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Traumatic brain injury (TBI) survivors often experience persistent post-concussive 

symptoms (PCS), including cognitive, affective, and somatic complaints. These 

symptoms reflect problematic overlap with those of posttraumatic stress disorder 

(PTSD), complicating differential diagnosis and potentially hampering tailoring of 

treatment. This investigation aims to develop a functional magnetic resonance imaging 

(fMRI) probe of rostral anterior cingulate cortex (rACC) and other emotion-critical brain 

regions using a cognitive-affective task—the Cued Emotional Counting Stroop—

modeled after one used in this lab to probe caudal anterior cingulate cortex (cACC) in 

TBI. Our larger aim is to develop an fMRI probe to differentiate PCS in TBI and PTSD. 

Four neurologically-normal adults completed an event-related fMRI paradigm 

using this task, which includes an instructional-cue followed by a stimulus-probe 

containing pleasant, neutral, and unpleasant words. We predicted cue-related activity in 

dorsolateral prefrontal cortex (dlPFC), emotional probe-related activity in rACC and 

amygdala, and increased response latency and error rates to emotionally salient words. 
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No significant differences in reaction times (RT) or error-rates by probe-stimulus 

valence were found. Neuroimaging revealed task-related activity to emotionally salient 

words in bilateral amygdala and rACC, and frontal activation, including dlPFC, during 

context maintenance. Results support further exploration of this task as a reliable probe 

of rACC and cognitive-affective brain circuits important in both PTSD and TBI. Further 

application to clinical populations, in conjunction with measures of symptomatology, is 

encouraged. 

 



 

CHAPTER 1 
INTRODUCTION 

Overview of the Problem 

The incidence of traumatic brain injury (TBI) is staggering (Kraus & Chu, 2005), 

yet understanding of the causes of functional impairments and best methods for 

treatment are currently incomplete. In a subset of patients, these impairments can be 

either confused with, or magnified by, posttraumatic stress disorder (PTSD). The 

neuroanatomical underpinnings of PTSD overlap with the brain areas where dysfunction 

often presents in TBI. The present study aims to study regions of the brain implicated in 

both TBI and PTSD, using a task of attention and executive function that uses 

emotionally arousing words as stimuli, to determine if such a task could have utility in 

explicating the neurocognitive dysfunction seen in both TBI and PTSD. 

Background 

Traumatic Brain Injury (TBI) and Post Concussive Symptoms (PCS) 

TBI is a major public health problem, with more than 1.5 million people sustaining 

a TBI each year in the United States (US), and treatment costs reaching more than $48 

billion per year (Kraus & Chu, 2005). Approximately 2% of the US population lives with 

disabilities from TBI (Kraus & Chu, 2005, Stein & McAllister, 2009). After sustaining a 

TBI of any severity, the areas of the brain most often damaged are the orbitofrontal 

cortex and the ventral surface of the temporal lobe where the forces of acceleration and 

deceleration of the brain (coup and contre-coup forces) cause lesions at the point(s) of 

contact with the bony protuberances on the vault of the skull (Kennedy, Jaffee, Leskin, 

Stokes, Leal, & Fitzpatrick, 2007; Maas, Stocchetti, & Bullock, 2008; Rao & Lyketsos, 

2000; Stein & McAllister, 2009; Vasterling, Verfaellie, & Sullivan, 2009). In addition to 
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these primary injuries, the brain can undergo secondary damage due to chemical forces 

including, for example, neurotransmitter disruptions and hypoxia (Kennedy et al., 2007; 

Maas et al., 2008; Rao & Lyketsos, 2000). 

TBI is diagnosed based on presence and duration of clinical symptoms (Maas et 

al., 2008). Although definitions vary widely, a TBI is generally considered “mild” when at 

least one of the following is present: (1) mental status is altered at the time of the 

accident, (2) there is a loss of consciousness with duration less than 30 minutes, (3) 

there is memory loss of events before or after the accident that does not exceed 24 

hours, or (4) the presence of any focal neurological deficits (Hoge et al., 2008; Kay et 

al., 1993;  McAllister, 2005; Stein & McAllister, 2009). Mild TBI, also known as 

“concussion,” represents the majority of all TBIs sustained, accounting for 

approximately 80% of all cases (Kraus & Chu, 2005; Levin, Katz, Dade, & Black, 2002). 

The prognosis for mild TBI is often relatively favorable, compared with moderate and 

severe TBI, and most individuals recover quickly with the majority of notable 

impairments subsiding within weeks (Kay et al., 1992; Vasterling et al., 2009). Moderate 

and severe TBI are defined as head injuries with demonstrable structural brain 

abnormalities typically accompanied by longer periods of unconsciousness and/or more 

severe impairments in mental status, and correspond with worse prognosis (Kraus & 

Chu, 2005). 

“Post concussive symptoms” (PCS) are a group of symptoms that can appear in 

the period immediately following TBI of any severity, that broadly affect multiple areas of 

functioning, including physical, behavioral, cognitive, and emotional symptoms (See 

Table 1-1; Kay, Newman, Cavallo, Ezrachi, & Resnick, 1992; Kennedy et al., 2007; 
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McAllister, 2005; Rao & Lyketsos, 2000; Stein & McAllister, 2009; Vasterling et al., 

2009).  For the vast majority of individuals who incur a mild TBI, symptoms from these 

domains will dissipate within three to six months (Rao & Lyketsos, 2000). However, 

approximately 10-15% of those with mild TBI report impairments that persist for longer 

than one year (Rao & Lyketsos, 2000; Stein & McAllister, 2009; Vasterling et al., 2009). 

Headache is the most frequently reported symptom for individuals reporting lingering 

symptoms at one year, but a surprising number of individuals experience lasting 

problems in cognitive and affective domains as well (see Table 1-1; McAllister, 2005). 

Table 1-1. Post concussive symptoms: Domains of dysfunction 
Physical/Behavioral Cognitive Emotional 
Coordination Attention Anger 
Dizziness Concentration Anxiety 
Fatigue Executive function Depression 
Headache Memory Irritability 
Noise sensitivity Problem solving Reduced self-esteem 
Pain Processing speed  
Sleep   
(Kay et al., 1992; Kennedy et al., 2007; McAllister, 2005; Rao & Lyketsos, 2000; Stein & 
McAllister, 2009; Vasterling et al., 2009) 
 

It is important to distinguish, however, the fact that PCS is not a term applied 

solely to mild TBI, and can appear after TBI of any severity; it is a mistake to equate 

PCS solely with mild TBI (McAllister, 2005). Yet, the causes of these persistent 

symptoms in seemingly “mild” head injuries are poorly understood. Neurologic exams 

and neuroimaging studies of patients evincing persistent PCS can be completely 

unremarkable (Hoge et al., 2008; Rao & Lyketsos, 2000). However, modern 

neuroimaging techniques have lead some to believe that when these persistent, multi-

system deficits appear in mild TBI they are a product of diffuse brain damage to frontal 

and temporal lobe white matter through what is known as diffuse axonal injury (DAI), 

which is caused by shearing and tensile forces that result from sudden deceleration and 
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rotation of the head, resulting in micro-hemorrhages or lesions to white matter tracts 

(Maas et al., 2008; McAllister, 2005; Rao & Lyketsos, 2000; Vasterling et al., 2009). 

Although this type of white matter damage is common in both the frontal and temporal 

lobes in mild TBI (Stein & McAllister, 2009; Vasterling et al., 2009), it can be difficult to 

detect on the computed tomography (CT) scans used immediately after TBI to assess 

extent of brain damage (Bigler, 2005). 

Posttraumatic Stress Disorder (PTSD) 

There is considerable overlap between PCS and those symptoms seen in patients 

suffering with PTSD, an anxiety disorder that can develop after an individual has been 

exposed to a trauma that was experienced with fear, helplessness, or horror. Diagnostic 

symptoms of PTSD include recurrent and intrusive recollections or reexperiencing of the 

trauma, avoidance of associated stimuli and emotional numbing, and symptoms of 

persistent physiological arousal including nightmares (American Psychiatric Association, 

2005). These symptoms must be present for at least one month and must cause 

impairment in important areas of functioning. However, beyond the emotional symptoms 

that are diagnostic of PTSD, patients with this disorder are often affected by symptoms 

in broad areas of functioning including physical, cognitive, and behavioral domains (see 

Table 1-2; Kennedy et al, 2007). 

Current estimates indicate that approximately 8% of the adult US population will 

be diagnosed with PTSD at some point during their lifetime (American Psychiatric 

Association, 2005). If one takes into account subclinical presentations of the disorder, 

lifetime prevalence for the general population may be as high as 23% (Sadock & 

Sadock, 2007). What’s more, for certain high-risk groups, researchers have estimated 

lifetime prevalence rates for the disorder as high as 75% (Sadock & Sadock, 2007). 
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Table 1-2. Symptoms accompanying PTSD: Domains of dysfunction 
Physical Cognitive Behavioral 
Cardiovascular symptoms Attention Alienation 
Exhaustion Confusion Impaired school performance 
Gastrointestinal problems Forgetfulness Impaired work performance 
Headaches Impaired concentration Increased relational conflict 
Hyperarousal Impaired decision making Reduced relational intimacy 
Insomnia Impaired learning Social withdrawal 
Musculoskeletal disorders Memory impairment  
Startle response Slowed processing speed  
(Kennedy et al., 2007) 
 

Neuroscience research has been conducted examining various cognitive 

processes in patients with PTSD and other anxiety disorders (Bremner et al., 2004; Shin 

et al., 2001) and using animal models of PTSD (Nemeroff et al, 2006). Broadly, 

neuroimaging research, including functional neuroimaging studies with positron 

emission tomography (PET) and volumetric analyses with magnetic resonance imaging 

(MRI), suggests dysfunction of the anterior cingulate, dorsolateral and medial prefrontal 

cortex, hippocampus, amygdala, thalamus, and insula in patients with PTSD, with these 

areas implicated in both the diagnostic symptoms of the disorder and the cognitive 

deficits often reported (Bremner et al., 2004; Nemeroff et al., 2006; Vasterling et al., 

2009). 

Comorbid Mild TBI and PTSD 

There is widespread belief that PTSD and TBI can co-occur; concomitant 

diagnosis can be appropriate (Bombardier et al., 2006; Kennedy et al., 2007). Both 

disorders result from trauma experiences and there is striking overlap in the symptoms 

of PTSD and those considered PCS (see Table 1-3; Kay et al, 1992; Kennedy et al., 

2007; Parker, 2002; Vasterling et al., 2009). However, some research indicates that 

concomitant diagnosis of PTSD is rare after mild TBI, but may be more likely to develop 

after a physical trauma of a personally sensitive nature (i.e., mugging, combat; 
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Bombardier et al, 2006; Kay et al, 1992). Nevertheless, symptoms of mood disorders 

are common after TBI (e.g., depression, mania) and have been reported for centuries 

(Rao & Lyketsos, 2000). Additionally, certain behaviors are associated with both 

disorders, such as substance abuse, suicidal behavior, and pain conditions (Stein & 

McAllister, 2009; Vasterling et al., 2009). There are also similarities in the risk factors for 

both conditions, for example low education, feeling terrified, helpless, of being 

intoxicated during the traumatic event (Bombardier et al., 2006; Stein & McAllister, 

2009). Individuals with TBI and PTSD are also more likely to suffer with comorbid 

mental health diagnosis, such as major depression (Hoge et al., 2008; Sadock & 

Sadock, 2007; Stein & McAllister, 2009). Recent research indicates that somewhere 

between 11 to 30% patients with TBI meet criteria for PTSD, depending on the sample 

(Bombardier et al., 2006). 

Table 1-3. Overlapping symptoms of PTSD and PCS 
Physical/Behavioral Cognitive Emotional 
Fatigue/exhaustion Attention problems Anger 
Headaches Difficulty concentrating Anxiety 
Noise/startle sensitivity Memory problems Depersonalization 
Sleep disruption/insomnia Processing speed Depression 
  Irritability 
(Kay et al, 1992; Kennedy et al., 2007; Parker, 2002; Vasterling et al., 2009) 
 

While there has been some debate in the past over whether complete memory for 

an event is required for PTSD to develop, it appears that even if an individual has a 

temporary loss of consciousness or post-traumatic amnesia (PTA) after TBI, they can 

still develop PTSD (Warden & Labbate, 2005). There are several proposed mechanisms 

by which PTSD can develop in the absence of a complete memory for trauma, 

including, for example, the presence of traumatic memories from before or after the 

incident, unpleasant experiences during hospitalization or treatment, or being told the 
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details by others (Kennedy et al., 2007; Warden & Labbate, 2005). In fact, there 

appears to be a “protective” effect of PTA that is more common in moderate and severe 

TBI, which serves as an explanation as to why PTSD is actually more likely to develop 

after mild TBI (Bombardier et al., 2006; Kennedy et al., 2007; Vasterling et al., 2009). 

However, the nature of the comorbidity of PTSD and mild TBI is not completely 

understood; the DSM-IV-TR does not address how to approach diagnosis when there 

are overlapping symptoms from both PTSD and post-concussive profiles (Parker, 

2002). Additionally, there are currently no clinical guidelines for treating patients with 

comorbid TBI and PTSD (Kennedy et al., 2007). There is clear overlap in the symptoms 

and functional impairments associated with PCS after mild TBI and PTSD that needs to 

be better understood (Stein & McAllister, 2009). 

Combat specific exposures 

The connection between PTSD and TBI has been brought to the forefront of 

clinical and research interest in the last decade due to the military conflicts in Iraq and 

Afghanistan (Stein & McAllister, 2009). In fact, some consider TBI and PTSD the 

signature injuries of Operation Enduring Freedom (OEF) in Afghanistan and Operation 

Iraqi Freedom (OIF) in Iraq (Hoge et al., 2008; Stein & McAllister, 2009). Indeed, the 

number of TBI cases worldwide has increased dramatically since these wars began. A 

primary reason for the surge in the number of TBIs is due to the astounding advances in 

medical care for head injuries that allows a larger number of soldiers to survive injuries 

that would have been fatal in previous military conflicts (Hoge et al., 2008). In fact, TBI 

is the most frequently reported physical injury sustained by combatants of OEF and OIF 

(Stein & McAllister, 2009). 
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Regarding epidemiological estimates, out of the injured service members who are 

evacuated for medical treatment, about 25% have sustained a serious head or neck 

injury (Hoge et al., 2008; Kennedy et al., 2007). Unfortunately, diagnosis of non-severe 

TBI can sometimes be particularly difficult because mild TBIs are often not formally 

documented or treated since the immediate symptoms are typically brief loss of 

consciousness or alteration in mental state, and lasting PTA is rare (Vasterling et al., 

2009). Therefore, estimating the incidence and prevalence of mild TBI in OEF/OIF 

combatants is difficult. Nevertheless, using documented loss of consciousness or 

altered mental state as criteria, one study estimated that mild TBI occurs in 15% of 

soldiers returning from duty (Hoge et al., 2008). Other researchers have proposed 

prevalence rates of TBI ranging from 5% to 23% in OEF/OIF veterans (Vasterling et al., 

2009). Currently, the Department of Defense and the Department of Veterans Affairs 

are working to collect more accurate data regarding rates of mild TBI in returning 

veterans, so future estimates should reflect more thorough and accurate documentation 

(Hoge et al., 2008). 

PTSD in veterans has also been a long-documented phenomenon, with this 

syndrome of symptoms appearing in veterans of every modern war (Nemeroff et al., 

2006; Sadock & Sadock, 2007). Strikingly, PTSD is appearing at alarming rates in those 

currently returning from duty, with approximately 16-17% of OEF/OIF veterans being 

diagnosed with PTSD (Sadock & Sadock, 2007; Stein & McAllister, 2009). There 

appears to be a positive correlation between sustaining a combat injury and developing 

PTSD (Kennedy et al., 2007). What’s more, experiencing a mild TBI is uniquely 

associated with PTSD, even after controlling for the effect of type of combat exposure 
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and the effect of sustaining a combat injury of another type (Hoge et al., 2008; 

Vasterling et al., 2009). Specifically, in those returning from duty who report 

experiencing a loss of consciousness, researchers estimate that 44% also meet criteria 

for PTSD (Hoge et al., 2008). 

One confounding factor unique to the conflicts in Iraq and Afghanistan are the 

striking rates of TBI with blast injuries as the primary cause. Blast injury due to 

improvised explosive devices (IEDs) is now seen as a unique and not previously 

considered mechanism of TBI, with a unique profile of damage to the brain (Maas et al., 

2008). In fact, IEDs are reported as the most frequent cause of TBI in Iraq and 

Afghanistan (Vasterling et al., 2009). The mechanism of damage to the brain due to 

blast is incompletely understood, yet pathology is assumed to result from the dramatic 

changes in air pressure as the explosion shock wave passes through the brain, causing 

small vessels in the frontal and temporal lobes to rupture leading to early brain swelling, 

hemorrhage, and vasospasm (Maas et al., 2008; Vasterling et al., 2009). Regardless, in 

blast and non-blast TBI, the areas of brain damaged are typically the same, and in fact, 

these regions overlap significantly with those regions found to have structural and 

functional abnormalities in PTSD. 

These blast-related TBIs are particularly difficult to document because there is 

often no observable physical contact with the head. In addition, these injuries 

sometimes occur repeatedly within a short time span, making extent of TBI exposure 

nearly impossible to document. Thus, when symptoms present in a soldier who has 

been exposed to combat and IED explosion, differential diagnosis of mild TBI and PTSD 

is particularly tricky. Some preliminary research suggests that mild TBI due to blast 
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injury may be associated with worse PTSD symptomatology when compared with non-

blast related mild TBI (Vasterling et al., 2009). 

Differential diagnosis 

Retuning now to the problems associated with differential diagnosis in civilian 

populations, there are other confounding diagnostic factors, in addition to the 

overlapping symptom presentations, that often render differential diagnosis of PTSD 

and PCS difficult. For one, motor vehicle accidents and assaults are two of the most 

frequent causes of the trauma causative of both TBI and PTSD (Maas et al., 2008; 

Nemeroff et al., 2006; Stein & McAllister, 2009). There are also biological similarities in 

the etiologies of PTSD and post concussive symptoms; for example, both are 

associated with decreased function of the pituitary gland and dysregulation of 

neurotransmitters (Kennedy et al., 2007). Both disorders evince signs of acute and 

chronic stress in terms of changes in autonomic arousal and immune responses (Hoge 

et al., 2008; Parker, 2002; Warden & Labbate, 2005), especially in terms of the 

hypothalamic-pituitary-adrenal axis (Hoge et al., 2008; Kennedy et al., 2007). 

Researchers have found repeatedly that the presence of PTSD seems to magnify the 

cognitive deficits associated with PCS and can also serve as a hindrance to recovery 

(Kennedy et al., 2007; Vasterling et al., 2009). Additionally, the brain areas implicated in 

PTSD are some of the brain areas most vulnerable to damage in TBI (Kennedy et al., 

2007; Vasterling et al., 2009), a point that will be discussed in more depth shortly. 

Unfortunately, due to the sometimes significant difficulty encountered when trying 

to differentiate these two symptom profiles, clinicians experience a lack of a precise way 

to appropriately diagnose all patients. In turn, the primary impacts of misdiagnosis are 

the slowing of treatment initiation and appropriateness of type rehabilitation selected. 
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This inability to tailor treatment appropriately influences quality of care and speed of 

service delivery, which is critical when considering the recommendation that cognitive 

rehabilitation for TBI begin within 6 months after injury (Rao & Lyketsos, 2000). The 

speed with which patients can reintegrate into their communities is also an important 

factor. In fact, community exclusion or feelings of detachment from others can be a 

problem for both PTSD and TBI patients, which is probably compounded when these 

disorders occur co-morbidly (Kennedy et al., 2007). What’s more, the quandary of 

differentiating PCS in TBI from PTSD is an instance where so-called “symptom 

management” is inappropriate and treatment designed for the specific disorder is 

required (Rao & Lyketsos, 2000). Clearly, differential diagnosis is a critical concern for 

patient care, beyond the interests of researchers wishing to document these disease 

processes. 

Current methods for differential diagnosis are based on examining symptom 

presentation. Unfortunately, both PTSD and PCS after mild TBI can show mild 

deficiencies in neuropsychological testing of attention, learning, memory, and executive 

functioning (Kennedy et al., 2007; Stein & McAllister, 2009; Vasterling et al., 2009). 

Promising recent research, however, is beginning to reveal similarities in the neural 

basis of these two disorders, with patterns of deficits shown for both disorders in 

orbitofrontal cortex, prefrontal cortex, hippocampus, and anterior cingulate (Stein & 

McAllister, 2009). An important aspect in understanding the shared neurological 

correlates of PTSD and PCS is rejection of the notion that PTSD is caused by purely 

psychological trauma while TBI results from purely physical damage to the brain; 

conceptualization of PTSD and TBI in terms of neuropsychological and neurological 
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damage and changes emphasizes the fact that cognition and affect can both be 

impacted by biomechanical and psychological trauma (Stein & McAllister, 2009). The 

various distributed brain regions implicated in PCS and PTSD, and the neural basis of 

these disorders and their shared symptoms, is the area on which the current research is 

focused. Specifically, to the extent that some brain regions show differential impairment 

in the two disorders, the present research aims to develop a functional neuroimaging 

approach for differentiating brain activity that might be more impaired in one disorder 

compared with another. Thus, this research is intended to reflect a first step in 

developing a paradigm for better understanding PCS and PTSD. 

Neuroanatomy Relevant to PCS and PTSD 

Neuroanatomy of cognitive impairment in TBI 

As mentioned previously, the areas of the brain most likely to sustain damage in 

TBI are orbitofrontal cortex, dorsolateral prefrontal cortex, the poles of the temporal 

lobes, and hippocampus (Stein & McAllister, 2009). These patterns of damage to the 

frontal and temporal lobes most often affect systems of cognition, behavior, and affect 

that can result in the appearance of cognitive sequelae, personality change, and mood 

disorders (Rao & Lyketsos, 2000). Changes in patterns of functional brain activation 

(Perlstein et al., 2004; Sozda, 2009) and in lesion localization (Levin, Williams, 

Eisenberg, High, & Guinto, 1992) in these regions have been documented post TBI. 

Attention and executive functions of the frontal and temporal lobes are frequently 

examined as a domain particularly sensitive to mild TBI (Malojcic, Mubrin, Coric, Susnic, 

& Spilich, 2009). 
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Neuroanatomy of attention and executive function 

The neuroanatomical underpinnings of attention and executive function have been 

studied in human and animal models for many decades, and the literature broadly 

implicates the frontal lobes (Alvarez & Emory, 2006; Smith & Jonides, 1999). One task 

of particular salience in this domain in the Stroop task (Stroop, 1935; for review see 

MacLeod, 1991). Research using the original color-word Stroop and modified versions 

of the task (i.e., task switching Stroop) in controls have shown that the anterior cingulate 

cortex (ACC) and a distributed neural network of other frontal and temporal lobe 

structures, including the dorsolateral prefrontal cortex (dlPFC), are critical for accurate 

performance in the incongruent, or more cognitively taxing, condition of the task 

(Alvarez & Emory, 2006; Bush et al., 1998; Gruber, Rogowska, Holcomb, Soraci, & 

Yurgelun-Todd, 2002; MacDonald, Cohen, Stenger, & Carter, 2000; Markela-Lerenc et 

al., 2004;). The role of these regions of the brain in maintaining attention in the face of 

distraction, also known as the executive control of attention, is well documented 

(Compton et al., 2003; Kompus, Hugdahl, Ohman, Marklund, & Nyberg, 2009; Stuss, 

Shallice, Alexander, & Picton, 1995). 

Previous research in this lab has focused on the deficits in cognitive control 

present in patients with moderate and severe TBI (Larson, Perlstein, Demery, & Stigge-

Kaufman, 2006; Perlstein, Larson, Dotson, & Kelly, 2006; Seignourel et al., 2005). 

Specifically, a variant of the traditional color-word Stroop has been shown to elicit 

differential activation of the ACC and dlPFC in patients versus healthy controls (Sozda, 

2009). This task, the Task-Switching Cued Stroop requires participants to either read 

the word (red, green, or blue) or name the color of ink used to print it (red, green, or 

blue). This paradigm instructs participants which task to perform using a cue that 
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appears several seconds before the stimuli appears. This cue requires participants to 

engage working memory systems actively in order to maintain the experimental context. 

The purpose of using this instructional cue is to increase the cognitive demands of the 

task and to elicit medial-prefrontal brain activation in terms of ACC and dlPFC 

(Perlstein, Dixit, Carter, Noll, & Cohen, 2003). 

Functional neuroanatomy of emotion 

Research on the neurocircuitry of PTSD tends to focus on limbic structures, 

including the thalamus, hippocampus, amygdala, and on the frontal cortex, especially 

the medial prefrontal cortex regions of anterior cingulate and orbitofrontal cortex 

(Bremner et al., 2004; Nemeroff et al., 2006). The amygdala has particularly been 

touted as being important in emotion, in terms of the role emotion plays in learning, 

memory, attention, perception, and information processing (Phelps & LeDoux, 2005). 

This brain region is also important in evaluation of stimuli in terms of emotional and 

motivational significance (Mohanty et al., 2005). 

Functional neuroimaging in PTSD has demonstrated altered patterns of 

responsivity of the amygdala, frontal cortex, anterior cingulate, and hippocampus during 

fear processing (Kennedy et al., 2007; Nemeroff et al., 2006; Stein & McAllister, 2009; 

Vasterling et al., 2009), with some areas showing increased activity (e.g., amygdala) 

and others showing decreased activity (e.g., prefrontal cortex). These changes 

associated with PTSD or chronic stress are also supported by anatomic volumetric 

analysis in humans and in animal lesion models (Kennedy et al., 2007; Nemeroff et al., 

2006; Shin et al., 2001; Vasterling et al., 2009). Behaviorally, patients with PTSD are 

robustly susceptible to an attentional bias toward threat based information and 

emotionally salient information (Williams, Mathews, & MacLeod, 1996; Vasterling et al., 
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2009). When PTSD patients perform a functional neuroimaging task requiring executive 

control of attention in the face of emotionally relevant stimuli, an atypical pattern of brain 

activation in the anterior cingulate is often noted, which is assumed to reflect a failure of 

this region to inhibit a hyper-responsive amygdala (Bremner et al., 2004; Kennedy et al., 

2007; Shin et al., 2001; Stein & McAllister, 2009; Vasterling et al., 2009; Whalen et al., 

1998). This decrease in medio-frontal activity in PTSD is typically coupled with an 

increased in activation of the amygdala (Kennedy et al., 2007; Stein & McAllister, 2009; 

Vasterling et al., 2009; Whalen et al., 1998). Conversely, in control subjects, successful 

performance on this type of task is associated with an increase in activation of the 

prefrontal cortex and anterior cingulate and a decrease in amygdala activation (Kompus 

et al., 2009). 

Anterior cingulate cortex (ACC) 

Taking the neural basis of attention, executive functions, and emotion into 

consideration in light of the neural changes seen in mild TBI and PTSD, the ACC stands 

out as an area of common interest. Anatomically, the ACC wraps around the frontal 

portion of the corpus callosum, anterior to the rostrum and superior to the genu of the 

corpus callosum, in both hemispheres, and is considered part of frontal cortex 

(Devinsky, Morrel, & Vogt, 1995).  

The ACC is strongly associated with processes requiring attention and/or 

concentration (Bremner et al., 2004; Bush et al., 1998; Stuss et al., 1995). However, the 

ACC does not have just one function in the brain, and may be better considered as 

subdivided into different functional areas (Davis et al., 2005; Devinsky et al., 1995; 

Mayberg, 1997; Vogt, Finch, & Olson, 1992; Whalen et al., 1998). The rostral ACC 

(rACC), defined as Brodmann’s areas (BA) 33 and rostral area 24, seems to be 
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particularly involved in emotion-based processing and responding, and the caudal ACC 

(cACC), defined as BA 32 and caudal area 24, is implicated in performance of cognitive 

tasks (Devinsky et al., 1995). These divisions are supported by the anatomical 

projections of the regions, with the “affective” or rACC having direct afferent and efferent 

connections with the amygdala and the hypothalamus, and the “cognitive” or cACC 

having many connections with the prefrontal cortex and motor systems (Bush et al., 

1998; Devinsky et al., 1995; Vogt et al., 1992). This division is also supported by 

patterns of deficits after brain damage, lesion studies in animals, research using single 

cell recordings in humans, and by patterns documented with functional neuroimaging in 

patients and controls (Bush et al., 1998; Davis et al., 2005; Devinsky et al., 1995; 

Mayberg, 1997; Mohanty et al., 2005; Whalen et al., 1998). 

The neuroimaging research that supports these divisions does so by 

demonstrating greater rACC activation during emotionally salient, compared with 

neutral, aspects of tasks requiring emotional expression, emotional learning, or with 

emotionally arousing stimuli (Whalen et al., 1998). On the other hand, the caudal 

division demonstrates unique activation during tasks requiring conflict detection, 

response competition, and salience detection of non-emotionally arousing stimuli (Bush 

et al., 1998). The existence of these two subdivisions of the ACC is well accepted. 

Some consider the purpose of the ACC, therefore, as a center for the interaction of 

affect and intellect in the brain (Bush, Luu, & Posner, 2000; Devinsky et al., 1995). 

Emotional Stroop Tasks 

Tasks to activate either division of the ACC in neuroimaging research often involve 

some form of decision making and conflict that require the subject to override a pre-

potent response tendency, for example, the Stroop task, flanker tasks, and certain 
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Go/No-Go tasks. Many tasks used to study the rACC are variations of what is known as 

an “emotional Stroop.” While the basis of the interference in the traditional color-word 

Stroop is the antagonistic combination of colors of ink and color words, the interference 

in emotional Stroop tasks comes from using emotionally arousing words as stimuli 

(Compton et al., 2003; Williams et al., 1996). Thus, the so-called “emotional Stroop 

effect” is the increased latency to name the color of ink used to print the stimuli when 

the words are emotionally salient (Williams et al., 1996). While there has been some 

debate about the appropriateness of considering these tasks “Stroop” tasks (see: 

Algom, Chajut, & Lev, 2004 and Dagliesh, 2005), there appears to be relatively strong 

consensus as to the utility and suitability of using these tasks for their stated purposes 

(Williams et al., 1996). 

Emotional Stroop tasks have a long history of use in populations of patients with 

anxiety disorders (Gotlib & McCann, 1984; Mathews & MacLeod, 1985; Watts, 

McKenna, Sharrock, & Trezise, 1986). Studies using emotional Stroop tasks to examine 

performance of patients with various disorders have shown interference effects for 

depression, specific phobia, conduct disorder, PTSD, obsessive-compulsive disorder, 

as well as state and trait anxiety when the stimuli are targeted at the concerns of the 

participants (i.e., spider related words for spider phobic’s; Compton et al., 2003; Perez-

Edgar & Fox, 2003; Vythilingam et al., 2007; Williams et al., 1996). Beyond the fact that 

the type of words that produce an interference effect can serve as a “marker” for the 

patient’s condition, the emotional Stroop effect has also shown improvement with 

desensitization treatment for anxiety disorders (Williams et al., 1996). 
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More recently, emotional Stroop tasks have been developed for use in functional 

neuroimaging of patient groups and controls (Bremner et al., 2004; Bush et al., 1998; 

Compton et al., 2003; Malhi, Lagopoulos, Sachdev, Ivanovski, & Shnier, 2005; Shin et 

al., 2001; van den Heuvel et al., 2006; Whalen et al., 1998). In controls, these 

experiments demonstrate increased rACC activation to negative stimuli when compared 

with neutral stimuli (Compton et al., 2003; Whalen et al., 1998), along with increased 

activation of orbitofrontal cortex and amygdala (Compton et al., 2003). 

In patients with anxiety disorders, the pattern of brain activation to disorder-

relevant, emotionally negative stimuli is different for that seen in controls. Specifically, 

when compared with controls, patients do not show the expected activation of rACC 

(Bremner et al., 2004; Shin et al., 2001). This pattern is often interpreted to signal a 

disruption in the regulatory mechanism of rACC in modulating the activity of the 

amygdala in response to the emotionally valent stimuli (Bremner et al., 2004; Kennedy 

et al., 2007; Shin et al., 2001; Stein & McAllister, 2009; Vasterling et al., 2009; Whalen 

et al., 1998). However, increased amygdala activation to emotionally valent stimuli has 

not been observed in all studies (i.e., Bremner et al., 2004). Recent behavioral studies 

using emotional Stroop tasks in TBI have demonstrated a behavioral interference effect 

for trauma reminders in brain-injured patients compared with controls (Coates, 2008). 

This indicates the feasibility of using this type of paradigm, even in neurologic patients 

without explicit memories of their trauma experience, and again highlights the 

connection between TBI and PTSD (Coates, 2008). 

There is some debate as to whether positively valent words produce the same 

type of emotional Stroop effect as do negative words, although all studies compare 
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performance to conditions using emotionally neutral words (McKenna & Sharma, 1995; 

Williams et al., 1996). However, it appears that in healthy controls it is common to see 

no interference effect for positive and neutral stimuli, while an interference effect has 

been shown for positive words in patients with anxiety (Compton et al., 2003; McKenna 

& Sharma, 1995; Williams et al., 1996). Some studies do not examine the emotional 

Stroop effect in positive stimuli (e.g., Whalen et al., 1998). However, this point may be 

moot for the current purposes because the small sample sizes used in functional 

neuroimaging often preclude detection of an interference effect on reaction time 

(Bremner et al., 2004; Whalen et al., 1998). Yet, in large behavioral studies using these 

tasks, interference effects are on the order of milliseconds and can range from 23 msec 

to 190 msec, for example, depending on the patient population under study (23 msec 

for mild depression: Gotlib & McCann, 1984; 190 msec for spider phobic: Watts, 

McKenna, Sharrock, & Trezise, 1986; Williams et al., 1996). In fact, Compton et al. note 

that the effect size for the interference seen for negative high-arousal words in another 

study was Cohen’s d = 0.33 and for positive high-arousal words was Cohen’s d = 0.24 

(2003). 

Study Aims and Predictions 

This study was designed as a proof of concept for a task that could be used as a 

functional neuroimaging probe for the prefrontal-cingulate and amygdala-cingulate 

networks seen to been implicated in the deficits/symptoms of PCS in TBI and PTSD. 

Additionally, this neuroimaging probe might someday have value as a tool for differential 

diagnosis of PTSD and TBI. This notion is built on the fact that there are documented 

patterns of functional activation of ACC in both PTSD and TBI using emotional Stroop 

(e.g., Shin et al., 2001) and cognitive Stroop (Sozda, 2009) tasks, respectively. 
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Therefore, if the task used in this study, the Cued Emotional Counting Stroop, can 

reliably activate rACC in controls, then it may provide a reliable method for 

differentiating PTSD from PCS based on patterns of neural activation. 

Behavioral Data 

In terms of behavioral performance during this task, a pattern of slower reaction 

time and higher error rates to emotionally unpleasant words was predicted, based on 

the reasoning that these emotionally unpleasant words detract most from task 

performance. Such a finding has been reported in other studies using emotional Stroop 

tasks, though it is not particularly robust in non-clinical populations (e.g., Coates, 2008; 

Whalen et al., 1998). 

Functional Magnetic Resonance Imaging (fMRI) Data 

Using functional neuroimaging to measure task-related brain activity, it was 

hypothesized that rACC activation would be present during the component of the task 

requiring emotionally salient decision-making. Additionally, amygdala activation 

associated with the emotionally salient probe stimuli was also expected. It was also 

hypothesized that the instructional cues would engage the dorsolateral prefrontal cortex, 

given the involvement of this region in working memory and context maintenance. In 

conclusion, the primary aim of this study is to evaluate the patterns of brain activation 

when comparing pleasant and unpleasant emotionally arousing stimuli to neutral stimuli. 

A secondary aim is to evaluate the patterns of brain activation related to working 

memory or context maintenance required by the instructional cue. 

 



 

CHAPTER 2 
METHODS 

Participants 

Four healthy, right handed, native English-speaking adults were recruited with 

flyers from the Gainesville community. Volunteers were screened for a history of 

traumatic brain injury and other neurological problems, psychiatric illness, 

colorblindness, and MRI contraindications (e.g., ferromagnetic implant, claustrophobia). 

Female participants were screened for pregnancy. Participants were excluded if they 

endorsed a history of drug or alcohol abuse or were taking psychotropic medications. 

No subjects were excluded using these criteria. Three women participated along with 

one man and all participants were Caucasian. Mean subject age was 26.3, SD = 4.6, 

range = 22-34, and average education completed in years was 17.5, SD = 0.9, range = 

16-18. All participants provided informed consent in accordance with the guidelines of 

the Health Sciences Center Institutional Review Board at the University of Florida.  

Materials and Procedures 

FMRI Cognitive Task: Cued Emotional Counting Stroop 

Participants completed a variant of the emotional Stroop task (e.g., McKenna & 

Sharma, 1995; Williams et al., 1996). Emotional Stroop tasks have been designed as 

variants of the traditional Stroop task (Stroop, 1935) but have used, in place of color 

words, emotionally pleasant, emotionally neutral, and emotionally unpleasant words. In 

the task designed for the present study, stimuli words were printed in red, green, or blue 

ink, and were shown one, two, or three times on a screen. The task required 

participants either to count the number of times the stimulus word was written or to 

name the color of ink with which the stimulus was printed. Participants were “cued” to 
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which of the two tasks they should perform by an instruction screen appearing several 

seconds before the probe stimuli appeared. This instruction screen was either the word 

“Color” or “Number” and indicated if the subject should count the number of times the 

word was printed or name the color of ink. The task is depicted in Figure 2-1. 

 
 

Figure 2-1. Diagram of Cued Emotional Counting Stroop task. The task used in the 
present study consisted of a cue that instructed subjects to either name the 
color of ink or count the number of times the word was printed. Stimuli were 
pleasant, unpleasant, and neutral words. Regarding timing parameters, this 
task required maintenance of task instructions during an 11-second delay. 
Subjects responded to a probe word using a button press with the right hand. 
Probe stimuli were presented in red, green, or blue ink. An 8.5-second inter-
trial interval (ITI) was presented at the end of each trial and consisted of a 
fixation cross. 

Each trial comprised the following sequence: a cue word (“number” or “color”) 

presented for 1.5 seconds, 11 seconds of visual fixation, the stimulus or “probe” word 

for 1.5 seconds, and then 8.5 seconds of visual fixation. This trial sequence was 
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repeated 18 times per block, and the entire experiment was presented as six blocks, 

each separated by periods of rest. Participants were presented with the six blocks in 

random order and trials were presented in a fixed, predetermined random order within 

blocks. While fMRI data were acquired, participants completed this task using a button 

press to one of three buttons with the right hand. Behavioral data (i.e., reaction times 

and error rates) were collected during this task for subsequent evaluation of participant 

performance. Before beginning the experiment, participants were given a practice 

period outside of the MR environment to familiarize them with mapping the colors red, 

green, and blue and the numbers one, two, and three, to the fingers index, middle, and 

ring, respectively. 

The aspect of this task design that distinguished it from other previously described 

emotional Stroop tasks was the presence of a task instructional cue. The goal of 

including this instructional cue was twofold: (1) it allowed the two tasks (counting and 

color naming) to be intermixed, and thus required participants to be continually 

monitoring the experimental context, and (2) it introduced a working memory aspect to 

the task in that the instructions had to be maintained in memory during the initial delay 

before the probe stimulus appeared. Both of these goals were relevant because 

previous experiments in this same lab have used a similarly designed cognitive task 

(i.e., Task-Switching Cued Stroop) to demonstrate patterns of functional activation in 

moderate to severe TBI patients and control participants (Sozda, 2009). Including the 

instructional cue increases the cognitive demand of this task, making it more sensitive 

to cognitive impairment than a typical emotional Stroop task. Thus, the experiment 
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designed for the present study was created with the intention of replicating the 

parameters used in previous investigations of TBI in this lab. 

Stimuli 

The 108 stimuli words used in this task were taken from a standard list of words 

known as the Affective Norms for English Words (ANEW; Bradley & Lang, 1999), and 

have been included as an Appendix to this manuscript. The words selected from the 

ANEW set represented an equal proportion from the three affective valence categories: 

pleasant, neutral, and unpleasant. Thirty-six words were selected from each valence 

category, and the pleasant and unpleasant words were selected to be high in rated 

arousal. The mean valence and arousal ratings for the stimuli words used are shown in 

Table 2-1 and a graph plotting the mean valence and arousal ratings for the 108 words 

used in the present study is shown in Figure 2-2. Values were calculated based on the 

normative data provided with the ANEW set (Bradley & Lang, 1999). 

Table 2-1. Valence and arousal ratings of stimuli words based on normative data 
Valence  Arousal 

Category M SD M SD 
Pleasant 7.90 0.57 6.34 0.60 
Neutral 5.23 0.52 4.12 0.24 
Unpleasant 2.09 0.39 6.46 0.63 
These values were calculated from the normative values provided with the ANEW manual 
(Bradley & Lang, 1999). 
 

Words from the three valence categories were also chosen to be equal in terms of 

word frequency, as measured by Kucera-Francis written word frequency (Kucera & 

Francis, 1967). A one-way analysis of variance (ANOVA) demonstrated no statistically 

significant difference in written word frequency for the three valence categories, F(2, 

107) = .258, p = .773, using the values for Kucera-Francis written word frequency 

provided with the ANEW normative information (Bradley & Lang, 1999). 
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After completing the experiment and fMRI scanning session, participants rated 

each of the 108 words according to subjective emotional valence and arousal using a 

computerized version of the Self Assessment Manikin (SAM; Bradley & Lang, 1994). 

The purpose of this rating process was as a manipulation check. 

 
Figure 2-2. Graph of ANEW stimuli: Valence by arousal. The words used as stimuli in 

the present study were taken from the ANEW standardized word-set. This set 
included valence and arousal ratings by word. This graph shows a plot of the 
108 words used in this study plotted by mean arousal and valence ratings. 
Values taken from ANEW database (Bradley & Lang, 1999) 

Image Acquisition 

MRI scanning was performed on the research-dedicated Phillips 3T MR scanner at 

the University of Florida McKnight Brain Institute using a sensitivity encoding (SENSE) 

radio frequency (RF) head coil. Prior to functional scanning, a high-resolution T1-

weighted three-dimensional (3D) Magnetization Prepared Rapid Gradient Echo (MP-

RAGE) anatomical scan [Echo time (TE) of 4.3 ms, repetition time (TR) = 2000 ms, field 

of view (FOV) = 24 cm, flip angle (FA) = 8°, matrix size = 512 x 512 mm, 176 1-mm 

thick sagittal slices] was acquired to enable evaluation of structural abnormalities and 

for transformation of functional data into standard reporting space (Talairach & 
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Tournoux, 1988). High-order shimming was performed prior to functional image 

acquisition in order to maximize field homogeneity. 

Functional images were acquired in 34 contiguous axial slices parallel to the 

anterior commissure-posterior commissure (AC-PC) line using a T2*-weighted echo 

planar imaging (EPI) pulse sequence (FOV = 24 cm, matrix = 64 x 64 at 3.75 mm3, TR 

= 2500 ms, TE = 30 ms, FA = 90°). Scan acquisition was synchronized to each trial-

event onset. Thus, the event-related fMRI acquisition protocol acquired 9 volumes every 

22.5 second trial, for a total of 972 functional volumes. 

Data Analysis 

Behavioral Data Analysis 

SAM ratings of valence and arousal were analyzed to determine the presence of a 

significant linear trend for valence ratings according to word category, and for the 

presence of a significant quadratic trend for arousal ratings according to category. This 

manipulation check would demonstrate that the participants were rating the valence and 

arousal of the words used in the experiment according to the same parameters for 

which the words were selected. 

Task-performance error rates and reaction times (RT) on the Cued Emotional 

Counting Stroop task were analyzed separately using univariate mixed-model 2 × 3  

analyses of variance (ANOVAs) to determine the effects of task (2: color, number) and 

valence (3: pleasant, neutral, unpleasant). Median correct-trial RTs were analyzed to 

minimize RT dispersion (Ratcliff, 1993), and error rates were analyzed by excluding 

trials with no response in order to minimize the positive skew of the distribution.  
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Functional Image Data Reduction and Pre-Processing 

Functional imaging data were processed using BrainVoyagerQX version 1.10.4 

(Brain Innovation, Maastricht, The Netherlands; Goebel, Esposito, Formisano, 2006). 

Preprocessing of functional images consisted of the following steps: rigid body 3D 

motion correction with tri-linear interpolation, slice-scan time correction using sinc 

interpolation to account for timing variability across slice acquisitions, spatial smoothing 

with a 3D 8mm full-width half maximum (FWHM) Gaussian kernel, voxel-wise linear de-

trending, and high-pass filtering of frequencies below 3 cycles per time course to 

remove low-frequency nonlinear drifts. 

Initial co-registration of functional images and high-resolution 3D anatomical 

volumes was completed using BrainVoyagerQX software automatic co-registration 

alignment, and when necessary, manual alignment based on visual inspection was 

done. All images were spatially transformed into standard stereotactic Talairach space 

(Talairach & Tournoux, 1988) using a nine landmark technique in order to allow for 

group-wise analysis of functional images. 

Functional Imaging Data Analysis 

Functional images were analyzed using a two-level mixed-model general linear 

modeling (GLM) approach (Friston et al., 1995). First, a separate fixed-effect GLM was 

specified for each participant, with separate predictors for each trial event (cue, probe), 

and condition (i.e., cue: color, number; probe: pleasant, neutral, unpleasant). Thus, a 

total of six predictors were used to examine task-relevant effects. The hemodynamic 

response for each event was estimated by convolving each regressor with a standard 

gamma function (Boynton, Engel, Glover, & Heeger, 1996; Delta = 2.5; Tau = 1.25). For 

each voxel and each trial event, a parameter estimate (ß) was generated that indicated 
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the strength of covariance between the data and the hemodynamic response function 

(HRF). Contrasts between parameter estimates for different events of interest were 

calculated for each participant. Second, pair-wise contrasts between ßs for different 

events/conditions of interest were calculated for each participant and the results were 

submitted to group analyses that treated inter-subject variability as a random effect, 

enabling generalization to population-level inferences. For all analyses, statistical maps 

were set to a threshold of p < .025 and a 3D cluster-size contiguity threshold of 20 

voxels to control for type I error, providing a corresponding image-wise false positive 

rate of p <.05, corrected for multiple comparisons (Forman et al., 1995).  

Planned statistical contrasts separately examined activity associated with the 

attentional component of context maintenance (i.e., cue-related activity) and probe-word 

valence and arousal. Statistically defined region-of-interest analyses were also 

conducted on the resultant cluster-wise parameter estimates (ßs) to determine the 

specific sources of condition-related effects. 

 



 

CHAPTER 3 
RESULTS 

Behavioral Results 

Self-Assessment Manikin (SAM) Ratings Analyses 

SAM ratings were acquired as a manipulation check to determine that the words 

selected as stimuli were, indeed, effective at evoking the intended affective responses 

in the present sample of participants. Thus, SAM rating data were analyzed to 

determine that they conformed to the expected trends. Participant-rated mean valence 

and arousal ratings for words used in the present study are provided in Table 3-1. 

Table 3-1. Participant SAM ratings: Mean valence and arousal by category 
Valence Ratings Arousal Ratings 

Category M SD M SD 
Pleasant 6.8a 1.6 3.7 2.4 
Neutral 5.1b 0.9 1.7c 1.5 
Unpleasant 2.2a,b 1.4 5.2c 2.5 
Based on Bonferroni corrected post-hoc tests, these pairs of mean ratings differed significantly: 
a p = .002, b p = .017, c p = .017 
 
Valence ratings 

Valence ratings were analyzed using a repeated measures mixed-model ANOVA 

to determine if mean valence rating varied according to the fixed effect valence 

category, accounting for the random effect of subject. A planned polynomial contrast 

was also conducted to determine if this relationship was linear, such that the highest 

valence ratings were given to stimuli in the pleasant category and the lowest valence 

ratings to those in the unpleasant category. Bonferroni corrected post-hoc comparisons 

were also conducted in order to determine which categories differed significant by mean 

valence rating. 

This analysis demonstrated a significant main effect of category on mean 

participant valence rating, F(2,6) = 22.1, p = .002. Furthermore, the polynomial contrast 
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revealed that this effect was linear, t(6) = 6.56, p = .001. Examination of the Bonferroni 

corrected post-hoc tests revealed that unpleasant words were rated by participants as 

being of significantly lower valence than both neutral, t(7) = 4.21, p = .017, and pleasant 

words, t(7) = 6.57, p = .002, but that neutral and pleasant words were not rated as 

having significantly different valences, t(7) = 2.36, p = .170. Figure 3-1 illustrates this 

linear trend. These results generally confirm that the selection of words as pleasant, 

neutral, and unpleasant stimuli was consistent with the stated aims and that participants 

considered the valence level of the stimuli similarly to what was expected based on 

published normative data (Bradley & Lang, 1999). Thus, based on this manipulation 

check, the valences of the stimuli employed were differentially rated by the participants 

of the present study as a function of pleasant, neutral, and unpleasant valence.  

 
 
Figure 3-1. Participant SAM ratings: Mean valence. The mean valence rating is linearly 

related to the word valence category. 

Arousal ratings 

Arousal ratings were also analyzed using a repeated measures mixed-model 

ANOVA to determine if mean arousal rating varied according to the fixed effect of 
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valence category, accounting for the random effect of subject. A planned polynomial 

contrast was also conducted to determine if this relationship was quadratic, such that 

the highest arousal ratings were given to stimuli in the pleasant and unpleasant 

categories and the lowest arousal ratings to those in the neutral category. Bonferroni 

corrected post-hoc comparisons were also conducted in order to determine which 

categories differed significant by mean arousal rating. 

This analysis demonstrated a significant main effect of category on mean 

participant arousal rating, F(2,6) = 8.96, p = .016. Furthermore, the polynomial contrast 

revealed that, as predicted, this effect was quadratic, t(6) = 3.79, p = .009. Examination 

of the Bonferroni corrected post-hoc tests revealed that unpleasant words were rated by 

participants as being of significantly higher arousal than neutral words, t(7) = 4.22, p = 

.017, but that neutral and pleasant words, t(7) = 2.33, p = .176, and pleasant and 

unpleasant words, t(7) = 1.89, p = .322, were not rated as having significantly different 

arousal ratings. Figure 3-2 illustrates this quadratic trend. These results similarly confirm 

that the selection of words as pleasant, neutral, and unpleasant stimuli was consistent 

with the stated aims and that participants considered the arousal level of the stimuli 

similarly to what was expected based on published normative data (Bradley & Lang, 

1999). Thus, based on this manipulation check, the arousal ratings of the stimuli 

employed were rated by the participants of the present study as a function of pleasant, 

neutral, and unpleasant valence, with pleasant and unpleasant words having higher 

arousal ratings. 
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Figure 3-2. Participant SAM ratings: Mean arousal. The mean arousal rating is related 

to the word valence category by a quadratic trend, such that the pleasant and 
unpleasant stimuli have the highest arousal ratings. 

Task Performance Analyses 

Participants’ reaction time (RT) and error rates were examined to determine the 

influence of task conditions on performance. Correct-trial RTs and error rates were 

evaluated separately using two repeated measures mixed-model 2 × 3 ANOVAs with 

task instruction (2: number, color) and probe word valence (3: pleasant, neutral, 

unpleasant) serving as within-subject fixed factors, and controlling for the random effect 

of subject. 

Reaction time (RT) analysis 

A repeated measures mixed-model 2 × 3 ANOVA was conducted in order to 

determine if there was a significant main effect of task condition or valence category, 

controlling for the random effect of subject, on correct-trial RT. The results indicate a 

statistically significant main effect of task, F(1,15) = 25.1, p < .001, and a non-significant 

main effect of stimulus category, F(2,15) = .406, p = .673. The task × valence category 

interaction was not significant, F(2,15) = 1.75, p = .207. These results indicate that RTs 
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were significantly different across task condition, such that participants responded faster 

on average to the probe when the instruction was to count the number of times the 

stimulus was printed, M = 792 msec, SD = 66.4 msec, compared to when the instruction 

was to name the color of ink used to print the stimulus, M = 941 msec, SD = 109 msec. 

These results also indicate that stimulus valence had no measurable effect on 

participant RT. Means and standard deviations of correct-trial mean RTs are presented 

according to stimulus valence in Table 3-2. 

Error rate analysis 

A second repeated measures mixed-model 2 × 3 ANOVA was conducted in order 

to determine if there were significant main effects of task condition or valence category, 

controlling for the random effect of subject, on error rates excluding errors due to non-

response. The results indicate no statistically significant main effect of task, F(1,15) = 

.137, p = .717, or stimulus valence category, F(2,15) = 1.97, p = .174. The task × 

valence category interaction was also not significant, F(2,15) = .341, p = .717. These 

results indicate that error rates did not differ significantly across task condition. These 

results also indicate that stimuli valence had no measurable effect on participant error 

rates. Means and standard deviations of error rates, excluding trials with no response, 

are presented according to stimulus valence in Table 3-2. 

Table 3-2. Cued Emotional Counting Stroop: Behavioral results 
Attribute Valence Mean SD 
Reaction Time* (msec) Pleasant 870.3 58.3 
 Neutral 858.8 65.6 
 Unpleasant 854.1 42.0 
Error Rate† (%) Pleasant 21.0 7.2 
 Neutral 14.6 7.6 
 Unpleasant 12.5 4.8 
Note: No significant differences by valence category (p > .05) *Correct trials only; †Excluding 
trials with no response 
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FMRI Results 

Head Movement 

Head movement in all six dimensions (x, y, z, pitch, roll, and yaw) was analyzed. 

Average motion in each direction was less than 1 voxel dimension (3.75mm or 1 

degree). Two separate mixed-model 2 × 3 ANOVAs were conducted to determine if 

there was a significant difference in inter-scan displacement for both mean translation 

(x, y, and z) and mean rotation (pitch, roll, and yaw) according to task instruction 

condition and stimulus valence category, taking into account the random effect of 

subject. These analyses revealed no statistically significant differences in translational 

movement by task, F(1,15) = .026, p = .874, or valence, F(2,15) = .524, p = .603, and 

no significant interaction, F(2,15) = 2.55, p = .112, as well as no significant differences 

in rotational movement by task, F(1,15) = .704, p = .415, or valence, F(2,15) = .421, p = 

.664, and no significant interaction, F(2,15) = 1.28, p = .308. Means and standard 

deviations of average movement in each direction are shown in Table 3-3. 

Table 3-3. Average head motion by valence category 
Translation (mm) Rotation (degrees) 

Valence Category Mean SD Mean SD 
Pleasant 0.013 0.005 0.015 0.002 
Neutral 0.012 0.005 0.016 0.003 
Unpleasant 0.012 0.003 0.015 0.001 
Note: No significant differences in head motion by valence category. Translation consists of 
movement in the directions x, y, and z and is measured in mm. Rotation consists of the motions 
of pitch, roll, and yaw and is measured in degrees. 
 
Probe-Related Activation 

The clusters of brain voxels that showed statistically significant activation during 

the probe-word portion of the Cued Emotional Counting Stroop task are shown in Table 

3-4. These clusters of activation were revealed by contrasting pleasant and unpleasant 

stimuli versus neutral stimuli in the GLM. A cluster threshold of 20 contiguous voxels 
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and a statistical threshold of p <.025 was used to identify ROIs. Areas of positive 

activation are produced by increased signal contribution from the pleasant and 

unpleasant conditions. Three statistically defined ROIs are shown graphically as fMRI 

overlay maps on an all-subject averaged brain. Figure 3-3 shows brain activation in 

bilateral ACC, specifically Brodmann’s areas (BA) 32 and 9 (Talairach & Tournoux, 

1988). Figure 3-4 shows activation in bilateral precuneus, specifically BA 7, and Figure 

3-4 shows bilateral amygdala activation. 

Table 3-4. Areas of significant probe-related activity for emotionally arousing stimuli 
Talairach Coordinates 

Area Hemisphere 
X Y Z 

Brodmann 
Area 

Amygdala R 22 -10 -12  
Amygdala L -22 -15 -11  
Anterior cingulate cortex (ACC) L -2 41 16 32/9 
Hippocampus R 27 -8 -16  
Inferior frontal gyrus (IFG) R 39 26 6 45 
Inferior frontal gyrus (IFG) L -45 26 12 45 
Insula R 29 17 -5  
Insula L -33 15 -4  
Medial precuneus L -2 -61 31 7 
Middle frontal gyrus R 47 22 31 9 
Superior frontal gyrus L -32 19 50 9 
Supramarginal gyrus R 48 -65 32 39 
Supramarginal gyrus L -48 -66 32 39 
Note: R = right; L= left. X, Y, and Z are coordinates in standard stereotactic space (Talairach & 
Tournoux, 1988). Brodmann's areas are based on Talairach and Tournoux atlas maps (1988). 
This table shows the Talairach coordinates for the center of mass of the various volumes 
activated by the probe. These regions are significantly more active during the pleasant and 
unpleasant stimuli compared with the neutral. Cluster threshold was set for 20 contiguous 
voxels, p < .025. 
 
Cue-Related Activation 

The clusters of brain voxels that showed statistically significant activation during 

the task-instructional cue portion of the Cued Emotional Counting Stroop task are 

shown in Table 3-5. No contrast between conditions was used; instead, the cue 

regressor for each condition was entered into the GLM. A cluster threshold of 20 

contiguous voxels and a statistical threshold of p < .005 were used to identify ROIs in 
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the cue portion of the task. Most important with respect to the current study is that the 

task-instructional cue slide was associated with activation of brain regions typically 

associated with context maintenance and working memory, including the dorsolateral 

prefrontal and parietal cortices. 

Table 3-5. Areas of significant cue-related activity for emotionally arousing stimuli 
Talairach Coordinates 

Area Hemisphere 
X Y Z 

Brodmann Area 

Inferior parietal lobule L 37 -49 51 40 
Middle frontal gyrus L -34 30 30 46/9 
Superior frontal gyrus R 21 33 32 9 
Superior parietal lobule R 33 -51 52 7 
Note: R = right; L= left. X, Y, and Z are coordinates in standard stereotactic space (Talairach & 
Tournoux, 1988). Brodmann's areas are based on Talairach and Tournoux atlas maps (1988). 
This table shows the Talairach coordinates for the center of mass of the various volumes 
activated by the task cue. Cluster threshold was set for 20 contiguous voxels, p < .005. 
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Figure 3-3. Image of bilateral ACC fMRI activation. FMRI statistical overlay map 

showing significant clusters of activity in bilateral ACC associated with the 
pleasant and unpleasant probe stimuli condition versus neutral condition for 
all subjects (threshold: p < .025 and 20 contiguous voxels). 
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Figure 3-4. Image of bilateral precuneus fMRI activation. FMRI statistical overlay map 

showing significant clusters of activity in bilateral precuneus associated with 
the pleasant and unpleasant probe stimuli condition versus neutral condition 
for all subjects (threshold: p < .025 and 20 contiguous voxels). 
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Figure 3-5. Image of bilateral amygdala fMRI activation. FMRI statistical overlay map 

showing significant clusters of activity in bilateral amygdala associated with 
the pleasant and unpleasant probe stimuli condition versus neutral condition 
for all subjects (threshold: p < .025 and 20 contiguous voxels). 



 

CHAPTER 4 
DISCUSSION 

Emerging clinical research has highlighted a unique need to understand the 

differences and similarities between the symptoms known as PCS and PTSD, in 

particular in veterans returning from the current wars where these profiles often appear 

concomitantly. Functional neuroimaging has begun to take up this cause; the current 

study aimed to determine the efficacy of the Cued Emotional Counting Stroop task for 

activating regions of the brain implicated in both PCS and PTSD. The results indicate 

that this task was indeed successful at activating the ACC, bilateral amygdala, and 

other regions of the frontal and parietal lobes important in attention and emotion. 

Review of Findings 

Behavioral Data 

Considering performance on the Cued Emotional Counting Stroop task in terms of 

RT and error rates, the results revealed no significant behavioral differences due to 

stimuli word valence. However, there was a statistically significant effect of task on RT, 

which reflects the fact that color naming is a more taxing task than simple counting. 

Nevertheless, results of the experimental task did not show the predicted increase in RT 

or error rates for more emotionally salient stimuli (i.e., pleasant and unpleasant words). 

While this pattern of interference has been documented repeatedly using patient groups 

in other versions of the emotional Stroop task (e.g., Constans et al., 2004; Williams et 

al., 1996), it is not uncommon for other investigators using emotional Stroop tasks to 

find no significant differences in RT or error rates for control subjects (e.g., Coates, 

2008; Whalen et al., 1998). The effect sizes noted by Compton et al. (2003) regarding 

the interference for unpleasant and pleasant words are d = 0.33 and d = 0.24, 

50 



 

respectively, which suggests that in order to find a statistically significant interference 

effect in this study, the sample size would have had to be much larger. 

However, it is worth mentioning that the pattern of valence-related RT and error-

rate effects was not in the predicted direction (see Table 3-2). In fact, the responses 

were fastest to the unpleasant stimuli, although the differences in RT by valence were 

not statistically significant. Due to lack of significant differences, there is no clear 

approach for interpreting these results. However, it remains plausible that with greater 

statistical power an interference effect or a facilitation effect of emotional valence might 

be observed. Both interference and facilitation of emotional arousal have been 

documented in controls (e.g., McKenna & Sharma, 1995; Perez-Edgar & Fox, 2003), yet 

there are no complete theories for why these patterns sometimes appear. Nevertheless, 

the current study precludes drawing further conclusions on this point due to the absence 

of statistically significant differences in RT. 

FMRI Data 

Probe stimuli related activation 

As predicted, when examining probe stimulus related activation associated with 

correct trial performance, there was greater medial prefrontal, including ACC, and 

amygdala activation associated with the pleasant and unpleasant probe conditions 

versus the neutral probe condition. This finding is consistent with numerous studies that 

show increased amygdalar (Isenberg et al., 1999; Malhi et al., 2005) and medial 

prefrontal cortical (Compton et al., 2003; Kompus et al., 2009; Malhi et al., 2005) 

activation to emotionally arousing words. These results suggest that in order to 

successfully complete the Cued Emotional Counting Stroop, medial prefrontal areas 

(i.e., ACC) are engaged to a greater degree to complete the color naming and counting 
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tasks when the probe stimuli are emotionally arousing (i.e., pleasant and unpleasant) 

versus when the probe stimuli are emotionally neutral. Furthermore, these results 

suggest that both pleasant and unpleasant words reliably activate bilateral amygdala 

when compared to neutral words. 

Instructional cue related activation 

As predicted, when examining instructional cue related activation associated with 

correct trial performance, there was significant prefrontal and parietal cortical activation 

across task and valence condition. Activation of these regions is consistent with a host 

of functional imaging and human lesion studies demonstrating a critical role for these 

regions in working memory and context maintenance (e.g., Braver, Barch, & Cohen, 

1999; Miller & Cohen, 2001; Stuss et al., 1995). These results suggest that in order to 

maintain the task instructions and experimental context in memory successfully, during 

the delay before the probe stimulus appeared, participants engaged prefrontal (i.e., 

dlPFC) and parietal cortices, regardless of task instructional condition. Furthermore, 

these results suggest that both color naming and word counting, when presented 

intermixed, required active context maintenance in the Cued Emotional Counting 

Stroop; that is to say neither task was automatic (i.e., requiring no cognitive control) 

because the two tasks were presented randomly in mixed blocks. Based on the 

behavioral results, it appears that the word counting trials were easier (i.e., faster RT) 

when compared to the color naming trials. However, when examining the functional 

neuroimaging results, collapsed across trial type, a significant pattern of frontal and 

parietal signal was present. This indicated that both trial types were related with 

engagement of neural regions associated with working memory and cognitive 

processing, despite a clear RT effect. Together, these findings suggest that there are 
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medial prefrontal-amygdalar circuits at work during the Cued Emotional Counting Stroop 

task, which indicates that this task could feasibly serve to illuminate neuroanatomical 

deficits seen in patients with PCS and PTSD. 

Implications 

Various emotional Stroop tasks used in functional neuroimaging studies have 

been shown to be effective for eliciting activation of brain areas important in both 

cognition and emotion (Bremner et al., 2004; Bush et al., 1998; Compton et al., 2003; 

Malhi et al., 2005; Shin et al., 2001; van den Heuvel et al., 2006; Whalen et al., 1998). 

However, none so far has incorporated an instructional cue component that requires 

active maintenance of task instructions in order to complete the task successfully. The 

current study demonstrated that this Cued Emotional Counting Stroop task could be 

used in the context of fMRI to activate bilateral amygdala, and ACC, and other regions 

of the frontal lobes important in attention and emotion. 

The unique attributes of this task are not trivial. Specifically, using an instructional 

cue allows this task to be presented as mixed blocks, with color naming and word 

counting intermixed. This mixed design increases the processing demands of the task 

compared to traditional emotional Stroop tasks. Additionally, the fact that the cue 

appears several seconds before the probe stimuli also requires engagement of working 

memory resources for active maintenance of task context. This allows the present task 

to be more cognitively demanding than a typical emotional Stroop task, which is 

arguably very important when studying PCS as the cognitive deficits in these patients 

are typically minor; deficits in attention and executive functioning in PCS and PTSD may 

only appear with more highly demanding tasks. 
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This task is also unique among other previous emotional Stroop experiments 

because the three emotional valences in the task (pleasant, neutral, and unpleasant) 

were presented as a mixed paradigm during functional neuroimaging. Whereas 

previous fMRI studies have predominantly used blocked paradigms for stimuli valence 

(i.e., blocks of several neutral trials followed by blocks of several unpleasant trials; e.g., 

Bremner et al., 2004; Compton et al., 2003; Malhi et al., 2005) the present study 

demonstrated statistically significant differences in brain activation according to pleasant 

and unpleasant emotional valence within a mixed paradigm. Taken as a whole, these 

neuroimaging results suggest that the Cued Emotional Counting Stroop task is a 

potentially viable method for use in patients with PCS and PTSD in order to elucidate 

the hypothesized differential patterns of neural activation in these groups. 

Limitations 

Limitations of FMRI 

The viability of using fMRI as a correlate of neural activity is widely accepted 

(Bandettini, 2009; Friston, 2009). However, there remain criticisms of this methodology 

(Miller, 2008; Van Horn & Poldrack, 2009) and by all accounts, our understanding of the 

complex attributes of the hemodynamic response in the brain is incompletely 

understood (Logothetis, 2008). However, certain particular criticisms of previous 

research (e.g., that activation signals were due to motion artifact; Friston, Williams, 

Howard, Frackowiak, & Turner, 1996; Hajnal et al., 1994) have been well controlled for 

in the present study (no significant task or valence differences in average head 

movement across experimental session), and therefore these results are presented with 

confidence in their integrity. 
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One criticism of this experiment may be associated with how this task differs from 

more traditional emotional Stroop tasks. For example, it might be said that conducting 

the Cued Emotional Counting Stroop as a mixed paradigms would produce “bleed 

through” activation as the trials vary from one affective valence to the next. This is in 

contrast with more traditional blocked paradigms, which are believed to create “mood 

states” by lumping trials of one valence together, and some researchers have claimed 

that they can only elicit an emotional Stroop effect with a blocked design (Compton et 

al., 2003). However, even if effects of “bleed through” were present in the current study, 

any potential signal changes were not strong enough to outweigh the endogenous effect 

of each trial. 

Sample Size Limitations 

The small sample sized used for this study is a clear limitation. Published 

guidelines suggest that approximately 12 subjects are needed per group in fMRI 

research when data are analyzed using subject as a random effect (Desmond & Glover, 

2002) in order to make population-level inferences. Nonetheless, the sample size used 

in the present study appears to have been adequate to demonstrate the predicted 

effects at a suitably rigorous statistical criterion (p < .05). Regardless, a larger sample 

size is indicated for future demonstration of the replicability of these findings. Along the 

same lines, it is worth noting that the inability of the present study to detect significant 

behavioral differences by word valence, in terms of RT or error rates, may be due to the 

small sample tested. However, the presence of significant interference effects has not 

been uniformly documented in non-clinical samples (Coates, 2008; Whalen et al., 

1998). 
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Future Directions 

The present study serves as a beginning step in a research endeavor aimed at 

using functional neuroimaging to document processes that may help differentiate PCS 

and PTSD. Future studies will work to demonstrate the viability of the Cued Emotional 

Counting Stroop task in populations of post brain-injury and anxiety disorder patients. 

These future lines of work will continue to hinge upon previous research in this lab that 

has demonstrated altered patterns of activation during tasks requiring cognitive control 

(i.e., Task Switching Cued Stroop) in patients with moderate and severe TBI (Larson et 

al., 2006; Perlstein et al., 2006; Seignourel et al., 2005; Sozda, 2009). The forthcoming 

projects using healthy control participants will use both the Task Switching Cued Stroop 

and the Cued Emotional Counting Stroop in the same individuals to demonstrate 

differential patterns of activation between these two tasks. If, as is hypothesized, these 

two tasks allow for a double dissociation of brain regions critical for cognitive and 

cognitive-affective neural circuits, for example ACC and cACC, then these two tasks 

together should be well suited for use in differentiating PCS and PTSD. To reiterate, the 

rACC has been implicated in emotion-based processing and responding, and the cACC 

has been implicated in performance of cognitive tasks, based on anatomical studies and 

functional imaging (Devinsky et al., 1995; Vogt et al., 1992). Based on patterns of 

functional neural activation in patient samples that have been documented previously by 

other researchers (e.g., Bremner et al., 2004; Shin et al., 2001; Sozda, 2009), it is 

predicted that patients with PTSD would show disruption of activation in rACC and 

patients with PCS would show disruption of activation in cACC. 

It is worth noting that a similar “double dissociation” project has been undertaken 

previously with healthy control participants with promising results (see: Bush et al., 1998 
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and Whalen et al., 1998). However, the line of work by the Whalen and Bush groups did 

not employ a task-switching or instructional cue working memory component. This 

unique attribute, of tapping working memory in addition to emotional processing, allows 

broader aspects of cognitive-affective neural circuits to be explored with our Cued 

Emotional Counting Stroop task. For example, another line of future work will focus on 

dissociating the patterns of activation in these regions temporally, such that it may be 

found that dlPFC activity can predict activity in ACC and/or amygdala. It will also be 

explored whether there is a temporal correlation between the activity in the ACC and 

amygdala, which would demonstrate the presence of a network of activation that is 

currently assumed although not strictly empirically validated. These future endeavors in 

this realm are intended to have great clinical applicability. Yet at present, they depend 

upon a sequential, multi-step line of basic science research, which is currently in its 

early stages in this and other laboratories. 

Summary 

The current study used fMRI to assess the feasibly of using the Cued Emotional 

Counting Stroop task as a probe for activation of the amygdala, medial prefrontal 

regions including ACC, and lateral prefrontal cortical areas including the dlPFC. The 

results of this study suggest that this task is indeed capable of activating these brain 

regions in a relatively small sample of healthy adult participants. These findings will be 

applied to a continuing line of research in this lab focused on better understanding the 

cognitive affective circuits implicated in the deficits shared by PCS and PTSD. 

 



 

APPENDIX 
STIMULI 

Table A-1. Stimuli used in Cued Emotional Counting Stroop task 
Pleasant Neutral Unpleasant 
affection avenue abuse 
alert bathroom accident 
applause cellar afraid 
aroused circle anger 
baby clock angry 
bold coarse assault 
cash contents bomb 
champion custom cancer 
comedy detail cruel 
confident elbow crushed 
dancer elevator danger 
engaged engine destroy 
fame excuse devil 
glory fabric disaster 
handsome finger divorce 
happy habit execution 
holiday humble guilty 
hopeful journal hate 
improve lantern hatred 
joke medicine hurt 
kiss modest injury 
laughter muddy insane 
liberty nonsense killer 
loved nursery murderer 
lucky passage pain 
mighty phase poison 
miracle privacy prison 
passion shadow rejected 
pleasure sphere slaughter 
profit stomach slave 
proud teacher suicide 
romantic tower terrible 
success truck tragedy 
talent wagon troubled 
victory watch victim 
wedding writer violent 
All words are taken from the normative word set described in the Affective Norms for English 
Words (ANEW; Bradley & Lang, 1999). 
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