attentional processes, like the VLPFC, intraparietal sulcus, and 

supramarginal sulcus, are also engaged (Champod & Petrides, 2007). A meta-analysis by Nowrangi et al. 

(2014) of the neuroimaging literature tried to outline a generalized executive function network by 

comparing between a variety of clinical populations and healthy controls. They found that frontal, 

parietal, and cerebellar regions correlated with performance on a variety of executive functioning 

measures and were consistent between all groups, suggesting a widely distributed network that 



10 
 

operates in tandem to complete cognitively challenging tasks. It has been hypothesized that cognitive 

control is organized hierarchically, where PFC regions modulate activity in subcortical structures, like the 

subthalamic nucleus (Parent & Hazrati, 1995), superior colliculus (SC) (Boehnke & Munoz, 2008; Corneil 

& Munoz, 2014), BG/striatum (Alexander & Crutcher, 1990; Ghahremani et al., 2012; Band & van Boxtel, 

1999), and thalamus (Band & van Boxtel, 1999; Brunia, 1993), and as caudally as the brainstem for 

flexible control over orienting and goal-directed behaviour for both automatic and voluntary processes 

(Bari & Robbins, 2013; Sara & Bouret, 2012; Robbins, 1996). 

Rubia (2010) described two distinct PFC pathways of cognitive function: one termed the “cool” 

pathway which supports functions like inhibition and attention, and the other termed the “hot” 

paralimbic-cognitive pathway which supports functions like motivation and affect. Lateral-inferior, 

dorsolateral-fronto-striatal, and fronto-parietal networks coordinate cool executive functions (Rubia, 

2010; Christakou et al., 2009; Rubia et al., 2007; Rubia et al., 2006). Integrating Rubia’s (2010) model 

and the critical role response inhibition plays in these processes, it is important to consider the neural 

basis of response inhibition. Neuroimaging work has shown that response inhibition tasks activate 

regions like the caudate nucleus, ACC, insula, medial PFC (mPFC), and VLPFC, and most critically the 

DLPFC (Kozicky et al., 2013; van den Heuvel et al., 2013; Cerullo et al., 2009; Passarotti et al., 2010; Bari 

& Robbins, 2013). In addition to being involved in most tasks of executive function, the DLPFC has dense 

inhibitory connections to a variety of cortical (Munoz, 2002; Phillips et al., 2008) and subcortical 

structures (Munoz, 2002; Hikosaka et al., 2000), therefore, various downstream deficits may present if 

this region is compromised.  

1.3.2 Executive Functioning Deficits in ADHD  

Researchers have conceptualized ADHD as a disorder in the development of executive functions 

(Brown, 2006). According to the executive functioning model described by Barkley (1997), four executive 

functions are compromised in ADHD, but are secondary to the core deficit of response inhibition: 
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working memory, self-regulation of affect/motivation/arousal, internalization of speech (i.e., generation 

of rules/meta-rules), and reconstitution (i.e., analysis and synthesis of behaviour). More recently, other 

groups have shown response inhibition to be consistently compromised in this population (Matthews et 

al., 2014). Other executive function deficits have also been observed in ADHD, namely in working 

memory, set shifting, planning, and attention (Faraone et al., 2000; Brown, 2008), mirroring the deficits 

downstream of response inhibition as described by Barkley (1997). Processing speed is also impaired in 

this population and provides a degree of diagnostic specificity in this group from some other common 

comorbidities, namely ODD and conduct disorder (Salum et al., 2014). This work suggests that top-down 

regulatory control in ADHD is not able to suppress unwanted shifts in attention or maladaptive actions 

(Bari & Robbins, 2013), leading to high distractibility and impulsive behaviours (Muraven & Baumeister, 

2000), emotion dysregulation, and cognitive inflexibility (Arnsten & Rubia, 2012). In spite of this, 

traditional neuropsychological tests do not consistently capture deficits in this population: only 30% of 

those with ADHD perform at a clinically significant level on tests of executive functioning (Willcutt et al., 

2005).  

In a review of multimodal neuroimaging techniques, including magnetic resonance imaging 

(MRI), DTI, and functional magnetic resonance imaging (fMRI), Matthews et al. (2014) considered 

morphological, structural, and functional connectivity differences between ADHD patients and healthy 

individuals related to executive functioning. Gray matter thinning in the PFC (Shaw et al., 2006), 

particularly in the lateral PFC (Depue et al., 2010), as well as differences in size and symmetry of the BG, 

hippocampus, and amygdala were observed in ADHD and correlated with poor performance on 

executive functioning tasks (Matthews et al., 2014). In addition, fMRI work suggests two distinct, albeit 

obvious, networks that function irregularly in ADHD: attention and inhibitory networks, which include 

regions such as the DLPFC, parietal cortex, cerebellum, inferior frontal cortex, and ACC (Hart et al., 2012; 

Matthews et al., 2014).  Impaired functioning of these networks as well as dysfunction in fronto-striatal 
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circuitry in this group have been correlated with poor response inhibition and cognitive control (Goto et 

al., 2010; Casey et al., 2007), demonstrating the importance of these networks and structures for high 

level cognition in ADHD.  

1.3.3 Executive Functioning Deficits in BD  

Cognitive deficits are not required for a diagnosis of BD, however, they have been consistently 

observed in this population in domains like attention, executive functioning, and verbal memory (Bora 

et al., 2009; Olvet et al., 2013). Certain deficits seem to be state related, dependent upon the current 

mood state of the patient, while others are trait-based and present regardless of mood (Martinez-Aran 

et al., 2004b; Jamrozkinski, 2010; Goldberg & Chengappa, 2009). For example, deficits in working 

memory remit during euthymia (Martinez-Aran et al., 2004b), while selective attention, verbal memory, 

processing speed, and response inhibition do not (Jamrozkinski, 2010). Different clinical features in BD 

are associated with specific deficits as well: psychosis is associated with attenuated verbal memory 

(Martinez-Aran et al., 2008), early age of onset with slower motor speed and executive dysfunction, and 

lifetime number of mood episodes with executive dysfunction, verbal learning, and spatial working 

memory deficits (Goldberg & Chengappa, 2009; Martinez-Aran et al., 2004a). Further complicating 

things, these deficits may be attenuated or exacerbated depending upon the pharmacological treatment 

a patient receives (Bora et al., 2009; Ghaemi et al., 2009; Goldberg & Chengappa, 2009) or attributed to 

a comorbid psychiatric disorder (Jamrozkinski, 2009). However, there is substantial evidence that 

neurocognitive deficits in executive function, and processing speed in particular, are associated with BD 

(Bora et al., 2009; Andreou & Bozikas, 2013; Olvet et al., 2013), and there is high degree of heritability 

for these deficits, suggesting a genetic vulnerability for executive dysfunction (Kosger et al., 2015; Antila 

et al., 2007).  

Much like ADHD, the frontostriatal network is dysfunctional, where morphology and 

connections between, as well within (Marchand et al., 2007), the PFC and BG are atypical (Clark & 
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Sahakian, 2008; Kozicky et al., 2013). Euthymic BD patients have decreased functional activity in dorsal 

and ventral regions of the PFC, parietal cortex, temporal cortex, and ACC and hyperactivity within the 

ventral striatum (Pan et al., 2009; Weathers et al., 2013). Specifically, decreased DLPFC, OFC, mPFC, and 

ACC activity (Pan et al., 2009; Clark & Sahakian, 2008) has been shown on executive control tasks while 

increased caudate nucleus volumes predict poorer performance for BD (Kozicky et al., 2013). The deficits 

that characterize this group should not be surprising considering the affected neural substrate: fronto-

striatal networks are most commonly associated with executive functioning deficits (Clark & Sahakian, 

2008; Rubia, 2010; Christakou et al., 2009; Rubia et al., 2007; Rubia et al., 2006), but also with attention 

and emotion processing (Clark & Sahakian, 2008; Pavuluri & Passarotti, 2008) as well as the oculomotor 

control network (Mueller, 2011; McKenna & Eyler, 2012; Phillips et al., 2008; Munoz & Everling, 2004). 

The similarities between these systems has led us to integrate them into a simplified and hypothetical 

circuit that considers where these systems may interface in the brain in order to provide a reference 

point for how deficits in each system may arise for BD, as well as ADHD (Figure 1.1).  
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1.4 Emotion Processing 

Emotion processing involves a complicated series of functions in order to perceive the value or 

motivational salience of a stimulus and ultimately induce a behavioural response (Lang et al., 1998). This 

can be broken down further: one can interpret a stimulus by the arousal it generates and by its valence. 

The former refers to how salient a stimulus is while the latter refers to the positivity or negativity of it 

(Dickstein & Leibenluft, 2006). In general, faces are preferentially attended to by humans (Devue et al., 

2012) and convey emotionally relevant information (LeDoux, 2000; Dickstein & Castellanos, 2011). 

Emotion processing is critical for social cognition because the ability to interpret other’s emotions is 

fundamental in acting appropriately, having empathy, and fostering relationships, which involves a 

variety of high-level cognitive processes (Uekermann et al., 2010; Van Rheenen & Rosell, 2014a; Ibanez 

et al., 2012; Cusi et al., 2012). Emotion processing deficits are common in many psychiatric populations, 

including ADHD (Uekermann et al., 2010) and BD (Van Rheenen & Rossell, 2014b), and deficits in this 

domain negatively impact the quality of life for these groups (Van Rheenen & Rossell, 2014a; Knowles et 

al., 2007). A variety of experimental paradigms have been developed to assess emotion processing; 

however, there is no gold standard (Coronel & Federmeier, 2014; Seymour et al., 2013; McClure et al., 

2003; Izatt et al., 2014; Thomas et al., 2013; Malhi et al., 2005; Hummer et al., 2013; Passarotti et al., 

2010).  Certain designs incorporate executive functions, typically selective attention, and emotion 

processing into a single task (Malhi et al., 2005; Hummer et al., 2013; Passarotti et al., 2010) and are 

important to create more ecologically valid assessment tools. Executive functioning and emotion 

processing are complex processes that rarely occur in isolation of other cognitive functions, so the 

interaction between them may increase sensitivity to subtle deficits that differ between ADHD and BD 

(Torralva et al., 2012).  
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1.4.1 Models of Emotion Processing and Circuitry  

Emotion processing begins with sensory input of an emotional stimulus, which is appraised and 

identified as the perceived emotion resulting in an emotional/behavioural response that must then be 

regulated by high-level cognitive processes (Dickstein & Castellanos, 2011; Phillips et al., 2003). 

Information travels through primary visual cortex through the ventral stream in the temporal lobe for 

object identification and facial feature detection, specifically engaging the fusiform face area and 

superior temporal sulcus (Dickstein & Castellanos, 2011; Palermo & Rhodes, 2007; Haxby et al., 2002). 

From there, subcortical regions such as the hippocampus, thalamus, striatum, and amygdala are 

engaged resulting in an initial response to the stimulus (Phillips et al., 2008). Finally, cortical structures 

like the DLPFC, VLPFC, OFC, and ACC regulate, learn from, or inhibit these subcortical responses (Bush et 

al., 2000; Ochsner & Gross, 2005; Mueller, 2011; Phillips et al., 2008). The OFC and amygdala are of 

particular interest because of their dense reciprocal connections with other structures in this circuit. The 

OFC in particular is an important regulatory node between cortical and subcortical structures to down-

regulate responses and facilitate outcome-based learning from emotional events/stimuli and is the most 

densely connected brain region to the amygdala (Phillips et al., 2008; Townsend & Altshuler, 2012). The 

OFC also has dense reciprocal connections to the DLPFC, VLPFC, thalamus, striatum (caudate nucleus), 

hippocampus, and primary and secondary association cortices (Phillips et al., 2008; Ongur & Price, 2000; 

Procyk & Goldman-Rakic, 2006). Similarly, the amygdala, an emotional salience detector (Phillips et al., 

2008; LeDoux, 2000), is reciprocally connected to the mPFC, OFC, hippocampus, thalamus, and primary 

sensory and sensory association areas and projects directly to the striatum, specifically the nucleus 

accumbens (NAcc) and bed nucleus of the stria terminalis, which are mediators for behavioural output 

(Janak & Tye, 2015; Freese & Amaral, 2005; Corbit & Balleine, 2005; McDonald, 1998; LeDoux, 2000).  

Appraisal and valence of emotional stimuli allows for between and within individual variation in 

how that stimulus is perceived and affects an individual, taking context and personal experience into 
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account (Mueller, 2011). Attention is required in emotion processing (Dickstein & Castellanos, 2011), 

and two attentional systems have been described to mediate emotion perception: a top-down 

mechanism where cortical structures selectively attend to one salient stimulus over another, and a 

subcortical circuit that evaluates the emotional information of that stimulus (Dickstein & Castellanos, 

2011; Gobbinin & Haxby, 2007; Palermo & Rhodes, 2007). More specifically, LeDoux (2000) proposed a 

dual pathway model centered on the amygdala: the first, a fast direct route from the thalamus to 

amygdala is used for crude affect processing and the second is an indirect thalamo-cortico-amygdalar 

circuit for conscious analysis of affective stimuli. However, we choose to focus on Phillips et al.’s (2008) 

model of emotion regulation (Figure 1.2) because it best integrates the various cognitive processes, such 

as attention and executive control, and emotion processing structures, such as the ACC, VLPFC, OFC, 

thalamus, and DLPFC (Phillips et al., 2008; Dickstein & Castellanos, 2011; McKenna & Eyler, 2012; 

Arsalidou et al., 2013; Stein et al., 2007; Ochsner & Gross, 2007) that have been implicated in the other 

models we have described (LeDoux, 2000; Dickstein & Castellanos, 2011; Gobbinin & Haxby, 2007). The 

Phillips et al. (2008) model describes three processes that operate in parallel when processing emotions:  

orienting/emotion identification, automatic emotion regulation, and voluntary emotion regulation. This 

model highlights the importance of the amygdala and OFC in emotion processing, not only for their 

dense anatomical and functional projections, but because they are involved in each of these three 

pathways (Phillips et al., 2008).  
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1.4.2 Emotion Processing Deficits in ADHD 

Although not central to the presentation of ADHD, emotion processing is compromised in this 

population but may be a downstream effect of inattentiveness (Nijmeijer et al., 2008). Although 

emotion processing has been proposed as an independent risk factor for difficulties within peer groups 

for ADHD patients (Uekermann et al., 2010), the literature is lacking in describing these deficits. Studies 

that do assess these deficits are difficult to interpret because of the various comorbidities associated 

with ADHD and/or differences in IQ that may contribute to dysfunctional emotion processing (Nijmeijer 

et al., 2008; Pare & Wurtz, 2001). Regardless, certain emotion processing deficits have been consistently 

reported in ADHD: patients are slower to label emotions and make more labeling errors than healthy 
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participants (Pelc et al., 2006; Corbett & Glidden, 2000; Schonenberg et al., 2015). These deficits seem 

to be trait like because they are present regardless of treatment status (Williams et al., 2008). When 

comparing children with ADHD only, autism only, or autism comorbid with ADHD, those with ADHD only 

had the most pronounced emotion recognition deficits as a product of inattention and disinhibition 

(Sinzig et al., 2008). This suggests that ADHD emotion processing deficits in general are a byproduct of 

inattentiveness to salient facial cues (Dickstein & Castellanos, 2011; Shin et al., 2008). Modulated neural 

activity and poor behavioural performance has been observed typically toward threatening or negatively 

valenced stimuli in ADHD patients (Williams et al., 2008; Pelc et al., 2006), however, these deficits are 

not consistently reported (Guyer et al., 2007; Cadesky et al., 2000; Ibanez et al., 2011). Interestingly, 

these effects are primarily tied to fearful stimuli (Brotman et al., 2010; Maier et al., 2014; Singhal et al., 

2012; Aspan et al., 2014; Schonenberg et al., 2015) and have been associated with amgydalar 

hyperactivation (Brotman et al., 2010; Posner et al., 2011; Maier et al., 2014). Aberrant activation has 

been described in other regions essential for emotion processing as well, such as the ACC, striatum, 

DLPFC, VLPFC, insula, and parietal cortex (Plichta et al., 2009; Posner et al., 2011; Passarotti et al., 2010), 

however the vast majority of these studies have been conducted with children and adolescents.  

1.4.3 Emotion Processing Deficits in BD  

As a mood disorder, it is not surprising that emotion processing deficits are central to BD 

presentation. Endogenous emotions, those generated by the individual, can result in the pathological 

mood states of the disorder. This is because of an inability to regulate one’s behavioural response to 

said endogenous emotions through appropriate cognitive or behavioural coping strategies (Townsend & 

Altshuler, 2012; Phillips et al., 2003; Critchley, 2003). On the other hand, processing the emotions of 

others presents many social difficulties for those with BD (Van Rheenen & Rossell, 2014a). It has been 

previously demonstrated that there are persistent deficits in BD patients’ ability to quickly and 

accurately name the emotions of others (Leppanen, 2006; Van Rheenen & Rossell, 2014b). In addition, 
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the intensity of the emotion directly influences this group’s ability to accurately perceive it: more 

ambiguous emotional stimuli are more difficult to recognize (Getz et al., 2003; Leppanen, 2006). It was 

hypothesized that behavioural responses on emotion processing tasks would be state based, varying as 

a function of mood state (Hummer et al., 2013). However, there is increasingly definitive evidence 

suggesting that many of these emotional deficits are specific to negative or ambiguous emotions 

regardless of mood state (Getz et al., 2003; Leppanen, 2006; Phillips, 2006; Townsend & Altshuler, 

2012), meaning they are trait-like (Kraemer et al., 2002; Van Rheenen & Rossell, 2014b). 

Fronto-limbic structures and the circuits connecting them are dysfunctional and result in the 

acute mood episodes of BD (Townsend & Altshuler, 2012; Strakowski et al., 2005). Across all mood 

states, subcortical structures, such as the BG (Townsend & Altshuler, 2012; Lagopoulos & Melhi, 2011; 

Surguladze et al., 2010; Hassel et al., 2008) and amygdala (Townsend & Altshuler, 2012; Altshuler et al., 

2005), are hyperactive while cortical structures, like the DLPFC and VLPFC (Townsend & Altshuler, 2012; 

Altshuler et al., 2008; Altshuler et al., 2005; Strakowski et al., 2011; Lagopoulos & Melhi, 2011; 

Surguladze et al., 2010; Hassel et al., 2008), are hypoactive. White matter tracts connecting the OFC to 

the thalamus, striatum, and DLPFC are reduced in density and volume (Phillips et al., 2008; Bruno et al., 

2004; Regenold et al., 2007; Adler et al., 2004), suggesting compromised connectivity of this structure 

may affect the relay of emotional information when voluntarily or automatically processing emotions 

(Figure 1.2) (Phillips et al., 2008). Similarly, there are differences in functional connectivity between 

manic and depressive states during emotion processing. Specifically, amygdala-VLPFC and amygdala-ACC 

coactivation is decreased during mania (Cerullo et al., 2012; Wang et al., 2009), while amygdala-OFC is 

hypoactive and amygdala-VLPFC hyperactive in a MDE (Townsend & Altshuler, 2012; Versace et al., 

2010). The opposite pattern of amygdala-VLPFC coactivation during mood episodes suggests that 

increased reactivity to emotionally salient information (LeDoux, 2000) and their outcome (Phillips et al., 

2008) in a MDE may result in hypersensitivity to negative outcomes, while a decreased association 
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between outcome and emotional stimuli may result in impulsive behaviours characteristic of mania. 

There is further evidence to suggest that impulsivity is influenced by a lack of top-down control: 

hypoactivation of the VLPFC and DLPFC is greatest during manic episodes when compared to a MDE 

(Van der Schot et al., 2010).  

1.4.4 Overlap with Executive Function and Oculomotor Control Circuitry  

The complexity of emotion processing incorporates many executive functions (Ibanez et al., 

2012), and performance in each domain tends to correlate with one another (Uekermann et al., 2008; 

Uekermann et al., 2010; Pessoa et al., 2012; Sarapas et al., 2013). Emotion processing literature has 

been particularly focused on the relationship between the DLPFC, OFC, and amygdala to modulate and 

control emotional responses (Bush et al., 2000; Oschner & Gross, 2005; Phillips et al., 2008). As has been 

mentioned, the DLPFC has inhibitory projections to a variety of emotion processing structures (McKenna 

& Eyler, 2012), while the OFC relays information between the DLPFC, amygdala, thalamus, and BG, to 

mediate emotional and behavioural responses (McKenna & Eyler, 2012; Phillips et al., 2008). 

Considering that the DLPFC, BG, and thalamus are involved in the oculomotor control network (Munoz & 

Everling, 2004), it is not surprising that emotion processing modulates cognitive control when these 

systems are engaged simultaneously (Mueller, 2011). Indeed, certain structures involved in the 

oculomotor control circuit have certain emotion processing functions and the relationship between 

these networks is bidirectional; regions like the insula, striatum, and PFC are reciprocally connected to 

the amygdala (McKenna & Eyler, 2012). In addition, the amygdala and OFC project to specific regions of 

the BG (i.e., NAcc, caudate)(Almeida et al., 2013; Phillips et al., 2008; Kim & Whalen, 2009; Arsalidou et 

al., 2012) and have dense connections to each other (Phillips et al., 2008; LeDoux, 2000). We 

hypothesize that, because of anatomical overlap, parallel activation of emotion processing and 

executive functioning systems, response inhibition in particular, on an emotional oculomotor task will 
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engage these regions of interest above and beyond what is seen on traditional tests in these domains 

and more dramatically influence performance (Figure 1.1). 

 

1.5 Oculomotor Control Circuit 

There are a variety of brain regions that are involved in generating, monitoring, and controlling 

eye movement behaviour (Figure 1.3) including frontal and parietal cortices, the SC, BG, thalamus, and 

the cerebellum (Van der Stigchel et al., 2013; Ptak & Muri, 2013; Goossens, & van Opstal, 2012; 

Watanabe & Munoz, 2010; Tanaka & Kunimatsu, 2011; Voogd et al., 2012). Initially, the retina 

transduces photo information through the optic nerve to the lateral geniculate nucleus and further 

along to visual cortex via the retino-geniculo-cortical pathway (Collins et al., 2005). Automatic saccades 

are mediated by projections from the visual cortex to both the superficial and intermediate layers of the 

SC (SCs and SCi, respectively) (Munoz, 2002; Boehnke & Munoz, 2008; Anderson & Rees, 2011).  

Information from visual cortex continues to move upstream via the dorsal visual pathway to the 

parietal cortex, specifically the parietal eye fields (PEF), which provide visuospatial information about 

the stimulus to the SCi (Colby & Goldberg, 1999; Pare & Wurtz, 2001; Ptak & Muri, 2013; Baldwin & 

Kaas, 2012) for generation of an eye movement. The PEF also has reciprocal connections to frontal 

regions important for oculomotor control: the frontal eye fields (FEF), supplementary eye fields (SEF), 

and DLPFC (Colby & Goldberg, 1999; Ptak & Muri, 2013; Hutchison et al., 2012). Lesion studies have 

provided insight into how these frontal regions influence eye movement behaviour. Damage to the FEF 

results in longer saccadic reaction times (SRT; the time required to initiate an eye movement after 

stimulus onset) meaning it plays a role in the processing speed required to complete a correct voluntary 

eye movement (Munoz et al., 2004). The SEF is associated with the planning of eye movements 

(Johnston & Everling, 2008), while the DLPFC exerts inhibitory control over this system, and, when 

damaged, results in increased error rates on tasks of voluntary oculomotor control (Munoz et al., 2004).  
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The FEF, SEF, and DLPFC then project to the SCi in order to generate the appropriate eye 

movement (Hutton, 2008; Johnston & Everling, 2008). However, the cortical control regions can project 

either directly to the SCi or indirectly through the BG (Munoz, 2002; Hikosaka et al., 2000). The caudate 

nucleus of the BG, which has shown to play a role in reward monitoring (Hikosaka et al., 2014) and 

emotional learning (McGaugh, 2004) in addition to oculomotor control (Hikosaka et al., 2014), receives 

FEF, SEF, and DLPFC projections (Hikosaka et al., 2000; Munoz et al., 2007) and then projects to the SCi 

(Hikosaka et al., 2000) to generate a voluntary eye movement (Hikosaka et al., 2000; Munoz, 2002; 

McDowell et al., 2008). 

  

 

 

 

 

 

 

 

 

 

 

 

1.5.1 Saccadic Eye Movements 

Sensorimotor systems are integral to the function of the central nervous system in order to 

perceive and act upon our environment. An example is the oculomotor system, which produces very 

stereotyped movements and is well understood anatomically and physiologically (Munoz et al., 2002; 
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Horn & Leigh, 2011; Leigh & Zee, 2015). Researchers have a strong understanding of how certain 

oculomotor deficits are associated with atypical development, damage, or improper functioning of 

specific brain structures (Everling & Fischer, 1998; Munoz et al., 2007; Horn & Leigh, 2011). Therefore, 

oculomotor tasks have been useful in assessing patient populations to provide insight about their 

pathophysiology (Leigh & Zee, 2015). Eye movements are easily tracked, provide large amounts of data 

quickly, and cause little to no discomfort to participants, making this is an efficient and effective system 

to assess dysfunction in a way that could be clinically useful (Munoz et al., 2007).  

Saccadic eye movements are used to orient the visual axis towards a stimulus of interest. This is 

done to orient the individual’s fovea, a region of the retina that processes high acuity vision (Perry & 

Cowey, 1985), onto the stimulus in a way that can be automatic or voluntary (Munoz et al., 2007). 

Automatic saccades are considered to be a visual reflex toward salient stimuli (Hess et al., 1946). For 

example, a bright stimulus in the periphery would initiate an automatic saccade toward it. Voluntary 

saccades, on the other hand, exert cognitive control over these automatic processes (Hutton, 2008), 

thereby engaging high level cognitive processes to inhibit that automatic response (Munoz, 2002, 

Watanabe & Munoz, 2010; Tanaka & Kunimatsu, 2011; Neggers et al., 2012). 

Saccadic eye movements are useful because voluntary and automatic oculomotor processes can 

be easily implemented into a single, interleaved experimental design, using pro- and antisaccades 

(Munoz & Everling, 2004; Hallett, 1978). In this task, participants focus on a central fixation point (FP) 

until a peripheral target appears, at which point they must either look toward (prosaccade) or away 

(antisaccade) from it based off of the rule cue presented during fixation (Fig.1.4). Prosaccades are 

essentially automatic saccades (Hess et al., 1946; Munoz & Everling, 2004), while antisaccades require 

voluntary control over this orienting response and are cognitively demanding. Antisaccades are more 

cognitively demanding, requiring inhibition of the prepotent orienting response and an inversion of the 

motor plan opposite the target to generate the accurate eye movement (Munoz & Everling, 2004). This 
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task allows for the measurement of specific motor control deficits, such as velocity or amplitude (Leigh 

& Zee, 1999; Rommelse et al., 2008), as well as cognitive deficits in processes like response inhibition, as 

indexed by direction errors (incorrect eye movements with regard to the rule cue), and processing 

speed, measured via SRT (Rommelse et al., 2008).  

 

 

 

 

 

 

 

 

1.5.2 Saccade Deficits in ADHD  

Eye movement behaviour has been studied in ADHD in the past; however, this work is typically 

conducted from a developmental perspective with a greater focus on children and adolescents with the 

disorder than adults (Gooding & Basso, 2008; Goto et al., 2010; Cairney et al., 2001). Irrespective of 

potential developmental effects, certain features are consistent throughout the disorder’s progression. 

In pro/antisaccade tasks, there are no observed deficits in the quality of motor behaviour; specifically, 

measures like velocity, accuracy, and amplitude are not compromised (Gooding & Basso, 2008; Munoz 

et al., 2003; Feifel et al., 2004; Ross et al., 2000). However, reaction times on prosaccade tasks are 

shown to be more variable and slightly slower in ADHD patients (Munoz et al., 2003; Rommelse et al., 

2008). In terms of cognitive deficits related to oculomotor control, participants with ADHD make more 

direction errors (Carr et al., 2006; Feifel et al., 2004; Munoz et al., 2003), and have longer SRTs 

(Karatekin, 2006), and those SRTs are more variable on antisaccade trials (Munoz et al., 2003), 
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highlighting inhibitory control deficits in this group. Some of these deficits vary depending on specific 

characteristics of an individual’s clinical presentation. For example, those with ADHD combined type 

typically have greater deficits on antisaccade tasks compared to other ADHD subtypes, although all 

three perform significantly worse than controls (Carr et al., 2006; Rommelse et al., 2008; Gooding & 

Basso, 2008). Neuroimaging work with this population on saccade tasks show deficits in saccade 

preparation rather than execution, where FEF, PEF, and SEF are hypoactive in preparation for a saccade 

and the DLPFC is hyperactive during execution, most likely acting as a compensatory mechanism 

(Schwerdtferger et al., 2013). The pro/antisaccade task, therefore, highlights some executive functioning 

deficits in ADHD that are distinct from low level motor control. 

1.5.3 Saccade Deficits in BD  

Like ADHD, oculomotor behaviour in BD has been studied with a certain perspective and there is 

a paucity of research focusing on these behaviours within this patient group specifically. Oftentimes, BD 

has psychotic qualities and is used as a control for other psychotic conditions, like schizophrenia 

(Gooding & Basso, 2008; Kathmann et al., 2003; Calkins et al., 2004). Typical metrics of motor plan 

integrity and fine motor control, like accuracy, velocity, and duration, have been shown to be intact in 

BD (Gooding & Basso, 2008; Iacono et al., 1982; Sereno & Holzman, 1995). Additionally, BD patients are 

used to compare across or combined with other mood disorders with potential psychotic features, like 

MDD, on antisaccade tasks (Katsanis et al., 1997; Gooding & Basso, 2008; Kathmann et al., 2003). BD 

deficits on antisaccade tasks include increased direction errors and longer SRTs (Tien et al., 1996; Curtis 

et al., 2001; Katsanis et al., 1997; Bittencourt et al., 2013; Gooding & Tallent, 2001). Previous studies 

were inconsistent with the trait stability of oculomotor deficits in this patient group (Iacono et al., 1982; 

Katsanis et al., 1997; Gooding et al., 2003). More recently, however, saccadic eye movement deficits 

have been reported when patients are euthymic (Malsert et al., 2013; Garcia-Blanco et al., 2013). 

Neuroimaging work on anitsaccade circuit deficits in BD is lacking; however, unsuccessful motor 



26 
 

inhibition has been associated with hyperactivation in the ACC, while the NAcc and ventral PFC are 

hypoactive when correctly inhibiting a response in adult BD (Weathers et al., 2013). Similar patterns of 

activity have been observed in first-degree family members and suggest a trait-like failure in 

frontostriatal circuitry (Deveney et al., 2012).  

1.5.4 Relationship with Executive Functioning and Emotion Processing 

Cognitive control exerted over the oculomotor circuit greatly influences behavioural output, 

which is a direct result of the top-down processing effects of the PFC, specifically the DLPFC (Sweeney et 

al., 2007; Thakkar et al., 2015; Munoz & Everling, 2004). In a more general sense, the DLPFC provides 

strong inhibitory effects across a range of cognitive domains within the context of oculomotor tasks, 

including selective attention (Hutton, 2008), planning (Sweeney et al., 2007), working memory (Ross et 

al., 2000; Sweeney et al., 2007), and motivation (Mueller et al., 2010). This region is reciprocally 

connected to oculomotor control centres like the FEF, striatum, and SCi (Munoz, 2002; Hikosaka et al., 

2000). The inhibitory projections from the DLPFC to the SCi are critical in acting as the ‘break’ 

mechanism to stop automatic saccades (Munoz & Everling, 2004; Johnston & Everling, 2008). The FEF, 

on the other hand, are critical in how quickly one can process information and generate an accurate 

response (Munoz & Everling, 2004; Guitton et al., 1985). The relationship between behavioural deficits 

and brain regions like the DLPFC and FEF demonstrates the efficacy of the antisaccade task in assessing 

specific executive functions like response inhibition and processing speed (Luna et al., 2001; Ross et al., 

2000; Gooding & Basso, 2008). As mentioned in Section 1.4.4, many structures implicated in the 

oculomotor control network are also active during emotion processing tasks (McKenna & Eyler, 2012; 

Phillips et al., 2008; Munoz & Everling, 2004). It is not surprising that emotion processing has shown to 

have modulatory effects on other high-level cognitive interactions, such as attention-emotion 

processing (van Hooff et al., 2008; Lindstrom & Bohlin, 2012; Perlman et al., 2014; Larson et al., 2013), 

but no study has assessed response inhibition-emotion processing interactions on an antisaccade task. 
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Therefore, the oculomotor system and antisaccade task are anatomically and functionally relevant for 

assessing emotion processing and response inhibition interactions (Figure 1.1). 

 

1.6 Thesis Objectives 

The objective of this thesis is to compare two comorbid and related disorders, ADHD and BD, in 

adults on an emotional oculomotor task in order to elucidate subtle behavioural differences that may 

exist between these groups when emotion processing and executive functioning circuits are engaged in 

parallel. We hypothesize that there will be an interaction between the emotional stimuli, task, and 

group. We expect presentation of certain emotional faces, like neutral or sad faces because of their 

ambiguity or negative valence, to result in increased SRTs and direction error percentages, which are 

used as indices for processing speed and response inhibition, for the BD group only (Van Rheenen & 

Rossell, 2014b, Henry et al., 2014). Any effects observed in ADHD would be related to inattentiveness 

and not specific to any one emotion (Dickstein & Castellanos, 2011; Shin et al., 2008). We use the 

standard interleaved pro- and antisaccade design in order to make a baseline comparison of executive 

functioning between ADHD and BD, which, to our knowledge, has not been done before. We expect that 

SRTs will be longer and direction error percentage will be higher in both patient groups on antisaccade 

trials because of increased cognitive load, however, these trials will lack the necessary sensitivity to 

distinguish between these patient groups. Presentation time of emotional faces varied; they were 

presented either 200ms before or at the same time as the target. An interaction between image, onset, 

and group by better engaging face and emotion processing networks (Rossion & Caharel, 2011) is 

expected to negatively impact performance in the BD group in an emotion-specific manner. My goal 

with this project is to better characterize behavioural differences between ADHD and BD by assessing 

the interaction between overlapping processing systems, emotion processing and executive functioning, 

with a novel and clinically useful emotional oculomotor task. 
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Chapter 2 

Contrasting Emotion Processing and Response Inhibition in Attention-Deficit/Hyperactivity Disorder 

and Bipolar Disorder 

 
2.1 Introduction  

ADHD and BD are highly comorbid (Pataki et al., 2013), either diagnosis is prevalent in first-

degree relatives of those with either disorder (Turkyilmaz et al., 2012), and are often found in twin pairs 

(Faraone et al., 2012; Barnett & Smoller, 2009; Sharp et al., 2009), suggesting a strong relationship 

between these conditions. In addition, emotional and cognitive deficits of each disorder appear similar: 

mood lability in ADHD can appear similar to mood dysregulation in BD (Miller et al., 2013), while manic 

episodes in BD can be mistaken as hyperactivity, a trademark symptom of ADHD (Asherson et al., 2014). 

With a recent shift toward analyzing specific deficits that collectively present as a psychiatric illness 

(Glahn et al., 2014; Ilsen et al., 2010), the overlap in symptomology between these disorders make them 

appropriate populations to compare and contrast cognitive and emotional processes. Doing so may 

provide important insight as to how these processing systems interact to cause dysfunction and how 

differences in this interaction can better characterize these disorders. 

 Clinical presentation of ADHD and BD can appear similar, despite distinct ages of onset and core 

symptoms. ADHD is a developmental disorder typified by inattentiveness and hyperactivity with a 

childhood onset (APA, 2000) that continues throughout the lifespan (Faraone et al., 2000). Deficits of 

executive function include spatial working memory, attention, and, most critically, response inhibition 

(Faraone et al., 2000; Torralva et al., 2011; Brown, 2008). Response inhibition contributes greatly to the 

impulsivity of the disorder, because the ability to inhibit motor actions or shifts in attention is 

compromised (Bari & Robbins, 2013). BD typically presents later in life and is a disorder of emotion 

regulation (Townsend & Altshuler, 2012) where patients present with major depressive and 
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manic/hypomanic episodes (APA, 2000). Functionally, BD patients are slower to label emotions and 

require stronger emotional valence to accurately label them (Leppanen, 2006; Van Rheenen & Rossell, 

2014b). Recent work suggests a consistent bias toward negative and ambiguous stimuli but it is unclear 

if these deficits are due to an inability to discriminate and/or label emotions (Van Rheenen & Rossell, 

2014b, Henry et al., 2014). Cognitive and emotional deficits are not exclusive to each disorder (Walshaw 

et al., 2010): executive dysfunction of working memory, response inhibition, response flexibility, and 

set-shifting (Torralva et al., 2011; Goldberg & Chengappa, 2009) have been reported in BD; while ADHD 

patients struggle to accurately perceive and identify emotional expressions regardless of medical 

treatment or emotional intensity, although this may be due to inattention to salient facial cues during 

encoding (Uekermann et al., 2010; Ibanez et al., 2011). These overlapping deficits and a lack of objective 

measures can make a differential diagnosis difficult.  

Eye movement deficits have been considered potential cognitive biomarkers for psychiatric 

conditions (Bittencourt et al., 2013), including BD (Bestelmeyer et al., 2006) and ADHD (Munoz et al., 

2003). However, previous oculomotor studies have been conducted with a specific perspective: ADHD 

research typically focused on children and adolescents (Loe et al., 2008; Rommelse et al., 2008), while 

BD patients were used as psychotic/mood controls for studying schizophrenia or MDD (Sereno & 

Holzman, 1995; Iacono et al., 1982). Rarely are adults with ADHD and BD compared directly in terms of 

higher level cognitive functioning (Torralva et al., 2011) and, to our knowledge, have never been 

contrasted directly using eye movement tasks.  

The antisaccade task assesses high-level cognitive processes like response inhibition, processing 

speed, and execution of voluntary eye movements. This task requires inhibition of a prepotent saccadic 

response toward a visual target and instead to look in the opposite direction (Munoz & Everling, 2004), 

which recruits a frontostriatal network that is dysfunctional in both disorders (Goto et al., 2010; 
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Blumberg et al., 2003). Antisaccade deficits have been reported for both ADHD and BD: longer SRTs 

(time from peripheral target appearance to saccade initiation), more variable responses, and increased 

direction error rates (i.e., looking at a peripheral target when cued to look away on an antisaccade trial) 

have been observed in ADHD (Munoz et al., 2003; Schwerdtferger et al., 2013), while increased error 

rates and longer SRTs have been identified in BD (Mueller et al., 2010; Garcia-Blanco et al., 2013). 

In the antisaccade task, direction errors are indicative of response inhibition difficulties because 

executive control fails to prevent an automatic saccade toward the visual target (Munoz et al., 2007). 

SRT indexes processing speed and voluntary suppression via the difference in time between inhibiting 

the automatic, sensorimotor response and the generation of the voluntary, goal-directed eye movement 

(Munoz & Everling, 2004). Interestingly, research in healthy aging (Uekermann et al., 2006), depression 

(Uekermann et al., 2008), and ADHD (Uekermann et al., 2010) has shown that executive functions are 

involved in resolving complex emotional information. The relationship between emotion processing and 

executive functioning may explain why similar deficits are found in these populations. Indeed, there is 

substantial anatomical overlap between executive functioning and emotion processing networks, 

primarily in the BG and the DLPFC (Munoz et al., 2007; Sweeney et al., 2007; McKenna & Eyler, 2012).  

 The goal of this study was to objectively compare executive functioning and emotion processing 

in ADHD and euthymic BD to establish how these systems may differentially interact to cause 

dysfunction. We modified the antisaccade paradigm to include task-irrelevant emotional distractors 

(Figure 2.1) and manipulated presentation time of these emotional stimuli to assess whether longer 

presentation time better engages emotion processing networks (Rossion & Caharel, 2011). We used a 

visual control (coffee pot) and emotional faces to consider whether visual stimuli or faces in general 

modulate behavior rather than specific emotions. On standard antisaccade trials, we expected that 

ADHD and BD will differ from healthy controls but will not differ from one another. Implicit emotion 
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processing is expected to negatively impact performance for BD participants in an emotion-dependent 

manner, specifically when presented with neutral or sad faces because of the ambiguity and negative 

emotional valence they convey, which is difficult for this group to process (Henry et al., 2014).  The 

ADHD group will be unaffected by the emotional stimuli, rather their deficits would be consistent 

regardless of stimulus because of this group’s inattentiveness. This would demonstrate that the 

interaction between emotion processing and executive functioning in BD is distinct from those with 

ADHD, and because BD participants will be euthymic, this would suggest that the interaction is trait-like 

and helpful in differentiating these disorders.  

 

 

 

 

 

 

 

 

 

2.2 Methods and Materials 

2.2.1 Participants 

 All experiments were approved by our institution’s Human Research Ethics Board and adhered 

to the Canadian Tri-council Policy Statement on Ethical Conduct for Research Involving Humans. 
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Participants gave informed consent and were compensated for their time. Patients included 22 ADHD 

(mean age=33.8, range:18-58; 13 male) and 20 BD participants (mean age=37.4, range:19-61; 10 male) 

who were diagnosed and recruited from an ADHD Adult-Outpatient Clinic by one psychiatrist (co-author 

AM) to ensure diagnostic consistency (Table 2.1). To be eligible, patients had to meet DSM-IV criteria 

(APA, 2000) for either ADHD or BD, without a comorbid diagnosis of ADHD or BD. Controls (n=21, mean 

age=35.5, range:19-62; 14 male) were recruited via newspaper advertisement and were screened for 

psychiatric symptoms on the Mini International Neuropyschiatric Interview, 5th edition, a short 

neuropsychiatric diagnostic interview (Sheehan et al., 1998). The sample size required to achieve a 

power of 1-β=.95 for a mixed repeated measures analysis of covariance (ANCOVA) design at a two tailed 

α level of .05 as predicted by G*Power 3 software suggests a total sample size of 66 participants (Faul et 

al., 2007); we fell slightly short of this target due to drop out. BD patients maintained mood stabilizer 

treatment (i.e., lithium) during testing for ethical concerns and to ensure euthymic mood state. Subjects 

in the ADHD group refrained from taking stimulant medication on the day of testing.  
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2.2.2 Experimental Protocol 

 An infrared, camera-based eye tracker (EyeLink 1000; SR Research Ltd, Toronto, Canada) 

recorded monocular (right) eye position at a sampling rate of 500Hz. Stimuli were presented on a 17-

inch, 1440x900 pixel LCD display with a refresh rate of 60Hz. The infrared camera and illuminator were 

attached to the bottom of the screen and angled slightly upward for optimal tracking. The screen was 

adjusted so that participants’ faces were centrally located 55-60cm away from the screen. Participants’ 

heads were unconstrained, therefore small amounts of head movement were tolerated.  A 9-point array 

was used to calibrate and validate eye tracking. 

Participants sat in a dark room in front of the display and were instructed to fixate on a central 

FP (42.35cd/m2, 0.5⁰ diameter) whose color indicated the task instruction (green FP: prosaccade; red FP: 

antisaccade). Emotional stimuli were selected (8 Caucasian faces, 4 male) from the Radboud Face 

Database (www.rafd.nl; Figure 2.1B), which have been validated previously for accuracy of portraying 

these emotions (Langner et al., 2010). Images were grayscale, normalized for intensity distribution, and 

aligned such that the eyes and nose of each image appeared in the same location relative to the FP. 

Control conditions included an object (coffee pot) and no image (black rectangle). All images subtended 

6.00⁰x8.36⁰ of visual angle with an average luminance of 23.71cd/m2. A white peripheral target 

(42.35cd/m2, 0.5⁰ diameter) was presented 10⁰ to the left or right of the FP (Figure 2.1C). Participants 

were informed that images would be randomly presented, but should try to ignore them to make the 

quickest and most accurate eye movement in response to the FP instruction and target location. 

Each trial (Figure 2.1A) began with presentation of the central FP for a randomized period of 

time (500-900ms). Emotional and control stimuli were displayed directly behind the FP either 200ms 

before or simultaneously with the appearance of the peripheral target. After the peripheral target was 

presented, all stimuli remained on the screen for 1000ms. The screen then went black for 500ms before 

http://www.rafd.nl/
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the next trial began. ‘No image’ trials only had the FP visible until the target appeared. In total, 

participants completed 512 randomly interleaved pro and antisaccade trials, with breaks every 32 trials 

for participant’s comfort or to recalibrate the eye tracking system. Of the 512 trials, 256 were presented 

with an emotional face (64 trials per emotion) and 256 for control conditions (128 for the object, 128 for 

no image conditions). Trials were evenly split between pro and antisaccade trials and whether the 

peripheral target was presented to the left or right. 

2.2.3 Data Analysis 

 Each trial and eye movement was categorized by an automarking script written in MATLAB 7.4 

(The MathWorks Inc., Natick, MA, USA) and was manually verified by one coauthor (SS) to ensure 

accuracy and consistency. Eye movements were identified across 3 sampling points of instantaneous 

speed on a trial-by-trial basis. The eye movement was considered a saccade when these sample points 

were 1.5 standard deviations from the speed of background noise and the amplitude of the movement 

was >2⁰ in the horizontal direction. Trials were excluded (2.5% of all trials removed) if eye tracking was 

lost (i.e., blinking during a trial) or if there was no saccade. Dependent measures of interest included 

direction errors and SRT (Figure 2.1A,C). Direction errors were defined as saccades that followed the 

wrong instruction. To be considered a direction error, the saccade had to have instantaneous speed 1.5 

standard deviations above background noise in the wrong direction (i.e., an eye movement toward the 

peripheral target instead of away on an antisaccade trial).  SRT refers to the time from peripheral target 

appearance to the initiation of the correct saccade. 

Mixed, repeated measure ANCOVAs were run in SPSS 22 (SPSS IBM, New York, U.S.A) with four 

independent variables: participant group (ADHD, BD, Control), task (prosaccade, antisaccade), onset 

(0ms,200ms), and image (fear, happy, sad, neutral, object). The first ANCOVA considered effects of the 

pro and antisaccade trials without any visual stimuli (no image trials), and was run separately as a 
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baseline comparison of executive function. Onset was collapsed because processing effects would not 

be possible because there was no visual distractor; therefore, the initial ANCOVA had a 3x2 design 

(participant group by task). The second ANCOVA was run as a 3x2x2x5 design (participant group, task, 

onset, image) to assess interactions between the various image types and their onset on participant 

group. The final ANCOVA was run with a 3x2x2x2 design to assess face processing effects by collapsing 

across emotions. Participant group was the between-subjects variable, while all others were within-

subject. Greenhouse-Geisser corrections were used when assumptions of sphericity were violated and 

all 3-way interactions were further analyzed by 2-way ANCOVAs. Finally, significant interactions at this 

level were followed up by post hoc tests: the Tukey HSD test was used when variance was equal and the 

Dunnett T3 when unequal.  

2.3 Results 

2.3.1 Demographic Differences 

A one-way analysis of variance demonstrated there were no differences between groups for age 

or gender (F(2,60)=.444,p=.644; F(2,60)=.610,p=.547, respectively; Table 2.1). However, differences 

were found for education level between ADHD and Controls (F(2,60)=3.568,p=.034; Bonferroni p=.044), 

which, despite being typical of ADHD (Frazier et al., 2007), effects performance on the antisaccade task 

(Evdokimidis et al., 2002). Therefore, education level was used as a covariate in all further analyses. 

Despite no group differences, age was also used as a covariate because it consistently correlated with 

our dependent measures and behavior on the pro/antisaccade task is dependent upon age (Munoz et 

al., 1998).  

2.3.2 Basic Pro- and Antisaccade Behavior 

 We first establish baseline performance on pro/antisaccade tasks for these groups by analyzing 

trials when no image was presented. We expected to find significant main effects of task on each of our 
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measures because of the increased cognitive load of the antisaccade task versus the prosaccade task. 

The proportion of group responses over time demonstrated that on prosaccade trials (Figure 2.2A), 

ADHD and BD were virtually identical; both groups were marginally slower and made slightly more 

direction errors than Controls. When considering antisaccade trials (Figure 2.2B), all groups had longer 

SRTs and more direction errors; however the patient groups performed worse than Controls. The 

patient groups began to separate, but only with regard to the frequency of direction errors rather than 

SRT. We also expected a participant group by task interaction for both direction errors and SRT (Figure 

2.3). 

 

 

 

 

 

 

 

 

2.3.2.1 Direction Errors  

 The omnibus ANCOVA revealed an interaction between task and group in terms of direction 

errors (F(2,58)=3.849,p=.027, ηp
2=.117). A main effect of participant group was very close to significant 

(F(2,58)=3.105,p=.052, ηp
2=.097). Post hoc tests revealed that ADHD participants made significantly 
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more errors than Controls in the antisaccade condition (Figure 2.3A; p=.027). The BD versus Control 

comparison was trending toward significance (p=.084) despite a higher mean error rate than ADHD in 

the antisaccade condition (BD m=16.7%; ADHD m=14.4%). This lack of significance is likely due to higher 

inter-subject variability in BD error rates (BD SEM=3.8%; ADHD SEM=2.1%). This measure can 

differentiate ADHD participants from Controls but not from the BD group.  

 

 

 

 

 

 

 

 

 

 

2.3.2.2 Saccadic Reaction Time 

 Only a main effect of task (F(2,58)=8.449,p=.005, ηp
2=.127) was revealed by the omnibus 

ANCOVA for SRT. Pairwise comparisons showed increased SRT in the antisaccade condition relative to 

the prosaccade condition (p=.005). A participant group main effect was trending toward significance 
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(F(2,58)=2.839,p=.067, ηp
2=.089). However, pairwise comparisons were not significant despite slower 

SRTs for BD and ADHD compared to Controls overall (Figure 2.3B; p=.108, p=.173, respectively).  

2.3.3 Emotion Processing Effects 

 In the omnibus repeated measures ANCOVA, we expected to find main effects of task, group, 

onset, and image type across the dependent measures. Of greater interest, however, were two three-

way interactions between these conditions: 1) an image, task, group interaction; and 2) an image, onset, 

group interaction. For the first interaction, we expected that increased cognitive load of the antisaccade 

task would differentially affect our participant groups depending on the image presented (Figure 2.4). 

Despite similar error rates across all images, the BD participants’ reaction times were slowest and 

differed most from Controls when presented with neutral faces (Figure 2.4D). Similarly, the ADHD group 

tended to have quicker reaction times than BD participants in the neutral condition relative to other 

emotions. Interestingly, only fearful stimuli (Figure 2.4A) decreased performance in the ADHD group, 

such that they performed at the level of the BD group. With regard to the second interaction, we 

hypothesized that longer processing time would increase differences between groups in an image 

dependent manner. Increased processing time would engage emotion processing systems thereby 

increasing direction errors, however, SRTs would be faster in the 200ms condition when participants 

receive warning of impending target appearance. In spite of the SRT reduction, increased processing 

time was expected to increase emotion specific differences between the groups. This effect, although 

subtle, was observed through SRT when BD participants were presented with sad stimuli relative to 

Controls. 
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2.3.3.1 Direction Errors 

 The omnibus ANCOVA revealed a main effect of participant group (F(2,58)=5.703,p=.005, 

ηp
2=.164) and a task by participant group interaction (Figure 2.5; F(2,58)=4.717,p=.013, ηp

2=.164) 

regarding direction errors. No other interactions were significant. Pairwise comparisons showed that 

Controls made less errors in general than BD (p=.01) and ADHD (p=.027) participants. After collapsing 

across image and onset, post hoc tests showed that both BD and ADHD made more errors than Controls 

on antisaccade trials (p=.015,p=.017, respectively). Here, as in Section 3.1.1, both patient groups made 

more direction errors relative to Controls, but did not differ from one another.  
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2.3.3.2 Saccadic Reaction Time 

  The omnibus ANCOVA for SRT revealed a main effect of task only (F(1,58)=7.05, p=.01, 

ηp
2=.108); SRTs were slower on the antisaccade versus prosaccade (p<.001) task. However, both of our 

interactions of interest were significant. First, an interaction was found between task, image, and group 

(Fig.6; F(8, 58)=2.607,p=.013, ηp
2=.082). In order to better interpret the three-way interaction, we 

considered the task by group interaction for each emotion independently. Sad (F(2,58)=4.309,p=.018, 

ηp
2=.129) and neutral (F(2,58)=3.64,p=.032, ηp

2=.112) faces showed significant task by diagnosis 

interactions, while fearful faces were trending toward significance (F(2,58)=2.877,p=.064, ηp
2=.09). Post 

hoc tests revealed that BD had longer SRTs than Controls for fearful (p=.044) and neutral (p=.003) faces 

on antisaccade trials as well as a trending difference to sad faces (p=.053). This result suggests that 

processing speed in the BD group was affected by emotional stimuli, particularly when presented with 

negatively valenced or ambiguous emotions. However, this effect was not strong enough effect to 

differentiate BD from ADHD. Second, an interaction between onset, image, and group 

(F(8,58)=2.115,p=.044, ηp
2=.068) was found. Only sad faces (F(2,58)=4.358,p=.017, ηp

2=.131) showed an 

onset by group interaction, however post hoc testing did not reveal any significant group differences (BD 
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versus Controls, p=.105) in the 200ms condition. This effect suggests that longer processing of sad faces 

subtly increased SRT for the BD group relative to Controls. 

 

 

 

 

 

 

 

 

 

 

 

2.3.4 Face Effect Analysis 

 To confirm that the effects described above were due to faulty emotion processing as opposed 

to face processing, we collapsed across emotions and compared the resulting face condition to the 

visual control condition, a coffee pot. The ANCOVA revealed main effects of group (F(2,58)=4.938,p=.01, 

ηp
2=.143) and task (F(1,58)=5.625,p=.021, ηp

2=.087), and a task by group interaction 

(F(2,58)=4.568,p=.014, ηp
2=.134) for direction errors. Neither the image, task, group interaction 
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(F(4,58)=.891, p=.471, ηp
2=.029) or image, onset, group interaction (F(4,58)=.33, p=857, ηp

2=.011) were 

significant. This pattern of results was consistent across all analyses (Sections 3.1.1, 3.2.1). For SRT, main 

effects of task (F(1,58)=19.353,p<.001, ηp
2=.253), group (F(2,58)=3.365,p=.04, ηp

2=.104), and onset 

(F(1,58)=6.46,p=.026, ηp
2=.081) were significant. However, the three-way interactions of interest, task by 

image by group (F(2,58)=.609,p=.547, ηp
2=.019), and onset by image by group (F(2,58)=2.95,p=.06, 

ηp
2=.091) were not. This indicates that a face in general did not differ from our control stimuli (an 

object). 

2.4 Discussion  

The goal of this study was to compare executive functioning deficits between ADHD and BD 

using an oculomotor paradigm and assess how emotion processing modulated these behavioral 

responses in a diagnosis-specific manner. We found that direction errors in the antisaccade task best 

differentiated the ADHD group from Controls, while higher error rates subtly differed between BD and 

Controls, but did not differentiate the patient groups. Importantly, we found that incorporating 

emotional faces as task-irrelevant distracters exacerbated SRT differences between BD and Controls, 

suggesting an interaction that was exclusive to BD when cognitive and emotional processing systems are 

engaged simultaneously.  

2.4.1 Executive Functioning 

Executive functioning includes a variety of specific processes that are integral to higher order 

cognition, including response inhibition, which is well established as a critical component within these 

executive control systems (Walshaw et al., 2010; Torralva et al., 2011). On antisaccade tasks, BD and 

ADHD participants typically have response inhibition difficulties (Schwerdtferger et al., 2013; Garcia-

Blanco et al., 2013). Direction errors were used as an index of response disinhibition because the 

automatic saccade toward the visual target on an antisaccade trial is a result of a failure in executive 
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control (Munoz et al., 2007). We consistently observed this pattern of behavior in ADHD on standard 

antisaccade trials, however, the BD participants had increased variability resulting in trending 

differences from Controls. No differences were found with regard to the measure of processing speed. 

These results lacked specificity such that BD could not be differentiated from ADHD. It has been 

suggested that typical tests of executive function lack ecological validity and do not capture subtle 

differences that may be present within patient groups (Torralva et al., 2012), which may explain similar 

patterns of executive dysfunction observed here and elsewhere between ADHD and BD (Walshaw et al., 

2010; Torralva et al., 2011).  

2.4.2 Emotion Processing  

Emotional and cognitive processes have been shown to correlate with one another, and it has 

been hypothesized that better developed emotional processes facilitate stronger self-control, although 

specific, functional relationships between them are unclear (Uekermann et al., 2008). We hypothesized 

that emotion processing may utilize cognitive resources that would otherwise support executive 

functioning during antisaccade trials. Emotion-specific effects were limited to the antisaccade task in the 

BD group for SRT only.  

Slower inhibitory responses in BD were observed here and have been found on the antisaccade 

tasks across all mood states previously (Garcia-Blanco et al., 2013), indicating that this pattern of 

behavior is trait-stable, consistent regardless of treatment, and could be a useful indicator of this 

disorder (Kraemer et al., 2002). Additionally, our findings show greater deficits when the BD group was 

presented with negatively valenced or ambiguous emotions, despite controlling for mood state. Deficits 

in emotion processing have been reported in the past when emotions are weakly valenced but lack 

consistency with regard to biases toward positively or negatively valenced stimuli (Leppanen, 2006; Van 

Rheenen & Rossell, 2014b). Our findings reinforce previous work suggesting a bias toward negative or 
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ambiguous stimuli (Getz et al., 2003; Leppanen, 2006) that is trait stable (Van Rheenen & Rossell, 

2014b). A benefit of our design was the ability to compare across two visual controls: one for any visual 

stimulus (coffee pot), and the other for faces (collapsing across emotions). We found that response 

disinhibition was consistent regardless of image, while processing time was modulated specifically by 

presentation of emotional stimuli.  

This pattern of behavior seems to better encapsulate the everyday social difficulties BD patients 

face (Van Rheenen & Rossell, 2014a; Green et al., 2007): individuals see complex social-emotional 

stimuli while performing cognitively demanding tasks and are unable to complete them or process these 

stimuli appropriately (Cusi et al., 2012). Emotion processing difficulties for the ADHD group were not 

observed, suggesting response inhibition was not modulated by emotional stimuli. However, we did 

notice similarities between the ADHD and BD groups when fearful faces were presented (Fig.4A). Fearful 

stimuli have been shown to increase error rates and processing speeds on behavioral tasks in ADHD 

(Dickstein & Castellanos, 2011; Brotman et al., 2010). However, there was no additive effect of fearful 

faces on top of the emotion processing deficits we observed for other emotions in BD. Fear processing 

may be distinct from other emotional processes or may be more vulnerable than other emotions in a 

broader emotion processing network in ADHD. 

2.4.3 Anatomical Substrate 

The antisaccade task highlights deficits of executive function, primarily because this task recruits 

cortical regions, such as the FEF, SEF, and PEF, DLPFC, and regions of the BG (Munoz & Everling, 2004). 

These regions support functions like response inhibition, working memory, motor preparation, fixation 

control, motivation and reward processing (Munoz, 2002; Munoz et al., 2007; Sweeney et al., 2007). 

Dysfunction in both the BD and ADHD emotion processing networks involve similar structures in this 

frontostriatal circuit (Dickstein & Castellanos, 2011; Phillips et al., 2008), where atypical activity in the 



45 
 

DLPFC and BG has been reported in both groups (Dickstein & Castellanos, 2011; Ibanez et al., 2011; 

Delvecchio et al., 2013; McKenna & Eyler, 2012). In addition, amygdala (Brotman et al., 2010) and 

anterior cingulate hyperactivity (Bush, 2011) has been reported in ADHD, while overactivation of limbic 

structures, such as the parahippocampus and amygdala (Garrett et al., 2012), and underactivation of 

cortical regions of top-down control, like the mPFC, OFC, and ACC, have been described in BD emotion 

processing networks (Delvecchio et al., 2013; Pavuluri et al., 2008). It is not surprising, then, to see these 

patient groups present with similar behavioral deficits in these domains (Torralva et al., 2011; 

Delvecchio et al., 2013; Ibanez et al., 2011; Schwerdtferger et al., 2013; Garcia-Blanco et al., 2013). The 

OFC, involved in emotional control, is reciprocally connected to the DLPFC, amygdala, and BG suggesting 

that the OFC acts as a mediator during emotion regulation (Phillips et al., 2008).  The interaction 

between these systems seems to be dependent upon the role of the OFC: here, the DLPFC suppresses 

both emotion processing and automatic oculomotor responses resulting in no emotion-specific increase 

in direction errors. However, this executive control signal must also be transmitted back through the 

OFC to subcortical limbic structures, thereby slowing down the BD group when making a correct 

response because of atypical activation in the OFC (Adler et al., 2006; Strakowski et al., 2005).  

2.4.4 Limitations and Future Directions 

The results of the current study are promising, however, emotional faces were task irrelevant, 

maintenance of treatment differed, and the patient groups were fairly heterogeneous. These results 

provide a promising first step in capturing BD deficits to better differentiate this group from Controls 

and how dysfunction in emotion processing and cognitive domains for BD may differ from ADHD. Better 

incorporation of emotional stimuli in the task may capitalize on these differences and exacerbate them 

between patient groups. Differences in medical treatment were challenging to overcome because of 

ethical concerns for BD participants, however, differences were found despite hypothetically reducing 
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ADHD performance (Reilly et al., 2008) and improving BD performance (Harris et al., 2006). Finally, 

separating patient groups into subtypes (i.e., inattentive vs. hyperactive ADHD) may elucidate shared or 

distinct deficits that result in various disorder phenotypes. However, greater care must be taken to 

control for comorbidities in these patient groups. 

2.4.5 Conclusions 

We compared executive functioning and emotion processing on an antisaccade task and were 

able to establish differences between ADHD, BD, and Control groups. These effects are promising and 

provide a critical first step to address how these systems interact to cause dysfunction. Both ADHD and 

BD perform similarly on typical antisaccade trials, although only the ADHD group differed from Controls. 

On the other hand, incorporating negative and ambiguous emotional faces increased dysfunction for BD 

participants only.  Further investigation may strengthen the notion that the interaction between these 

systems is different between BD and ADHD and can be used to better characterize each group in a 

clinically useful manner. 
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Chapter 3 

General Discussion 

 

The purpose of this research was to consider the similarities and differences between two 

patient populations that are both prevalent in the general population (Matte et al., 2012; Merikangas et 

al., 2011) and highly comorbid (Miller et al., 2013; Larsson et al., 2013): ADHD and BD. We focused on 

domains of executive functioning and emotion processing; executive dysfunction is central to ADHD 

(Faraone et al., 2000; Torralva et al., 2011; Brown, 2008) while emotion dysregulation is the defining 

feature of BD (Townsend & Altshuler, 2012), yet each patient group show deficits in both domains 

(Walshaw et al., 2010; Torralva et al., 2011; Ibanez et al., 2011). This was done using saccadic eye 

movements on an interleaved pro- and antisaccade task because of the task’s simplicity (Munoz & 

Everling, 2004), how well the oculomotor control network overlaps anatomically with emotion 

processing and executive functioning networks (McKenna & Eyler, 2012; Phillips et al., 2008; Colby & 

Goldberg, 1999; Munoz, 2002), and structures within each network have been shown to be 

compromised in both of these patient groups (Phillips et al., 2008; Arsalidou et al., 2013; Mills et al., 

2012; Phillips & Vieta, 2007; Strakowski et al., 2005; Maletic & Raison, 2014). Standard pro- and 

antisaccade trials were utilized first as a baseline comparison of executive functioning between ADHD 

and BD. We focused on measures of response inhibition and processing speed, utilizing direction errors 

and SRT as proxies for these functions (Munoz & Everling, 2004; Rommelse et al., 2008). It was expected 

that the patient groups would perform worse than controls on these measures but would not differ 

significantly from one another. Images of emotional faces were presented as task-irrelevant distracters 

on a subset of trials. Specific emotions were predicted to affect the BD group more than the ADHD 

group on both measures of executive functioning. Additionally, we collapsed across emotions and used 
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a visual control, an image of a coffee pot, to assess whether faces irrespective of emotion or any visual 

stimulus would cause a similar effect to specific emotions, although it was predicted neither control 

would have an effect.  

This project was able to establish how ADHD and BD behaviour varies when processing and 

executing an action that requires simultaneous recruitment of executive functioning and emotion 

processing networks. We showed that on standard antisaccade trials, both patient groups at the very 

least trended toward slower SRTs and increased direction errors relative to controls. Specifically, the 

ADHD group differed significantly with regard to direction errors from controls. When we analyzed trials 

with emotional stimuli, we found that they did in fact modulate behaviour: emotional faces like sad, 

fearful, and neutral resulted in longer SRTs when completing a correct antisaccade in the BD group only 

when compared to controls. However, direction error rates were similar regardless of visual stimulus for 

both patient groups. Increased presentation time of emotional stimuli resulted in longer SRTs specific to 

sad faces in the BD group, subtly suggesting that better engaging the emotion processing network may 

exacerbate some of these effects. 

These findings suggest that there is practical utility in combining emotion processing and higher-

level cognition such as executive functioning into a single task. Although this has been done before in 

some capacity, as in the emotional Stroop task (van Hooff et al., 2008), incorporating emotion 

processing in parallel during a saccade task is novel. The emotional Stroop task assesses the interaction 

between emotion and attention processes (van Hooff et al., 2008), while the emotional antisaccade 

design better captures a response inhibition–emotion processing interaction. Although we did not 

observe any statistically significant differences between ADHD and BD on emotion processing trials, the 

emotion-specific effects we observed were exclusive to the BD group. The ADHD group performed 

slightly better than BD but slightly worse than controls regardless of the type of distracter, suggesting 

that these task irrelevant stimuli may have had a negative impact on performance but not in any way 
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that was emotion specific. This reinforces findings that emotion processing deficits in ADHD may be 

downstream of executive control deficits (Uekermann et al., 2010; Sinzig et al., 2008; Nijmeijer et al., 

2008). These results also suggest that inhibitory control is modulated by emotion processing in BD – an 

inhibitory signal failure resulted in direction errors regardless of stimulus, however, correct completion 

of a trial required longer SRTs in order to properly inhibit the prosaccade for specific emotions. Indeed, 

there has been work demonstrating that BD patients engage emotion processing structures even when 

doing unemotional cognitive tasks (Berns et al., 2012; Clark & Sahakian, 2008; Strakowski et al., 2004). 

When emotion processing is intentionally incorporated on such tasks, this may further impact executive 

functioning performance above and beyond what would be observed on traditional executive 

functioning tasks or in other disorders. Considering that this is the initial iteration of this experimental 

design, these results are promising and may be expanded upon after further refinement of this protocol.   

 

3.1 Clinical Relevance 

Executive functioning and emotion processing deficits have been assessed separately in the past 

with regard to their efficacy as endophenotypes in ADHD and BD (Doyle et al., 2005; Shaw et al., 2014; 

Olvet et al., 2013; Delvecchio et al., 2012). However it is unclear if deficits in these domains can 

adequately and consistently differentiate ADHD from BD (Seymour et al., 2015; Seymour et al., 2013; 

Walshaw et al., 2010). The increased frequency of direction errors in both patient groups observed here 

replicates previous antisaccade studies that have described these deficits independently of each 

disorder (Carr et al., 2006; Feifel et al., 2004; Bittencourt et al., 2013; Gooding & Tallent, 2001). Lesion 

and animal studies provide evidence that the DLPFC is responsible for exerting cognitive control to 

prevent an automatic prosaccade (Munoz et al., 2004; Everling & Fischer, 1998) and the neuroimaging 

literature has shown the DLPFC to be compromised in both ADHD (Goto et al., 2010; Casey et al., 2007) 

and BD (Pan et al., 2009; Clark & Sahakian, 2008) when compared to controls, making it a reasonable 
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assumption that the error rates on this task are influenced in part  by poor DLPFC functioning regardless 

of the presence of an emotional stimulus. How longer SRTs manifest on this task, however, is not as 

clear. On standard antisaccade trials, longer SRTs are most likely due to PFC dysfunction, possibly 

localized to the FEF because this structure plays an important role in the processing speed required to 

generate a correct antisaccade (Munoz et al., 2004). No work has described how FEF activity or 

morphology may be compromised in BD; if, however, the PFC were compromised, that may be directly 

responsible for longer SRTs.  

The emotion processing and response inhibition interaction seems to provide more clinically 

useful information; engaging these networks in parallel affects only BD in an emotion specific manner, 

suggesting the notion that these systems interact differently in this group than in ADHD. Neuroimaging 

findings have described the regions involved in executive functioning, emotion processing, and 

oculomotor control in isolation (Nowrangi et al., 2014; Kozicky et al., 2013; van den Heuvel et al., 2013; 

Dickstein & Castellanos, 2011; Phillips et al., 2008; Ochsner & Gross, 2007 Munoz et al., 2007; Johnston 

& Everling, 2008; Munoz, 2002), and we have generated a hypothetical model that integrates each of 

these processes (Figure 1.1). We argue that the amygdala and OFC are critical for the slower processing 

speed to negative or ambiguous faces we have observed in BD: an initial orienting deficit is due to 

compromised amygdalar function, which is then followed by dysfunctional emotional information relay 

in the OFC, modulating motor output in an emotion-specific manner.  

The amygdala is critical for orienting and guiding attentional processes to emotional stimuli 

(LeDoux, 2000; Phillips et al., 2008; Troiani et al., 2014; Peck & Salzman, 2014), and we hypothesize that 

the slight increase in SRT we have observed in ADHD may merely be a result of the presence of these 

distracting visual stimuli. A case study (Kennedy & Adolphs, 2010) described the behaviour of a patient, 

SM, with bilateral amygdala resection, who was unable to selectively fixate to the socially informative 

eye region of a face and was unable to recognize faces, most dramatically in those with fearful 
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expressions. The authors were able to normalize this behaviour by revealing portions of the face as 

patient SM looked at that region (similar to shining a flashlight on the region of the image that is being 

attended to) and argue this induced a more deliberate scan path, eliminating bottom-up competition for 

attention.  This further highlights the importance of the amygdala in automatically orienting towards 

salient, emotional stimuli in psychopathology (Phillips et al., 2008; LeDoux, 2000; Sander et al., 2003).  

The amygdala itself is compromised in its morphology and function in both ADHD and BD (Brotman et 

al., 2010; Posner et al., 2011; Maier et al., 2014; Townsend & Altshuler, 2012; Altshuler et al., 2005), 

suggesting it may be the first locus of dysfunction when processing incoming emotional information.  

Although the amygdala may be playing a critical role early on for encoding and appraising 

emotional features of faces, the OFC may have a more direct effect on processing speed that is top-

down in nature, down-stream of the amygdala deficit, and emotion specific (LeDoux, 2000; Sander et al., 

2003; Arsalidou et al., 2013; Phillips et al., 2008; Troiani et al., 2014; Peck & Salzman, 2014). It has been 

demonstrated previously that the OFC may be preferentially biased toward processing negatively 

valenced emotions (Goodkind et al., 2012; Beatty et al., 2014; Shenhav et al., 2013). A differentiating 

factor between BD and ADHD is OFC function, which is compromised in BD only (Bruno et al., 2004; 

Regenold et al., 2007; Townsend & Altshuler, 2012; Versace et al., 2010). The OFC is connected to a 

variety of cortical and subcortical structures, relaying emotional information between them (Phillips et 

al., 2008; Dickstein & Castellanos, 2011; McKenna & Eyler, 2012; Arsalidou et al., 2013), and is therefore 

well positioned anatomically to affect behavioural output when emotion processing is involved (Phillips 

et al., 2008; Arsalidou et al., 2013).  

Our hypothesis of differential amygdala-OFC dysfunction in BD and ADHD resulting in the 

behavioural deficits we have observed fits well with Phillips et al.’s (2008) model of emotion processing 

(Figure 1.2), as it takes into account both feed forward and feedback emotion processes. We suggest 

that ADHD patients have attenuated function in the feedforward pathway limited to the amygdala only, 
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while BD patients have compromised function in both feedforward and feedback emotional pathways 

(Figure 1.2). Rather than being a problem of attention or orienting only in BD, it seems to be specific to 

the emotion processing system and how it interfaces with the oculomotor control network. Expanding 

upon these suppositions could provide evidence to target these regions for treatment, as they seem to 

play distinct roles in the sequence of emotional appraisal and response (Phillips et al., 2008; Sergerie et 

al., 2008). 

Intriguing research has shown a somewhat inverse pattern of dysfunction in BD relative to 

ADHD. Some groups have argued that emotion processing deficits in ADHD are downstream of executive 

functioning deficits (Nijmeijer et al., 2008; Singhal et al., 2012; Sinzig et al., 2008), while neuroimaging 

findings have shown that BD patients recruit limbic structures when completing standard, non-

emotional executive functioning tasks (Berns et al., 2002). This suggests that emotion processing indeed 

has an effect on high-level cognitive functions in BD regardless of the emotional content of the task. 

Incorporating both executive functioning and emotion processing into a single task may put additional 

cognitive strain on those regions that are already being activated during executive functioning tasks on 

their own. The emotional antisaccade task would be important to assess these functions and may have 

increased ecological validity by naturally combining them (Torralva et al., 2012; Walshaw et al., 2010; 

Wasserman & Wasserman, 2012).  The interactions between these processing systems may be 

particularly informative and should be considered a potential dimension to characterize phenotypes of 

disorders. Ultimately, associating the behavioural outcomes of different patient populations on a task 

like this can then be associated with specific structural or functional deficits.  

Psychiatric research has moved toward assessing psychopathology as dimensional phenomena 

that overlap significantly across a variety of domains rather than as discrete categorical diagnoses 

(Glahn et al., 2014; Bebko et al., 2014; Ilsen et al., 2010). For example, BD and ADHD functioning may be 

similarly compromised along the ‘response inhibition’ dimension, but may differ along the ‘emotion 
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processing’ dimension, and combining those dimensions may provide a profile characteristic of one 

disorder over the other. The challenge, however, is whether those dimensions truly capture the function 

of interest and if they are informative enough in isolation relative to their interaction. This is especially 

true because executive functioning and emotion processing are ill defined or complex (Koziol & Lutz, 

2013; Logue & Gould, 2014; Dickstein & Castellanos, 2011; Phillips et al., 2003; Phillips et al., 2008) and 

are rarely engaged in isolation (Perlman et al., 2014; Singhal et al., 2012). Rather than defining them 

separately, assessing the interaction between executive functioning and emotion processing systems 

increases the ecological validity of the paradigm and the sensitivity to a patient group’s deficits (Torralva 

et al., 2012; Wasserman & Wasserman, 2012) which otherwise are too subtle to be detected (Willcutt et 

al., 2005; Torralva et al., 2012). Indeed, despite executive functioning deficits being a large component 

to the presentation of ADHD, only 30% of those with the disorder present with clinically significant 

deficits in this domain (Willcutt et al., 2005). Furthermore, subtypes of each disorder were combined in 

this project, providing a sample that better represents the heterogeneity of these disorders that is seen 

in the general population (Merikangas et al., 2007; Gadermann et al., 2012; Gadermann et al., 2012; 

Kessler et al., 2006; Kessler et al., 2006). How these deficits may vary within each diagnostic category 

(Martinez-Aran et al., 2008; Rommelse et al., 2008; Gooding & Basso, 2008) is important to determine 

which deficits are consistent across disorder subtypes. This would provide clinically useful information as 

to the core dimensions of each disorder’s phenotype (Bebko et al., 2014; Insel et al., 2010).  

An interesting observation was the similarity between ADHD and BD only when presented with 

fearful faces. Responses to fearful stimuli have been associated with amygdalar function and integrity in 

the past (Kennedy & Adolphs, 2010; Singhal et al., 2012; Aspan et al., 2014; Schonenberg et al., 2015; 

Townsend & Altshuler, 2012; Altshuler et al., 2005). Extensive damage to the amygdala, as in the case of 

patient SM, results in recognition deficits that are most dramatic with regard to fearful faces (Kennedy & 

Adolphs, 2010), for example. ADHD patients are also biased toward fearful stimuli (Williams et al., 2008; 
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Pelc et al., 2006; Singhal et al., 2012; Aspan et al., 2014; Schonenberg et al., 2015) when the amygdala is 

hyperactive (Brotman et al., 2010; Posner et al., 2011; Maier et al., 2014). However, this pattern of 

irregular activity is observed in BD as well (Townsend & Altshuler, 2012; Altshuler et al., 2005). We 

suggest in Section 2.4.2 that fear processing may be distinct and more vulnerable to damage or 

hypersensitive relative to the processing of other emotions. There are, however, arguments to be made 

that these differences are related to lateralization of emotion processing deficits. There are three 

prominent theories of hemispheric lateralization of emotion processing: the right hemisphere 

hypothesis suggests all emotions are processed exclusively by the right hemisphere (Borod et al., 1998), 

the valence-specific hypothesis states positive emotions are processed in the left hemisphere and 

negative emotions in the right (Adolphs et al., 2001; Wedding & Stalans, 1985), and the 

approach/withdrawal model re-conceptualizes valence in terms of motivation (Harmon-Jones, 2004). 

The critical difference between the valence-specific and approach/withdrawal hypotheses concerns 

angry faces: the valence-specific hypothesis considers angry faces negatively valenced, while the latter 

theory states that it is an ‘approach’ emotion because anger suggests one’s goal is blocked and requires 

action (Harmon-Jones, 2004; Berkowitz, 1993). While studies testing these hypotheses have reported 

mixed results, most likely due to a variety of experimental designs, all suggest some degree of 

lateralization (Najt et al., 2013). Therefore, the similar reaction to fearful faces in ADHD and BD may be 

related to aberrant functioning that overlaps in one hemisphere only. 

 

 3.2 Limitations 

The experimental design used here has not been used before, and as such, certain limitations 

were encountered. First, our design required a large number of conditions, resulting in smaller than 

preferred trial numbers for each condition. This was a compromise in order to incorporate the 

conditions that we felt were meaningful and to maximize feasibility and ensure participants completed 
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the entire study. For example, we utilized different onset times for stimuli to assess whether or not 

length of processing time of faces influenced behaviour, which was critical for optimizing the sensitivity 

of the task for future iterations of the study. However, processing time had only a minor effect on BD 

patients to a single emotion.  On the other hand, we did not use the full array of human emotions 

(Ekman & Oster, 1979). Angry faces would be interesting to include as they are construed as either 

negatively valenced (Adolphs et al., 2001) or approach stimuli (i.e., signifying a blocked goal that 

requires action) (Harmon-Jones, 2004).  

We did not include various clinical measures to correlate with our behavioural results. 

Interviews and self-reports such as the Hamilton Rating Scale for Depression and the Young Mania 

Rating Scale can be used to provide quantitative data with regard to the qualitative experience of these 

patients (Hamilton, 1960; Young et al., 1978), such as how depressed or manic one may be at the time 

of testing. More specific to our euthymic population, information regarding number of past mood 

episodes or medication load would be useful in determining in what way certain clinical features may 

impact oculomotor behaviour, particularly because these factors have been associated with poorer 

outcomes in these groups (Goldberg & Chengappa, 2009; Martinez-Aran et al., 2004a). Demographic 

differences were also an issue, as we ended up with group differences in education between ADHD 

participants and controls during recruitment. This may be a sampling bias because recruitment occurred 

in a university town with a small population. However, this bias may be bidirectional; ADHD participants 

that could tolerate treatment washout when tested may have more frequently agreed to participate in 

the study, influencing the group’s performance. Assessment of IQ may be a more realistic measure of 

education and cognitive capacity when comparing between groups. A small recruiting pool also affected 

our ability to recruit participants without any other psychiatric comorbidities. Indeed, a subset of our 

ADHD group had a comorbid diagnosis of MDD, which may have influenced performance with regard to 

emotion processing (Rive et al., 2013).  
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 3.3 Future Directions 

 This project has provided a first step to establish the efficacy of using the interaction between 

two overlapping processing systems, emotion processing and executive functioning, to characterize 

ADHD and BD through differences in oculomotor behaviour. However, future research should consider 

better incorporating emotional stimuli into the task design to more confidently engage emotion 

processing networks (Rossion & Caharel, 2011) because stimuli presented here were task irrelevant.  

One potential avenue is to utilize the gender of an emotional face as the pro- or antisaccade rule cue. 

Previous work has shown that the gender of a face does not have a particularly strong influence on the 

perception of emotion (Delvecchio et al., 2012; Rahman et al., 2004). However, this type of design has 

never been used with regard to oculomotor control tasks. Unpublished data from the Munoz lab suggest 

that there is no influence of gender as the rule cue and any effects could be controlled for by 

counterbalancing the rule cue itself based on the participant’s gender (i.e., counterbalancing the rule 

cue within male participants separately from females). By making emotional features more salient, we 

feel that there will be increased competition between emotion and executive functioning processes, 

exacerbating the deficits we have described here. 

Neuroimaging should be of great interest in better understanding how emotion processing and 

executive function interact in general and in these clinical populations; indeed these cognitive 

interactions have been assessed before with regards to emotion processing and attention (Lindstrom & 

Bohlin, 2012; Perlman et al., 2014; Larson et al., 2013). This has rarely been explored in the context of 

emotion processing-response inhibition interactions. However, some groups have reported behavioural 

and functional activity differences assessing this interaction: threat-related stimuli increased task errors 

in healthy controls (Lindstrom & Bohlin, 2012), schizophrenic patients were unable to activate a dorsal 

prefrontal-parietal control network to negative emotions nor did they activate the ACC when inhibiting a 
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response to positive emotional stimuli (Vercammen et al., 2012), and those at risk of BD failed to recruit 

the inferior frontal gyrus when inhibiting responses to fearful stimuli and pediatric BD patients showed 

increased insula activity to happy faces and inferior frontal gyrus activity to sad faces (Roberts et al., 

2013; Hummer et al., 2013). Additionally, because of the paucity of research comparing ADHD and BD (5 

articles comparing executive functioning (Udal et al., 2013; Walshaw et al., 2010; Torralva et al., 2011; 

Baez et al., 2014; Barttfeld et al., 2014) and 6 comparing emotion processing (Passarotti et al., 2013; 

Passarotti et al., 2010a; Brotman et al., 2010; Ibanez et al., 2014; Passarotti et al., 2010b; Bebko et al., 

2015) between primarily pediatric ADHD and BD), it is worth considering how these pathways differ in 

adults with these disorders. Elucidating the ADHD emotion processing network is particularly intriguing 

because of the implication that deficits in this domain are secondary to executive functioning deficits 

(Nijmeijer et al., 2008; Singhal et al., 2012; Sinzig et al., 2008). Better understanding the biological 

underpinnings of these constructs may better capture how various processes are integrated biologically, 

for example, the role of the amygdala in emotion processing and executive functioning (Troiani et al., 

2014; Peck & Salzman, 2014; Larson et al., 2013).   

Additionally, utilizing classification-based machine learning analyses would provide useful 

diagnostic information (Johnston et al., 2014; Fu & Costafreda, 2013) based on the oculomotor 

measures derived from this task. For this project, we focused on specific measures of executive function 

because of a priori hypotheses that these measures would best describe each group’s behavioural 

deficits. Machine learning algorithms, on the other hand, are agnostic to these hypotheses and instead 

select the most efficacious variables that differentiate between patient groups (Jiang & Simon, 2007). 

One method is to generate a matrix of weighted variables that characterizes each group and then 

organizes participants based on how well their behavioural profile matches each category, thereby 

providing a measure of sensitivity and specificity of those variables for diagnostic purposes (Dasgupta et 

al., 2011; Orru et al., 2012; Fu & Costafreda, 2013; Geraci et al., 2014). Preliminary analyses using said 
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algorithms have been applied to this data set with promising results; oculomotor measures and 

emotion-specific cognitive measures have shown up to 86% accuracy in distinguishing between ADHD 

participants from BD participants. These analyses are accurate when only using oculomotor metrics 

from the emotional pro/antisaccade task; increasing the number of factors can and should be 

implemented in order to provide a comprehensive assessment of features that best differentiate each 

disorder (Guyon & Elisseeff, 2003; Dasgupta et al., 2011; Orru et al., 2012). For example, specific genetic 

variants, clinical variables, and structural/functional neuroimaging differences could increase the 

robustness and accuracy of these models (Orru et al., 2012; Fu & Costafreda, 2013).  

If taking a dimensional approach when using these various techniques, one can assess how each 

of these dimensions varies between groups in generating a characteristic profile of each disorder, 

indicating similarities between disorders that seem quite distinct or differences between those that 

seem more comparable (Insel et al., 2010; Glahn et al., 2014). This is similar to what groups have done 

relating a single psychopathology to specific behavioural or clinical outcomes and structural and 

functional neuroimaging differences. An example of this has been done by the Phillips group (Bebko et 

al., 2014), where risk taking behaviour, as measured by the Parental General Behavior Inventory 10-item 

Mania scale, was associated with differences in structure and activation in the VLPFC during reward and 

emotion processing. These effects were exclusive to BD patients and those at risk for the disorder and 

were predictive of future impairment or presentation of the disorder (Bebko et al., 2014; Ladouceur et 

al., 2013). It is important to implement a dimensional perspective in assessing processes like response 

inhibition and emotion processing because this may help establish the biological basis for these deficits 

as a biomarker through neuroimaging or genetics (Bebko et al., 2014; Insel et al., 2010) while 

behavioural outcomes can be used as an endophenotype and indicator of this underlying pathology 

(Glahn et al., 2014; Insel et al., 2010). 
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Finally, this task, and future iterations of it, should be used to characterize a variety of other 

psychiatric conditions. One population of particular interest would be MDD, which has also shown to be 

strongly associated with ADHD (Wilens et al., 2002; Kessler et al., 2006) and shares clinical features with 

BD in the form of MDEs (APA, 2000). Indeed, many clinical features among these groups overlap and 

there are many similar executive functioning (Diler et al., 2014) and emotion processing deficits 

(Vederman et al., 2012; Almedia & Phillips, 2013) in MDD to those that we have described in ADHD and 

BD.  

 

3.4 Summary and Conclusions 

 This project has demonstrated that on the standard, interleaved pro- and antisaccade task both 

ADHD and BD present with similar executive function deficits with regard to response inhibition and 

processing speed. This is the first project to compare adult populations of these two patient groups on 

this task. In addition, we incorporated task-irrelevant emotional distracters to assess how emotion 

processing may interact with executive functioning to negatively influence behaviour. We observed that 

emotional stimuli only affected the BD group and that this effect was limited to measures of processing 

speed. Deficits of response inhibition were similar across all conditions in both patient groups, indicating 

that inhibitory control generated by frontal regions, most likely the DLPFC (Bari & Robbins, 2013; Phillips 

et al., 2008; Munoz, 2002), are wide reaching and unaffected by concurrent activation of other, related 

processing systems. The anatomical and functional relationship between the amygdala and OFC with 

both emotion processing (Phillips et al., 2008; Ochsner & Gross, 2005; Mueller, 2011) and oculomotor 

structures (Almeida et al., 2013; Kim & Whalen, 2009; Arsalidou et al., 2012) suggest that these may be 

potential loci of the resulting emotion-specific processing speed deficits and are of interest for future 

work.  The amygdala is primarily an orienting structure for feedforward emotion processing and the OFC 

as the relay centre in feedback emotion processing (Phillips et al., 2008), both regions that are 
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compromised in BD only (Townsend & Altshuler, 2012; Altshuler et al., 2005; Phillips et al., 2008; Bruno 

et al., 2004; Regenold et al., 2007; Adler et al., 2004) and may account for this group’s observed deficits 

on this task.  

 This work is a promising first step in better characterizing ADHD and BD. By comparing these 

groups, we have gained some insight as to how deficits of executive functioning may differ both in 

isolation and when interacting with emotion processing networks. With our proposed anatomical model 

(Figure 1.1), we have a foundation to test future hypotheses about potential loci of interest that may 

drive these behavioural differences. The similar presentation of disorders like ADHD and BD may be 

better elucidated in future work by combining techniques, like machine learning and neuroimaging, with 

behavioural outcomes like those described here. A comprehensive assessment of ADHD and BD in this 

manner may provide diagnostically relevant information by clarifying the similarities and differences in 

emotion processing/executive functioning networks that result in the behavioural deficits leading to a 

specific disorder phenotype. This work suggests that emotion processing-response inhibition 

interactions may be a domain to consider in developing an endophenotype that could be utilized in a 

comprehensive, dimensional assessment of psychopathology that may differentiate these highly 

complex and related disorders. 
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