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COGNITIVE CONTROL DISRUPTION IN TRAUMATIC BRAIN INJURY 

By 

Michael James Larson 

August 2008 

Chair:  William M. Perlstein 
Major: Psychology 
 

Cognitive control comprises two essential interactive component processes: a regulative 

component supporting the activation and implementation of control and an evaluative component 

that monitors the need for regulative control and signals when adjustments in control are 

necessary. Survivors of severe traumatic brain injury (TBI) experience cognitive control 

impairments that frequently contribute to long-term disability, but the specific nature of these 

impairments is poorly characterized. Moreover, research on TBI-related cognitive control 

dysfunction has focused primarily on regulative control deficits. The current series of studies 

utilized behavioral (i.e., response time [RT] and error rates) and electrophysiological (i.e., event-

related potentials [ERPs]) measures of cognitive control to test the hypotheses that: (1) survivors 

of severe TBI exhibit impairments compared to demographically-matched healthy control 

participants in the evaluative control functions of performance-monitoring, conflict detection, 

feedback utilization, and signaling for increased implementation of regulative control; and (2) 

both behavioral and electrophysiological manifestations of evaluative control impairment are 

associated with impairments in deficit awareness. Relative to healthy control participants, 

survivors of severe TBI showed attenuated neural reflections of both performance-monitoring 

and feedback context utilization; however, groups did not differ on putative measures of the 
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evaluative control process of signaling for enhanced regulative control following conflict. 

Neither behavioral nor electrophysiological manifestations of evaluative control were associated 

with awareness of deficits in TBI survivors. Taken together, these findings suggest that survivors 

of severe TBI are impaired in the evaluative control functions of performance monitoring and 

feedback context utilization, but can still utilize conflict information to reactively adjust 

performance to changing task demands. Future research based on these findings may allow us to 

capitalize on the heterogeneity associated with TBI to identify clinically meaningful subtypes 

and appropriately tailor rehabilitation efforts to specific cognitive control deficits. 
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CHAPTER 1 
GENERAL INTRODUCTION 

Traumatic brain injury (TBI) is one of the most common neurological disorders in the 

United States. The estimated incidence rate is nearly 100 per 100,000 individuals, with 

approximately 52,000 deaths annually (National Institute of Health, 1998). TBI occurs 

approximately two times more often in males than females (Centers for Disease Control, 1999), 

with direct medical costs and indirect costs (e.g., lost productivity) estimated to be approximately 

$60 billion per year in the United States alone (Finkelstein et al., 2006). Mild injuries account for 

approximately 80% of all cases of TBI, and may result in recovery of function without 

intervention (Levin et al., 1987). In contrast, moderate-to-severe TBI tends to be associated with 

worse outcomes and requires extensive and costly rehabilitation in order to maximize functional 

recovery (Levin et al., 1990). The debilitating behavioral and cognitive consequences of TBI 

often dramatically alter survivors’ life-course due, in part, to disruption of the family, income 

loss, and illness-related lifetime expenses (National Institute of Health, 1998). Given the high 

prevalence, extensive disability, and expense associated with TBI, a comprehensive 

understanding of the cognitive impairments, their potential common neural bases, and their 

relationship to outcome is critical to developing effective rehabilitation strategies and monitoring 

rehabilitation effects on brain function.  

Cognitive Control and Traumatic Brain Injury  

Although the pattern of impairment following TBI varies across individuals and severity of 

injury, the preponderance of current evidence suggests that TBI is associated with severity-

dependent deficits in cognitive control-that is, “in the ability to orchestrate thought and action in 

accord with internal goals” (Miller & Cohen, 2001, p. 167). Such deficits appear to exist either in 



 

12 

addition or in contrast to more generalized cognitive impairment (Larson et al., 2006a; Levin et 

al., 1990; Levine et al., 2002; Perlstein et al., 2004, 2006; Seignourel et al., 2005). Little 

systematic research has explicitly examined cognitive control impairment in TBI. Additionally, 

until only recently, examination of cognitive functioning in TBI has employed tasks that 

primarily examine dorsolateral prefrontal cortex (dlPFC)-mediated cognitive control functions. 

The use of such tasks has been a critical step in identifying some of the specific cognitive 

processes impaired in patients with TBI and the brain regions most vulnerable to disruption in 

such patients; however, other aspects of cognitive control dysfunction in TBI have received little 

attention despite their potential importance in adaptation to, and recovery from, injury.  

A basic understanding of the construct of cognitive control is requisite to full appreciation 

of cognitive control dysfunction in TBI. Two broad sets of dissociable processes are considered 

central to cognitive control: regulative and evaluative control processes (Botvinick et al., 2001; 

Kerns et al., 2004; Miller, 2000; Miller & Cohen, 2001). Regulative control processes are those 

involved in the top-down control of cognition and include such functions as representing and 

maintaining goals (i.e., context maintenance) and implementing control (i.e., allocating limited 

attentional resources). These functions rely on the integrity of the dlPFC (Cohen et al., 2000) and 

are most critical when faced with competing response options (e.g., the representations of both 

correct and incorrect response options). A second set of processes essential for cognitive control 

are evaluative in nature and involve the on-line assessment of performance (e.g., detection of 

processing conflicts, error-monitoring). These evaluative functions are critical for flexible 

adjustments of top-down control and adaptation to a constantly changing environment. The 

monitoring of performance for errors and detection of conflict can subsequently act as a signal to 

allocate the increased attentional control necessary to overcome errors/conflict and successfully 
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perform goal-directed behaviors (Botvinick et al., 2001; van Veen & Carter, 2002a). A 

convergence of human and animal research implicates the medial frontal cortex, specifically the 

anterior cingulate cortex (ACC), as essential to these evaluative control processes (Botvinick et 

al., 2001; Rushworth et al., 2004; van Veen & Carter, 2002a,b). In sum, cognitive control is a 

dynamic process implemented in a distributed network in the brain that involves closely 

interacting, but dissociable components. Anterior cingulate-mediated evaluative control 

processes indicate when control needs to be more strongly engaged and signal to the dlPFC for 

increased attention allocation and top down support of task appropriate behaviors (Kerns et al., 

2004; MacDonald et al., 2000). 

Much of the theoretical and empirical work related to cognitive control functioning has 

focused on impaired regulative processes and their association with impairments in the dlPFC 

and related circuitry. This is appropriate, as the frontal lobes and temporal poles are 

preferentially susceptible to damage following TBI (Bigler, 1999), giving rise to the 

preponderance of cognitive control dysfunction seen due to focal frontal/prefrontal cortical 

contusions (Adams et al., 1980) or diffuse white matter injury that disrupts dopaminegic input to 

the prefrontal cortex (e.g., Adams, 1984; Adams et al., 1982). Several recent functional 

neuroimaging studies demonstrate altered dlPFC activity in patients with mild (McAllister et al., 

1999, 2001) and moderate-to-severe TBI (Cazalis et al., 2006; Christodoulou et al., 2001; 

Newsome et al., 2007; Perlstein et al., 2004; Scheibel et al., 2003) while they performed working 

memory tasks heavily dependent upon regulative control functions. Experimental cognitive 

neuroscience tasks designed to precisely isolate specific dlPFC-related regulative control 

processes are also reliably identifying TBI-related dysfunction (Larson et al., 2006a; Levine et 

al., 2002; Perlstein et al., 2004, 2006; Seignourel et al., 2005). Specifically, performance deficits 
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in TBI patients relative to controls have been identified on the AX-CPT task (Larson et al., 

2006a), the n-back task (Perlstein et al., 2004), the cued-Stroop paradigm (Seignourel et al., 

2005; Perlstein et al., 2006), and dual-task paradigms (Leclercq et al., 2000; McDowell et al., 

1997), suggesting the presence of cognitive control deficits involving processes such as working 

memory, context maintenance, response inhibition, performance adjustment, and the ability to 

coordinate simultaneous performance of multiple task demands. In addition, studies employing 

traditional neuropsychological assessment methods have reliably identified TBI-related 

performance difficulties on traditional measures of dlPFC function, including the Stroop Color-

Word Task (Bate et al., 2001; Ponsford & Kinsella, 1992; Potter et al., 2002), Trail Making Test 

Part B (Rios et al., 2004), Wisconsin Card Sorting Test (Leon-Carrion et al., 1998; Rios et al., 

2004), and the Paced Auditory Serial Addition Test (Gronwall & Wrightson, 1981; Levander & 

Sonesson, 1998; Ponsford & Kinsella, 1992). Little attention has been paid to impaired 

evaluative component processes in TBI. We believe that many cognitive deficits in TBI are 

related to dysfunction in the evaluative process of monitoring and signaling of errors/conflict, 

and that its remediation is important to the development of future rehabilitation strategies.  

 Cognitive control deficits in TBI are most debilitating outside the laboratory setting 

where complex demands are ubiquitous and fluid performance adjustments critical. For example, 

many TBI survivors do well on automatic, well-rehearsed tasks yet experience tremendous 

difficulty when required to use flexible, novel approaches to solve new and complex problems 

(Levine et al., 2000). Insufficiencies in these processes may serve as a foundation for some of the 

most debilitating functional deficits following TBI, such as difficulty making decisions, 

performing complex tasks, dual-tasking, and planning (Anderson et al., 2002; Bergquist & 

Jacket, 1993; Levine et al., 2002; Stuss & Gow, 1992). Based on these observations, one would 



 

15 

expect cognitive control deficits as measured in the laboratory to correlate with functional 

impairment in TBI, particularly in domains of functioning requiring awareness of performance 

and adaptive thinking (see Perlstein et al., 2004, 2006 for examples). Thus, deficits in the 

monitoring and evaluation of conflict should be manifest outside of the laboratory as difficulties 

recognizing discrepancies in actions and subsequent failures to adapt actions appropriately to the 

situation (i.e., impaired deficit and performance awareness).   

Awareness of Deficits in TBI 

Several studies of moderate-to-severe TBI survivors document lack of awareness of 

cognitive deficits (Damasio & Anderson, 1993; Sherer et al., 1998; Toglia & Kirk, 2000), lack of 

insight into impaired interpersonal skills (Bergquist & Jacket, 1993), and impaired self-

monitoring of behavior (Stuss, 1991). Research suggests that up to 45% of individuals with 

moderate-to-severe TBI demonstrate reduced or complete lack of awareness of their deficits (see 

Flashman & McAllister, 2002). Survivors of TBI who are unaware of their deficits may display a 

lack of motivation to change (Sherer et al., 1998), limited self-regulatory behaviors (Fleming & 

Strong, 1995), and decreased compliance in the rehabilitation setting (Allen & Ruff, 1990). 

Deficits in the detection of difficulties may lead to poor performance and decreased recovery of 

function in the rehabilitation setting. Awareness of deficit is a major factor in predicting overall 

rehabilitation outcomes, with decreased awareness of deficits associated with worse 

rehabilitation outcomes (Sherer et al., 1998) and decreased likelihood of regaining employment 

(Hart et al., 2005). Some researchers hypothesize poor functional outcomes associated with 

reduced awareness of deficits are associated with a lack of ability to detect and acknowledge 

problems in performance and make the necessary adjustments to perform activities accurately 

(Dirette, 2002).  
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Awareness of deficits is a dynamic, rather than static, component of cognitive function 

following TBI (Noe et al., 2005; Toglia & Kirk, 2000). Thus, different variables may contribute 

to a patient’s awareness of deficits throughout the recovery process. Length of posttraumatic 

amnesia (PTA) is the only injury severity index that has been reliably associated with severity of 

deficits in awareness (Prigatano et al., 1998; Trudel et al., 1998), although a recent study 

indicates that severity of injury is associated with impairments in deficit recognition (Sherer et 

al., 2005). This same study (Sherer et al., 2005) examined lesion location and severity in 

association with awareness of deficits. Findings indicate the number of brain lesions was 

predictive of degree of impaired awareness of deficits; however, right hemisphere contusion or 

frontal lobe contusion volumes were not predictive of degree of impaired deficit awareness. 

Emotional status (i.e., presence of mood or anxiety disorder) is also associated with deficit 

awareness, as several studies indicate emotional status is inversely correlated with measures of 

deficit awareness (Ownsworth & Oei, 1998). For example, Ownsworth and Oei (1998), in a 

review of the TBI literature, reported improved awareness of deficits is one of the strongest 

predictors of depression post-TBI and that Axis I psychopathology is increased in association 

with improvements in awareness. Furthermore, recent studies indicate increased awareness of 

deficits is associated with improved neuropsychological test performance—particularly on 

measures of executive functioning and both verbal and spatial memory, higher levels of 

functional independence, and decreased psychopathological symptoms (Noe et al., 2005; 

Ownsworth et al., 2000, 2002).  

Awareness can be divided into two theoretical categories, metacognitive knowledge and 

“on-line abilities” (Toglia & Kirk, 2000). Metacognitive knowledge refers to knowledge about 

one’s own abilities, and implies knowledge from the present and past, as well as anticipating and 
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planning for the future. On-line awareness is ongoing monitoring of actual task performance and 

implies identification of inappropriate task completion and subsequent adjustments in 

performance to complete the task successfully. In other words, metacognitive knowledge is what 

an individual brings to the task in terms of cognitive abilities and awareness of one’s functioning, 

while monitoring reflects awareness of performance on a task and the ability to change strategies 

and adjust performance according to previous experience (i.e., performance monitoring; Toglia 

& Kirk, 2000). Both aspects of awareness are crucial to effective interactions with the 

environment. Deficits in metacognitive knowledge can lead to inappropriate expectations and 

goals, increasing the potential for let down and subsequent decreases in emotional functioning. 

On-line monitoring of performance, on the other hand, is crucial to appropriate actions in the 

work environment, where repeated errors can lead to poor performance and potential 

termination, as well as impairments on everyday tasks that require active problem solving and 

confrontation of novel situations.   

Utilizing neurobiological indices of evaluative control (scalp-recorded event-related 

potentials [ERPs]) and measures of symptom expression and deficit awareness, the studies 

presented below provide insight into the relationships between evaluative control dysfunction, 

brain activity reflecting this dysfunction, and measures of deficit awareness. The specific aims of 

these studies were to, first, test the hypothesis that survivors of severe TBI exhibit impairments 

in behavioral and neurobiological manifestations of ACC-mediated evaluative control processes. 

We specifically predicted survivors of severe TBI would show impairments in their ability to 

detect errors and response conflict (i.e., when representations of more than one response are 

simultaneously activated) and subsequently show decrements in their ability to adjust 

performance to adapt to task demands. Since behavioral data alone do not address the potential 
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neural underpinnings of impaired performance, we employed high-density ERPs to test the 

prediction that TBI survivors exhibit attenuated neural signals for measures of performance 

monitoring, conflict monitoring, and subsequent control adjustment. Second, we compared 

behavioral and neurobiological indices of evaluative control to measures of deficit awareness in 

participants with TBI. We predicted cognitive control deficits as measured in the laboratory 

would correlate with deficits in the monitoring and evaluation of performance and abilities (i.e., 

deficit awareness). Finally, we examined TBI-related changes in the evaluative control ability to 

monitor and respond to feedback. We predicted survivors of severe TBI would exhibit deficits in 

the evaluative control process of reward context monitoring and, subsequently, show decrements 

in their ability to evaluate feedback and reward. 

.  
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CHAPTER 2 
AWARENESS OF DEFICITS, PERFORMANCE MONITORING, AND EVALUATIVE 

CONTROL FOLLOWING SEVERE TRAUMATIC BRAIN INJURY 

Individuals with severe traumatic brain injury (TBI) often demonstrate impairments in 

performance monitoring—an evaluative control process that can be measured using the error-

related negativity (ERN) and post-error positivity (Pe). The ERN and Pe are event-related 

potential (ERP) components generated following errors, with current theories suggesting the 

ERN reflects automatic performance monitoring and the Pe reflects error processing and 

awareness. To elucidate the electrophysiological mechanisms of performance monitoring deficits 

following severe TBI, behavioral and ERP measurements were obtained while participants with 

severe TBI and neurologically-healthy comparison participants performed a modified color-

naming version of the Stroop task. Behaviorally, both groups demonstrated robust RT and error 

rate interference; no significant between-groups differences were noted. ERP results indicate 

ERN amplitude was attenuated in participants with TBI, while the pattern of Pe amplitude did 

not clearly differentiate groups. No meaningful relationships between ERN or Pe component 

amplitude and measures of deficit awareness were present. Results suggest the ERN as a 

potential electrophysiological marker of evaluative control/performance monitoring impairment 

following TBI.  

Introduction 

Survivors of traumatic brain injury (TBI) frequently exhibit severity-dependent 

impairments in a number of cognitive domains, including those that compromise the accuracy of 

action and performance monitoring. Impairments of this type belong to a broader constellation of 

deficits in the evaluative component of cognitive control (Botvinick et al., 2001; Braver et al., 

1999). Evaluative component processes include monitoring for the presence of response conflict 
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(simultaneously activated competing responses), monitoring performance for errors, and 

signaling the need to implement or adjust top-down control processes. These evaluative 

functions are critical for flexible adjustments of top-down control needed for adaptation to 

performance demands (e.g., correcting an error). The ACC plays a key role in the evaluative 

component of cognitive control (Gehring & Fencsik, 2001; Kerns et al., 2004; MacDonald et al., 

2000; Miltner et al., 2003; van Veen & Carter, 2002a, 2002b). 

Dysfunction of ACC-mediated evaluative control processes has direct implications for 

survivors of brain injuries. For example, animal research demonstrates ACC lesions alter the 

normal pattern of corrective behavior following errors, such that consecutive errors without 

appropriate correction are more common (Dias & Aggleton, 2000; Rushworth et al., 2003; 

Walton et al., 2003). Similar evidence comes from a human patient with a rare focal lesion of the 

rostral-to-middorsal ACC who was less likely than healthy controls to correct mistakes (Swick & 

Turken, 2002). In participants with TBI, where axonal shearing may be prominent in medial 

frontal regions, little research has examined the neural instantiation of evaluative control 

functions. One PET study suggested abnormalities of ACC glucose metabolism at rest in 

participants with TBI that correlated with subsequent neuropsychological performance (Fontaine 

et al., 1996), an fMRI study using the Stroop task found a relative decrease in ACC activity in 

participants with TBI compared with controls (Soeda et al., 2005), an fMRI study reported 

impaired ACC activity in TBI survivors with problem solving deficits (Cazalis et al., 2006), and 

recent studies from our lab observed ACC dysfunction in survivors of severe TBI during 

performance of a task requiring working memory (Perlstein et al., 2004), and a diminished 

electrophysiological reflection of evaluative control, presumably mediated by the ACC (i.e., 

N450 component of the scalp-recorded event-related potential [ERP]), in a single-trial version of 
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the Stroop task; Perlstein et al., 2006). A growing consensus from these studies is that ACC-

mediated changes following TBI are the result of diffuse axonal damage that disturbs fronto-

cortical and subcortical networks leading to subsequent evaluative control impairment.  

The physiological and cognitive bases of evaluative control have been the subjects of many 

recent investigations. One putative reflection of the evaluative process of performance 

monitoring is an electrophysiological signature in the scalp recorded ERP known as the error-

related negativity (ERN). The ERN is a fronto-medial maximal response-locked potential 

peaking within 100ms after the commission of an error (Falkenstein et al., 1991). The precise 

cognitive mechanisms generating the ERN are under active debate (Holroyd & Coles, 2002; 

Yeung & Cohen, 2006), but have been attributed to detection of response conflict (Carter et al., 

1998), detection of errors (i.e., mismatch between an intended and produced response; 

Falkenstein et al., 1991; Gehring et al., 1993), or an emotional response to errors (Larson et al., 

2006b; Vidal et al., 2000). Source localization ERP as well as fMRI studies consistently 

implicate a region in the dorsal ACC as the primary neural generator of the ERN (van Veen & 

Carter, 2002a).  

Although the ERN has received considerable attention in electrophysiological 

investigations of performance monitoring, researchers also examined a positive deflection 

occurring between 100 and 400ms following the ERN known as the post-error positivity (Pe). 

The functional significance of the Pe remains controversial (Overbeek et al., 2005); however, the 

Pe can be differentiated from the P300 (Falkenstein et al., 2000) and may be associated with 

conscious error recognition, as it is diminished when subjects are unaware of performance errors 

(Nieuwenhuis et al., 2001). Moreover, post-error RT slowing occurs only on trials that exhibit an 
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observable Pe (Mathalon et al., 2002), and Pe amplitude varies in relation to the degree of post-

error slowing and autonomic nervous system activity (Hajcak et al., 2003a).  

Awareness of Deficits, Performance Monitoring, and TBI 

Several studies of TBI survivors document lack of awareness of cognitive and physical 

deficits (Damasio & Anderson, 1993; Sherer et al., 1998; Sherer et al., 2005; Toglia & Kirk, 

2000). One important aspect of awareness abilities is that of monitoring performance and 

implementing strategic adjustments when current performance is inadequate. Stemmer et al., 

(2004) examined overt behavioral signs of error responses (e.g., exclamations, swearing, 

grimaces) during a flanker task and found that three of five stroke patients who experienced 

anterior communicating artery (ACA) aneurysms and subsequent lesions to the medial PFC, 

including the ACC, demonstrated poor ability to monitor performance. This study utilized ERPs 

to examine error-related neural activity; findings indicate decreased error-related neural activity 

in the individuals with lesions to the medial PFC. Of note, some patients were aware of errors 

but did not produce a discernable Ne/ERN.  

Another study examined error awareness in everyday situations, such as wrapping a gift or 

packing a schoolbag. TBI patients showed less awareness and corrected significantly fewer 

errors than control participants (Hart et al., 1998). O’Keeffe and colleagues (2004) utilized 

measures of electrodermal activity to examine autonomic responses to errors in TBI participants. 

TBI participants detected significantly fewer errors on the task than matched-control 

counterparts. In addition, electrodermal activity following errors was decreased in the TBI 

participants relative to controls, with error detection rates and electrodermal activity being 

significantly correlated. Findings indicate TBI participants exhibit impairments in the evaluative 

process of conflict detection and processing, leading to impaired performance of error-related 

conflicting information and poor adjustments in performance (O'Keeffe et al., 2004). No studies 



 

23 

to date have examined the electrophysiological instantiations of performance monitoring deficits 

in survivors of severe TBI or the relationship of evaluative control dysfunction with deficit 

awareness in these individuals. Given the important role that ACC-mediated conflict-

detection/performance monitoring processes appear to play in signaling for the recruitment of 

regulative control mechanisms and the prevalence of deficits in awareness, it is important to 

characterize the functioning of such a process in survivors of TBI. 

Current Study 

The primary aims of the current study were to extend previous findings of impaired 

performance monitoring in survivors of severe TBI and determine if electrophysiological indices 

of evaluative control—the ERN and Pe components of the scalp-recorded ERP—are attenuated 

following severe TBI and if these ERP components are related to awareness of deficit. We 

predicted that TBI participants would show smaller-amplitude electrophysiological activity 

(ERN) to error, relative to correct trials, compared to neurologically healthy controls, and that 

ERN amplitude would correlate with deficit awareness, such that larger ERN is associated with 

increased awareness of deficit. Additionally, we tested the hypothesis that the Pe is related to 

awareness of deficit, as previous studies of the Pe have shown a specific relationship between Pe 

amplitude and awareness of performance errors (Nieuwenhuis et al., 2001). 

Methods 

Participants with severe TBI were recruited from two Northern Florida trauma and 

rehabilitation hospitals; control participants were recruited via flyer and advertisement from the 

local community. Study enrollment initially included 21 participants with severe TBI and 21 

healthy control participants. ERP data for one participant with TBI were lost due to equipment 

malfunction and one TBI participant performed the task incorrectly (i.e., responded to the word 

rather than the color for every trial); therefore, final analyses included 19 participants with severe 
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TBI and 21 healthy control participants. All participants provided written informed consent 

according to procedures established by the University of Florida Health Science Center 

Institutional Review Board and were compensated for their participation. 

TBI severity was determined from medical record review of lowest post-resuscitation 

Glasgow Coma Scale (GCS) score (Teasdale & Jennett, 1974), with severe TBI defined as a 

GCS score < 9. Neurological indices, including neuroradiological findings taken from acute 

computerized tomography (CT) scans, duration of loss of consciousness (LOC), and duration of 

post-traumatic amnesia (PTA), were also acquired from medical record review or, when LOC 

and PTA information were not available in medical records, from structured participant and 

significant other interview (King et al., 1997; McMillan et al., 1996). LOC and PTA data 

confirmed all TBI participants met criteria for severe TBI as traditionally defined by LOC > 6 

hours and/or PTA > 7 days (Bigler, 1990; Bond, 1986; Lezak et al., 2004). 

All participants were screened for major psychiatric disorder using the Mental Health 

Screening Form-III (MHSF-III; Carroll & McGinley, 2000, 2001). The MHSF-III provides 

excellent inter-rater reliability (> .95), good internal consistency (Cronbach’s α > .83), and good 

construct validity (87% rate of agreement between independently assigned mental health 

diagnoses and endorsed items on the MHSF-III; Carroll & McGinley, 2001). In addition, the 

MHSF-III is useful as a screening instrument because it is quite brief, consisting of 18 questions, 

and can be administered in approximately 15 minutes.  

Potential participants were excluded from the study if they endorsed a history of psychotic 

or bipolar disorder, learning disability, alcohol or substance abuse, other acquired brain disorders 

(e.g., epilepsy, stroke), inpatient psychiatric treatment predating brain injury, clinically-

significant depression or anxiety currently or within two years prior to injury, current anti-
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epileptic medication use, or color-blindness as measured by the Ishihara pseudo-isochromatic 

color plates (Clark, 1924). Participants with language comprehension deficits or uncorrected 

visual impairments were also excluded. 

Demographic characteristics and neuropsychological test summary data for control and 

TBI study participants are provided in Table 2-1. Injury characteristics (etiology, GCS, LOC, 

PTA, time since injury) and neuroradiological findings for the participants with TBI are 

presented in Table 2-2. Survivors of severe TBI were at least four months post-injury, with the 

exception of one TBI survivor (two months post-injury) who was functioning well and desired to 

complete the study early before returning to employment responsibilities. No participants were 

engaged in legal action at the time of the study. Participant groups were comparable in age and 

education (see Table 2-1); groups did not significantly differ in gender distribution χ2(1)=2.16, 

p>.14 (TBI: 15 male/4 female; Control: 12 male/9 female). Since previous studies demonstrate 

differences in ERN amplitude as a function of depressive or anxious symptoms (Hajcak et al., 

2003b; Ruchsow et al., 2004; Ruchsow et al., 2006), TBI and control participants were 

administered the Beck Depression Inventory-2nd Edition (BDI-II; Beck, 1996), a modified 

version of the Apathy Evaluation Scale (Marin, 1991; Marin et al., 1991; Starkstein et al., 1992), 

and the State-Trait Anxiety Inventory (STAI; Speilberger et al., 1983). Compared to controls, 

participants with TBI endorsed significantly more depressive symptoms; however, no individual 

scores met common clinical cut-offs for moderate depression (BDI-II > 21) and mean scores for 

both groups were within normal limits — not meeting criteria for minimal depression (BDI-II > 

13; see Beck, 1996). Groups did not differ on their report of apathy symptoms, but participants 

with TBI endorsed higher levels of state and trait anxiety symptoms.  
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Assessment of TBI Symptoms and Deficit Awareness 

In an effort to characterize the cognitive functioning of participants with TBI, a brief 

battery of neuropsychological tests was administered to all participants. Measures administered 

included the Digit Span forward and backward subtests from the Weschler Adult Intelligence 

Test–Third Edition (WAIS-III; Wechsler, 1997), Trail Making Test Parts A and B (Reitan, 

1958), the Controlled Oral Word Association Test [COWAT] and Category Fluency (Benton & 

Hamsher, 1976), the Hopkins Verbal Learning Test--Revised (HVLT-R; Brandt & Benedict, 

2001) and the Wechsler Memory Scale-Revised (WMS-R) Logical Memory I and II subtests 

(Wechsler, 1987). Order of neuropsychological task presentation was counterbalanced across 

participants, with the exception of the WMS-R that was presented first and last to allow adequate 

time for the long-recall delay (see below). Brief summaries of each measure utilized are 

presented below. 

Digit span forward and backward. In the digit span forward test of the WAIS-III, 

increasingly longer strings of numbers are recalled (1-9 letters). In the backward version, 

subjects repeat the numbers in reverse order. Span length is defined as the numbers of digits 

recalled correctly before two strings of the same length were failed 

Reliability estimates of the Digit Span range from 0.84 to 0.93 and its correlation with the 

working memory index of the WAIS-III was estimated at 0.83 in a normative sample (Wechsler, 

1997). 

Trail Making Test parts A and B. Trail Making Test parts A and B are well-documented 

measures of visual scanning, processing speed, and task switching (Lezak et al., 2004). The Trail 

Making Test consists of two parts. In Part A, participants connect consecutively numbered 

circles, while in Part B, participants connect consecutively numbered and lettered circles that 

alternate between the two sequences. Psychometric studies indicate reliability coefficients above 
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.80 (Spreen & Strauss, 1991), and several studies indicate that the two Trail Making tests are 

sensitive to the global effects of brain injury (Botwinick et al., 1988; Buchanan et al., 1994); 

Trail Making Test Part B is reported to be specifically sensitive to prefrontal dysfunction because 

of the requirement to shift sets (Butters et al., 1994).  

Controlled Oral Word Association Test (COWAT) and Category Fluency (Animals). 

In the COWAT, participants are asked to produce as many words as possible that begin with the 

letters F,A, and S in one minute. Participants are instructed to avoid using proper names and 

words that are only changed based on different suffixes (e.g., eat, eating). Similarly, for semantic 

or category fluency participants are asked to name as many animals as possible in a one minute 

time period. Thus, fluency measures require efficient organization of verbal retrieval and recall 

as well as self-monitoring aspects of cognition, self-initiation, and inhibition of inappropriate 

responses (Henry & Crawford, 2004). A recent meta-analysis indicates fluency measures are 

more sensitive to the presence of severe TBI than the Wisconsin Card Sorting task (Henry & 

Crawford, 2004).  

WMS-R Logical Memory I and II. Logical memory is a test of paragraph or passage 

recall that consists of two stories, each containing 25 items of information. For Logical Memory 

I participants are asked to immediately recall the passages after each reading to assess verbal 

memory, while Logical Memory II asks for a recall of the passages approximately 30-minutes 

later. Reliability estimates are .74 for Logical Memory I and .75 for Logical Memory II 

(Wechsler, 1987).  

Hopkins Verbal Learning Test-Revised. The HVLT-R is a measure of list-learning 

memory that consists of one 12-item word list that can be semantically grouped into categories. 

The list is presented such that words from the same category do not occur in sequence and 
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participants are not informed of the semantic structure. Three initial learning trials are presented, 

with a total learning score calculated by adding trials 1 through 3. After a 20-minute delay, long-

delay free recall and a forced choice recognition trial are administered. The HVLT-R has modest 

reliability estimates across short- and long-delay recalls (> .49; Woods et al., 2005). 

As presented in Table 2-1, and consistent with typical impairments seen after severe TBI, 

participants with severe TBI performed significantly worse than controls on tests broadly 

assessing attention (Digit Span Forward from the WAIS-III), processing speed (Trail Making 

Test Part A), verbal fluency (COWAT and category fluency), executive functioning (Trail 

Making Test Part B; Digit Span Backward from the WAIS-III), and delayed verbal memory 

(HVLT-R long delay and WMS-R Logical Memory II). In contrast, participants with TBI did not 

differ from controls on the initial encoding/immediate recall of verbal memory information 

(HVLT-R immediate recall/WMS-R Logical Memory I).  

Two independent measures were used to assess self- and significant other-reported clinical 

symptomatology and quantify level of deficit awareness: 1) the Frontal Systems Behavior Scale 

(FrSBe; Grace & Malloy, 2001); and, 2) the Self-awareness of Deficits Interview (SADI; 

Fleming et al., 1996). The FrSBe is a 46-item behavior rating scale originally designed to 

measure behavioral change associated with frontal lobe injury. Each item is rated on a one to five 

point Likert-type scale, with one indicating “almost never” and five “almost always.” Thus, 

higher scores indicate more TBI-related symptoms. The FrSBe gathers information regarding 

pre- and post-injury behaviors from the participant (self-report) and a significant other and 

includes an overall composite score and three subscales that assess apathy, disinhibition, and 

executive function and shows adequate reliability (internal consistency 0.96; split half 0.93) and 

validity (Grace & Malloy, 2001). Significant others who completed ratings in the current study 
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were the primary caregivers of the participants with TBI and included eight spouse/fiancée, 

seven parents, two siblings, one grandparent, and one aunt. Awareness of deficits was initially 

calculated by computing a concordance between self- and other-reported FrSBe responses and 

taking the absolute value of the difference score from self- and other-ratings. To account for 

participants who were possibly hypervigilant to their deficits (i.e., greater self- than other-report 

of deficits), subsequent analyses utilized only those participants with positive concordance scores 

(i.e., greater other- than self-reported deficits). The concordance score method is commonly 

utilized in the self-awareness literature and is considered a sensitive measurement of self-

awareness following TBI (see Hart et al., 2003 for review).  

The SADI is a nine-question structured interview given to participants with TBI that 

facilitates questioning in three areas: 1) self-awareness of deficit, 2) self-awareness of functional 

implications of deficit, and 3) ability to set realistic goals. Scores for these areas are combined to 

produce a composite self-awareness score. The SADI exhibits high inter-rater reliability (>.82; 

Fleming et al., 1996), test-retest reliability (0.94; Simmond & Fleming, 2003), can accurately 

discriminate TBI participants based on severity of injury (Bogod et al., 2003), and is highly 

correlated with measures of executive function, including Go-No-Go and Stroop Color-Word 

task errors (Bogod et al., 2003).  

Experimental Task 

Participants performed a modified color-naming version of the single-trial Stroop task. In 

this task, participants are presented with one of three words (RED, GREEN, BLUE) printed in 

one of the same three colors. Congruent trials comprised words presented in their same color of 

ink (e.g., the word BLUE printed in blue ink); incongruent trials comprised color-words printed 

in a different color of ink (e.g., the word BLUE printed in red ink). Participants were instructed 

to respond as quickly and accurately as possible to the color of the word (while ignoring the 
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word itself) with a button press to one of three color-coded response keys using the index, 

middle, and ring fingers of their right hand. Color-to-key mapping was practiced prior to task 

performance using 40 presentations of each color-key combination. Stroop trials were three 

seconds in duration and consisted of a Stroop color-word presented for 1.5s followed by a 1.5s-

duration fixation cross to allow electrophysiological activity to return to baseline. Six blocks of 

100 trials, for a total of 600 trials and approximately 30 minutes in EEG testing were presented. 

To increase the potency of the conflict stimulus, 70% of trials were congruent (approximately 

420 trials) and 30% were incongruent (approximately 180 trials). 

Electrophysiological Data Recording, Reduction, and Measurement 

Electroencephalogram (EEG) data were recorded from 64 scalp sites using a geodesic 

sensor net and Electrical Geodesics, Inc., (EGI; Eugene, Oregon) amplifier system (20K gain, 

nominal bandpass=.10-100Hz). Electrode placements enabled recording vertical and horizontal 

eye movements reflecting electro-oculographic (EOG) activity. Data from the EEG were initially 

referenced to Cz and digitized continuously at 250Hz with a 16-bit analog-to-digital converter. A 

right posterior electrode approximately two inches behind the right mastoid served as common 

ground. Electrode impedance was maintained below 50kΩ. Electroencephalographic data were 

segmented off-line and single trial epochs were rejected if voltages exceeded 100µV, transitional 

(sample-to-sample) thresholds were greater than 100µV, or eye-channel amplitudes were above 

70µV. Data were digitally re-referenced to an average reference (Bertrand et al., 1985) in order 

to yield a reference-free representation of electrophysiological activity and to reconstruct the 

EEG at the Cz reference, then digitally low-pass filtered at 15Hz.  

Individual-subject response-locked averages were derived separately for correct and 

incorrect trials, collapsed across congruency to afford adequate signal-to-noise ratio, spanning 
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200ms prior to and 500ms following response and baseline corrected using the 200ms pre-

response window. ERP trials containing errors of omission were excluded from averages. 

Electrode locations utilized were based on previous findings that the ERN and Pe are relatively 

focal over fronto-medial locations and centro-parietal areas, respectively (Falkenstein et al., 

2000; Gehring et al., 1993), as well as the scalp-distribution maps of the present data. To ensure 

accurate characterization of ERN amplitude and prevent spurious findings as a result of potential 

group-wise latency differences, ERN amplitudes as well as the corresponding correct-trial 

amplitudes were extracted as the average of 15ms pre- to 15ms post-peak negative amplitude 

between 0ms and 100ms and averaged across four fronto-central electrode sites—4 (FCz), 65 

(Cz), 5, and 55 (both sites anterior and slightly lateral to Cz—see Figure 2-1). Latency 

measurements for the ERN component were indexed as the time of the peak negative-going 

amplitude averaged across the four fronto-central electrode locations. Given previous findings 

that the Pe is found at centroparietal electrode locations and is less punctate and more tonic than 

the ERN (see Overbeek et al., 2005), Pe amplitude was measured as the averaged activity from 

200ms – 400ms of five centro-parietal electrode sites (65 [Cz], 18, 43, 30, and 34 [Pz];  

Figure 2-1).  

Data Analysis 

Median correct-trial RT (Ratcliff, 1993), arcsine transformed error rates (Neter et al., 

1985), and ERP component amplitude and latency data were analyzed using separate repeated-

measures analyses of variance (ANOVAs). In order to correct for possible violations of 

sphericity in the data, the Huynh-Feldt epsilon adjustment was applied for ANOVAs with more 

than two levels of a within-subject factor and partial-eta2 (η2) reported as a measure of effect 

size. ANOVAs for RTs and error rates included the factors group (TBI, control) and congruency 
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(congruent, incongruent), while ANOVAs for error-related ERP activity included the factors 

group and accuracy (correct, incorrect trial amplitudes). Tests of between-group simple effects 

were used to decompose interactions, while planned comparisons were used to examine the 

accuracy factor within each group. Cohen’s-d effect sizes (Cohen, 1988) were calculated for 

condition-related effects. Pearson-product-moment correlations (one-tailed) examined 

relationships between task performance and the difference between correct- and error-trial ERP 

amplitudes (e.g., error-trial Pe amplitude – correct trial Pe amplitude) with measures of deficit 

awareness (SADI and FrSBe concordance score) in TBI participants. In an effort to control for 

TBI participant who may have been hypervigilant to deficits, we also recomputed the 

correlations including only those participants with only positive, rather than absolute value, 

FrSBe concordance scores (i.e., higher significant other than TBI survivor scores).   

Results 

Behavioral Data 

Stroop task behavioral performance. Overall RTs and error rates for the Stroop task 

(Table 2-3) were not significantly correlated in control participants, r(20)=-0.17, p>.47, but were 

significantly positively correlated in participants with TBI, r(18)=.47, p<.04. Results suggest 

speed/accuracy trade-off did not influence control or TBI participants, as a positive correlation 

indicates longer RTs were associated with increased error rates, opposite the direction suggestive 

of a speed/accuracy trade-off.  

Error rates. Control and TBI participant groups did not differ on total number of raw 

errors, t(38)=1.54, p>.13, d=.49; participants with TBI averaged 48.79±74.75 errors, while 

controls averaged 23.10±16.53 errors. Similarly, groups did not reliably differ on the number of 



 

33 

omission errors, t(38)=1.13, p>.27, d=.36. Participants with TBI committed an average of 

13.52±25.21 omission errors, while control participants averaged 6.40±13.38 omission errors. 

A Group x Congruency ANOVA on arcsine-transformed error rates yielded only a 

significant main effect of congruency, F(1,38)=83.68, p<.001, η2 =.69, reflecting significant error 

rate interference, with both groups committing more errors to the incongruent than congruent 

condition, as revealed by planned contrasts (TBI: t(18)=6.37, p<.001, d=.58; controls: 

t(20)=6.57, p<.001, d=1.34). Neither the main effect of group, F(1,38)=2.21, p>.15, η2 =.06, nor 

the Group x Congruency interaction, F(1,38)=1.47, p>.23, η2 =.04, were significant.  

Response times. A Group x Congruency ANOVA on RTs revealed the expected 

generalized slowing in participants with TBI, as reflected in a significant main effect of Group, 

F(1,38)=11.75, p<.001, η2 =.24. Paralleling the error rate data, a main effect of congruency 

reflected the anticipated RT interference, F(1,38)=73.19, p<.001, η2 =.66, with both groups 

showing longer RTs to the incongruent than congruent condition (TBI: t(18)=4.97, p<.001, d= 

.97; controls: t(20)=9.43, p<.001, d=1.04). The Group x Congruency interaction was not 

significant, F(1,38)=0.84, p>.37, η2 =.02, indicating the two groups showed equivalent levels of 

RT interference. 

ERP Data: Response-related Activity 

We first examined the number of trials retained for each condition to test for between-

groups differences in signal-to-noise ratio (SNR). Controls and survivors of severe TBI did not 

differ on number of trials retained for averaging in correct, t(38)=0.55, p>.59, d=.17, or error 

conditions, t(38)=-1.24, p>.22, d=.39. Response-locked correct-trial waveforms contained an 

average (± SD) of 401.1±132.9 trials for participants with TBI and 422.5±116.1 trials for 

controls, while response-locked error waveforms contained an average of 23.1±33.96 trials for 
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participants with TBI and 13.7±7.9 trials for controls. Response-locked grand average ERP 

waveforms and spline-interpolated voltage maps for correct and error response-locked trials 

reflecting the fronto-medial ERN are shown in Figure 2-2, while those for the centro-parietal Pe 

are shown in Figure 2-3. Mean (± SD) component amplitude data are presented in Table 2-4. 

ERN. As anticipated, response-locked ERPs showed an early negative deflection that was 

larger in amplitude to error than correct trials in both groups, as confirmed by a Group x 

Accuracy ANOVA, which yielded a significant main effect of accuracy, F(1,38)=41.09, p<.001, 

η2 =.52, and significant correct- vs. error-trial planned contrasts in both the TBI, t(18)=2.62, 

p<.02, d=.70, and control participants, t(20)=6.12, p<.001, d=1.65. More importantly, a 

significant Group x Accuracy interaction, F(1,38)=12.99, p<.001, η2 =.26, reflected greater 

amplitude differences between correct- and error-related negativities in control than participants 

with TBI. Follow-up contrasts revealed the error-trial ERN was reliably larger in the control 

participants than the survivors of severe TBI, t(38)=2.65, p<.01, d=.83. The ERP related to 

correct responses (correct-response negativity; CRN) did not differ between groups, t(38)=1.69, 

p>.10, d=.54, suggesting a degree of specificity in the error-related differences. Furthermore, the 

Group x Accuracy interaction was found in the absence of an overall main effect of group on 

ERP component amplitude, F(1,38)=2.58, p>.12, η2 =.06.  

Pe. The Group x Accuracy ANOVA on the centro-parietal Pe revealed a significant main 

effect of accuracy, F(1,38)=45.12, p<.001, η2 =.54, reflecting a more positive-going Pe on error 

than correct-trials in both the TBI, t(18)=4.84, p<.001, d=1.26, and control participants, 

t(20)=4.91, p<.001, d=1.22; the Group x Accuracy interaction was not significant, F(1,38)=1.67, 

p>.20, η2 =.04. Subsequent tests of simple effects indicated the Pe significantly differed between 

groups on error, t(38)=1.97, p=.05, d=.61, but not correct trials, t(38)=.60, p>.55, d=.18. These 



 

35 

results are difficult to interpret in the absence of a significant interaction effect and due to the 

relatively small sample size. Similar to the ERN, the main effect of group on Pe component 

amplitude was not significant, F(1,38)=2.52, p>.13, η2 =.06. 

Peak latencies. A Group x Accuracy ANOVA yielded no significant main effects or 

interactions involving error-related component latencies (ps>.09). 

Correlational Analyses 

In addition to examining error-related ERP activity in TBI survivors, an important goal of 

the current study was to determine if electrophysiological reflections of performance monitoring 

correlate with measures of deficit awareness. Pe amplitude (difference between Pe on wrong and 

correct trials) inversely correlated with deficit awareness as measured by the FrSBe concordance 

score, r(17)=-.48, p<.02; Pe amplitude did not significantly correlate with SADI score, r(18)=-

.04, p>.40. ERN amplitude (difference between error and correct-trial waveforms) did not 

correlate with either FrSBe concordance score or SADI score, rs<.02, ps>.47. No significant 

correlations were noted for either the Pe or the ERN when only TBI survivors with positive 

concordance scores (i.e., higher other- than self-report scores) were included, rs<.39, ps>.12, or 

when only the amplitude of error-trial ERN and Pe waveforms were included, rs<.34, ps>.09. 

Discussion 

 Results of the current study were largely consistent with our primary prediction that 

participants with TBI would show a reduced-amplitude ERN on error relative to correct trials--

reflective of an impaired neural mechanism of error detection or performance monitoring. 

Notably, participants with TBI did, on average, demonstrate a clearly discernable ERN, 

suggesting that, while error-related performance monitoring was impaired, it was not completely 

absent. Additionally, the finding that the control and TBI groups did not significantly differ in 

correct-trial ERP amplitudes or the overall magnitude of response-related ERP amplitudes 
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provides some evidence for specificity of the ERN reflection of performance monitoring deficits 

and indicating the difference does not reflect a more generalized decrement of response-locked 

ERP amplitudes in the TBI survivors.  

We also observed a discernable positive-going deflection following the ERN in both TBI 

and control participant groups. This more phasic component, routinely referred to as the Pe, is 

thought to be closely related to automatic monitoring of response conflict and error processing 

(van Veen & Carter, 2002a). Although both TBI and control participants showed a significant 

difference in Pe amplitude between correct and error trials, there was not a significant Group x 

Accuracy interaction. Thus, despite the significant difference between control and participants 

with TBI on subsequent contrasts for error, but not correct trials, no firm conclusions can 

currently be drawn about Pe amplitude in severe TBI, particularly in light of the small sample 

size employed.  

Correlations between two different measures of deficit awareness and the difference 

between correct and error trial component amplitude for the ERN and Pe yielded a pattern that 

initially appeared congruent with previous literature suggesting Pe amplitude is related to 

awareness of errors (Nieuwenhuis et al., 2001). This was a single, one-tailed correlation that 

included the absolute value of scores for both TBI survivors who were less aware of their deficits 

(i.e., positive concordance score) and those that were hypervigilant to their deficits (i.e., negative 

concordance score). It is possible that this single correlation is a chance finding given the number 

of correlations and the small sample size. This, coupled with the lack of a relationship between 

Pe amplitude and the SADI, casts significant doubt on the meaningfulness of the correlation and 

no speculations about the relationship between Pe amplitude and deficit awareness are drawn 
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from the current results. Similarly, no relationship was found between measures of deficit 

awareness and ERN amplitude.  

Several explanations of the lack of relationship between ERN and Pe component 

amplitudes and deficit awareness are possible. First, the exact mechanisms of the Pe and ERN 

remain quite controversial (Holroyd & Coles, 2002; Overbeek et al., 2005; Yeung & Cohen, 

2006). Previous studies suggesting Pe amplitude varies as a function of error-awareness 

primarily utilized an anti-saccade task and “real-time” ratings of whether an error occurred 

(Niewenhuis et al., 2001). The current study examined the more general construct of awareness 

of deficits following brain injury, but did not explicitly examine “real-time” awareness of errors 

during task performance. The Pe could be related to “real-time” awareness of errors and neither 

the ERN nor Pe is sensitive to awareness of performance over an extended period of time (i.e., 

awareness of level of functioning).  

A more likely explanation is the measurement of deficit awareness utilized in the current 

study. Utilizing absolute values between the self- and other-ratings on the FrSBe did not take 

into account TBI survivors who were hypervigilent to their deficits and, thus, scored higher than 

the other-ratings. Taking this into account led to the exclusion of 7 TBI participants—leaving the 

study underpowered to detect a relationship if it was present. Similarly, the use of the SADI was 

not ideal in the present circumstances as it relies on a vast knowledge of the participants’ 

functioning (e.g., the knowledge of a rehabilitation specialist who works closely with the patient 

on a regular basis) that the examiner did not have due to the single-visit, cross-sectional design 

of the study. Future studies should employ a larger sample with a more valid measurement of 

deficit awareness (e.g., the Awareness Questionnaire; Sherer et al., 1998) to reduce measurement 

error and improve the chances of finding the relationship if present. Finally, it is also possible 
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that there is not a relationship between electrophysiological manifestations of evaluative 

control/error-processing and deficit awareness; however, it is premature to draw any specific 

conclusions from the current data. 

Results of this study suggest important implications for clinical application and future 

research. First, the pursuit of effective rehabilitation and compensatory strategies is dependent on 

accurate cognitive assessment and detailed understanding of the mechanisms underlying TBI-

related impairment. The current study, reflecting the first examination of electrophysiological 

“marker” of performance monitoring in TBI, suggests a possible experimental method and 

electrophysiological marker for examining the behavioral and neurobiological changes in 

performance monitoring abilities in response to rehabilitation. Second, results suggest a 

continued need for emphasis on rehabilitation of performance monitoring deficits following TBI. 

Few empirically supported treatments currently exist that target such deficits, though 

investigators are currently working to validate potential treatments in this domain (see 

Ownsworth et al., 2006). Finally, future studies should further address the potential link between 

performance monitoring decrements and impairments in deficit awareness. For example, 

O’Keeffe et al. (2004) found attenuated electrodermal response to errors following TBI as well 

as a relationship between performance monitoring abilities (error awareness) and amplitude of 

the error-related electrodermal response. Utilization of an electrophyiological marker, such as the 

ERN, in studies of performance monitoring and deficit awareness may provide much needed 

clarification on the neural mechanisms underlying impairments in deficit awareness. 

Findings of the current study must be considered within the context of several potential 

limitations and alternative explanations, in addition to the ERP-related factors mentioned above. 

The task paradigm employed precluded our ability to unambiguously examine participants’ 
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facility to make reactive strategic adjustments following the commission of errors, such as post-

error trial RT slowing, due to the probability distribution of congruent and incongruent trials 

(i.e., the preponderance of participant commission errors occurred in the incongruent condition 

and were followed by congruent trials due to the 70% congruent/30% incongruent proportion of 

trials employed; thus, post-error slowing was not evaluated as participants traditionally respond 

faster to congruent than incongruent trials). Post-error strategic adjustments, or the so-called 

“Rabbitt effect” (Rabbitt, 1966, 1968), have often been taken to reflect participants’ top-down 

adjustments in performance strategy, perhaps reflecting the dynamic interplay between ACC-

mediated evaluative and dlPFC-mediated regulative processes (Botvinick et al., 2004; Kerns et 

al., 2004). Nonetheless, our earlier behavioral study using a different task, demonstrated that 

participants with TBI were impaired in post-error RT slowing relative to healthy participants 

(Larson et al., 2006a). That is, relative to neurologically-normal comparison subjects, they 

showed smaller magnitude post-error slowing, suggestive of reduced post-error strategic 

adjustments in cognitive control.  

Another potential limitation is that the current data indicate generalized slowing in 

participants with TBI that was not present for control participants. The potential variability in 

ERP component latency, often referred to as latency jitter, associated with variable response 

times may serve to spuriously reduce component amplitudes. Previous research also indicates 

individuals who respond more quickly at the expense of accuracy show smaller ERN amplitude 

than those who attend more to accuracy than speed (Ruchsow et al., 2005); however, the 

direction of the correlation between speed and accuracy in participants with TBI suggests those 

who made more errors were taking longer to respond to stimuli. Finally, as a consequence of 

their impairment, participants with TBI committed significantly more errors on the Stroop task 
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than the neurologically healthy control participants. Since the error-related ERP data were 

dependent upon error rates, the TBI group contains nearly twice as many trials included in the 

ERP averages than controls, increasing the signal-to-noise ratio in TBI participants and 

potentially making the error-related ERPs in the TBI group more reliable than those for control 

participants.  

It should also be noted that, despite the higher state and trait anxiety levels in the 

participants with TBI relative to controls, ERN amplitude was still reduced in the participants 

with TBI. Previous studies demonstrate that anxiety enhances ERN (Hajcak et al., 2003b) and 

higher anxiety in the TBI group would appear to work in opposition to our hypothesis of reduced 

error processing in participants with TBI. That is, despite the higher anxiety scores in 

participants with TBI, a Group x Accuracy interaction was, nonetheless, observed for the ERN. 

Depression, on the other hand, is associated with decreased ERN amplitude (Ruchsow et al., 

2004). The finding of group differences in depression score may suggest that the level of 

depression in participants with TBI influenced findings of reduced ERP amplitude; however, 

depression scores for both groups were in the subclinical range and the lack of change in the 

pattern of significance for the ERN and Pe components when depression and anxiety scores were 

added as covariates indicates findings cannot be wholly accounted for by these variables. 

The present findings implicate an impaired performance monitoring mechanism in 

survivors of severe TBI. Thus, the present study fits well into a growing body of research 

indicating impaired performance monitoring following severe TBI and emphasizes the need for 

continued specific examination of this dysfunction and the development and validation of 

remediation or compensatory treatments.   
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Table 2-1. Demographic and mean summary data for severe TBI and control participants 
 Severe TBI  

(n = 19) 
Control         
(n = 21) 

Analysis 

 Mean SD Mean SD t p Cohens-d 

Age (yrs) 30.4 12.1 25.4 9.5 1.5 .15 .46

Average educational level (yrs) 13.3 1.7 14.1 1.3 -1.7 .09 .53

BDI-II score  12.3 5.8 3.7 2.9 6.0 .001 1.91

Apathy evaluation scale 11.3 5.4 8.6 4.0 1.8 .08 .57

STAI-state 34.4 8.8 26.7 5.9 3.3 .002 1.04

STAI-trait 37.5 10.9 30.4 6.9 2.5 .02 .79

FrSBe self-rating total 98.5 25.3 70.4 23.1 3.4 .002 1.16

     Apathy 28.9 9.2 23.9 6.8 1.8 .07 .62

     Disinhibition 31.6 8.6 25.7 6.0 2.3 .03 .80

     Executive dysfunction 38.0 10.5 35.5 20.1 0.5 .65 .15

FrSBe other-rating total 108.3 28.2 -- -- -- -- --

     Apathy 31.6 8.7 -- -- -- -- --

     Disinhibition 32.8 10.1 -- -- -- -- --

     Executive dysfunction 43.9 11.7 -- -- -- -- --

FrSBe self/other concordance 21.5 25.3 -- -- -- -- --

SADI 3.9 2.0 -- -- -- -- --

HVLT total recall (trials 1-3) 21.2 5.2 24.1 4.4 -1.8 .08 .60

HVLT long-delay recall 6.7 3.2 8.9 1.9 -2.5 .02 .85

WMS-R logical memory I total 22.5 8.1 24.6 6.9 -0.9 .37 .28

WMS-R logical memory II total 15.7 8.2 20.9 7.7 -2.1 .04 .65

Digit span forward (max# of digits) 6.1 1.5 7.1 1.3 -2.4 .02 .72

Digit span backward (max# of digits) 4.4 1.2 5.3 1.2 -2.6 .01 .75

Trail making test part A (seconds) 31.4 17.6 21.8 6.8 2.3 .03 .73

Trail making test part B (seconds) 83.6 37.1 51.5 13.2 3.7 .001 1.18

COWAT (FAS) total 29.6 10.4 42.3 9.7 -4.0 .001 1.27

Category fluency (animals) total 17.1 4.2 20.3 4.2 -2.4 .02 .76

Definition of abbreviations: BDI-II = Beck Depression Inventory—2nd Edition; STAI=State Trait 
Anxiety Inventory; FrSBe=Frontal Systems Behavior Scale; SADI=Self-Awareness of Deficits 
Interview; HVLT=Hopkins Verbal Learning Test; WMS-R=Wechsler Memory Scale—Revised 
Edition; COWAT=Controlled Oral Word Association Test 
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Table 2-2. Injury characteristics and neuroradiological information for TBI participants (N= 19) 

Age (yrs) Sex Etiology GCS LOC 
(days) 

PTA 
(days) 

Months 
Post  

Neuroradiology 

25 M Pedestrian 
vs. vehicle 

6 21 24 5 Bilateral basal ganglia 
hemorrhages 

18 M MVA 
 

7 4 31 12 Bilateral frontal contusions; 
effacement of cortical sulci 
and basal cisterns 

49 M MVA 4 14 30 6 Bilateral frontal subdural 
hygromas; left anterior 
temporal contusion; right 
periventricular white matter 
infarct 

25 M MVA 5 N/A 28 18 Bilateral subdural hygromas 
in frontal, parietal, and 
temporal convexities 

18 M Motorcycle 
accident 

3 7 29 7 Intraparenchymal contusions 
at tips of left and right frontal 
horns—consistent with DAI; 
small right temporal lobe and 
right frontal lobe contusions 

42 M MVA 3 10 120 6 Intraventricular hemorrhage, 
basilar skull fracture 

52 M Fall from 
heights 

4 5 19 4 Left frontal, left parietal, and 
right frontal hemorrhagic 
contusions 

22 F Rollover 
MVA 

3 7 21 19 Left supraorbital hematoma; 
right frontal hematoma; 
bifrontal contusions 

40 F MVA 6 1 15 12 Left temporal-occipital 
subarachnoid hemorrhage; 
multiple skull fractures 

23 M MVA 4 18 20 6 Multiple frontal 
contusions/Frontal 
subarachnoid hemorrhage 

50 F Bicycle 
accident 

8 49 53 6 Right epidural hematoma; 
right orbitofrontal fractures 

20 F MVA 3 14 16 19 Right frontal contusions; 
shear injury to left 
frontoparietal lobe; 
subarachnoid hemorrhage 
with interpeduncular cistern 

21 M MVA 3 42 90 20 Right frontal subdural 
hematoma; multiple skull 
fractures 

50 M Fall  6 7 7 29 Right subdural hematoma; 
right parietal extra-axial fluid 
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Age (yrs) Sex Etiology GCS LOC 
(days) 

PTA 
(days) 

Months 
Post  

Neuroradiology 

21 M Motorcycle 
accident 

3 12 33 18 Right temporal contusions; 
right frontal subarachnoid 
hemorrhage; 
Microhemorrhages along 
gray-white junction of left 
hemisphere and right parietal 
lobe 

24 M Boating 
accident 

3 9 13 2 Right temporal lobe epidural 
and subdural hematomas; 
right anterior middle cranial 
fossa hematoma 

35 M Collision 
with wall 

8 7 N/A 15 Right temporal subdural 
hematoma; blood on right 
thalamus and left internal 
capsule; small uncal 
herniation 

36 M MVA 3 30 36 4 Small bilateral 
intraventricular hemorrhages; 
no additional findings 

21 M MVA 3 41 50 6 Unavailable 
 

30.4 
(12.1) 

-- -- 4.5 
(1.8)

16.6 
(14.4)

35.3 
(28.4)

11.3 
(7.5)

-- 

Note: Last row is Mean (± Standard Deviation) values. LOC and PTA are shown in days unless 
otherwise specified. Neuroradiological findings taken from medical record review of 
neuroradiological reports from CT scans taken acutely after injury. MVA = Motor Vehicle 
Accident; GCS = Glascow Coma Scale; LOC = Loss of consciousness; PTA = Post-traumatic 
amnesia; DAI = Diffuse axonal injury 
 
Table 2-3. Mean (± Standard Deviation) error rates (percent) and reaction time (milliseconds) on 

the Stroop Task 
 Control 

(n = 21) 
TBI 

(n = 19) 
 

   Error Rates  
Congruent 
Incongruent 

.02 (.01) 

.05 (.03) 
.04 (.08)
.11 (.15)

 

 Correct-Trial Reaction Time (ms)  
Congruent 
Incongruent 

583.5 (70.3) 
726.0 (132.1) 

723.8 (178.2)
900.5 (216.6)

 

 

Table 2-2 Continued.
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Table 2-4. Mean (± Standard Deviation) ERN and Pe component amplitude (μV) as a function of 

task condition. 
 Control 

(n =21) 
TBI 

(n = 19) 
 

 Amplitude (μV)  
ERN  
   Correct 
   Incorrect 

 
-0.6 (1.7) 
-5.9 (4.2) 

-1.4 (1.2)
-2.9 (2.8)

 

Pe  
   Correct 
   Incorrect 

 
-2.3 (4.6) 
 3.3 (4.6) 

-3.0 (2.6)
 0.8 (3.4)
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Figure 2-1. Electrical geodesics sensor layout and international 10–20 equivalents for the 64-

channel geodesic sensor net (EGI; Eugene, Oregon). 
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Figure 2-2. Grand average ERP waveforms depicting response-locked correct- and error-related  

activity averaged across fronto-medial electrode locations for the ERN and top view 
of the spline-interpolated voltage distribution maps showing mean voltages for error-
trial activity at 22ms. * denotes the ERN. 

 

 
 
Figure 2-3. Grand average ERP waveforms depicting response-locked correct- and error-related 

activity averaged across centro-parietal electrode locations for the Pe and top view of 
the spline-interpolated voltage distribution maps showing mean voltages for error-
trial activity at 322ms for controland 286ms for participants with TBI. * denotes the 
Pe component. 
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CHAPTER 3 
COGNITIVE CONTROL ADJUSTMENT PROCESSES FOLLOWING SEVERE 

TRAUMATIC BRAIN INJURY 

Cognitive control theory suggests conflict effects are differentially reduced following high- 

relative to low-conflict trials. Such reactive adjustments in control, frequently termed “conflict 

adaptation effects,” indicate a dynamic interplay between regulative and evaluative components 

of cognitive control necessary for efficient goal-directed behavior. The current study examined 

conflict adaptation effects while survivors of severe traumatic brain injury (TBI) and healthy 

control participants performed a single-trial, color-naming version of the Stroop task. The 

incongruent minus congruent trial Stroop effect for trials preceded by incongruent (high conflict) 

and congruent (low conflict) trials was compared for behavioral (i.e., RT and error rate) and 

electrophysiological (i.e., the N450 and conflict SP components of the event-related potential 

[ERP]) reflections of cognitive control. Behavioral data indicate a reduction in the Stroop effect 

for RTs when preceded by incongruent trials that cannot be accounted for by stimulus repetition 

priming. The magnitude of these effects did not differentiate control and TBI participants. ERP 

data indicate a conflict slow potential that differentiated incongruent from congruent trials and 

was larger in magnitude for control than TBI participants. Conflict adaptation effects were not 

present in the omnibus ERP data; however, planned comparisons revealed a decreased amplitude 

tonic conflict SP when preceded by incongruent trials in control participants. Measurements of 

conflict adaptation did not correlate with measures of deficit awareness in participants with TBI.  

Introduction 

Goal-directed behavior requires an adaptive cognitive control system for recognizing 

appropriate or inappropriate task completion and dynamically adjusting performance when 

control is misdirected or inadequate. The evaluative control mechanisms required to monitor 

performance for errors or conflict and to signal for subsequent adjustments are, therefore, critical 
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to adaptive behavior (see Botvinick et al., 2001). The first studies of evaluative control processes 

were completed using single cell recordings in macaque monkeys, with findings indicating a 

negative field potential in the ACC following errors (Gemba et al., 1986; Niki & Watanabe, 

1979). The human analogue, the error-related negativity (ERN) discussed above, is generated in 

the ACC and was initially thought to solely reflect the detection of errors (Gehring et al., 1993; 

Gehring & Knight, 2000; van Veen & Carter, 2002a, 2002b). The interpretation that ACC 

activation solely represents the detection of errors has been challenged on grounds that the 

negativity reflects response conflict (Botvinick et al., 2001; Yeung et al., 2004). Response 

conflict occurs when two competing response options are simultaneously active. For example, on 

an error trial conflict occurs because both the error and correct response are simultaneously 

active. The degree of conflict may be modulated by the degree to which the error representation 

has been activated (e.g., prepotency), stimulus-response mapping (e.g., simpler stimulus-

response mapping for the error representation), or because an individual is unsure of how to 

respond.  

One central aspect of cognitive control theory is that response conflict alone, even in the 

absence of an error, is sufficient to lead to conflict-related ACC activation (Botvinick et al., 

2001). This has been demonstrated on tasks such as the Eriksen Flanker task (Eriksen & Eriksen, 

1974) and the Stroop task (Stroop, 1935) where incongruent trials activate a prepotent, highly 

practiced response simultaneously with a less practiced option. For example, in the Stroop color-

naming condition, participants are asked to name the color of a word written in a different color 

of ink (e.g., the word RED written in blue ink). The more practiced response to read the word 

must be inhibited in favor of following the instruction to name the color of ink; however, conflict 
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occurs because both the color-naming and word-reading representations are simultaneously 

activated (Cohen et al., 1992).  

A stimulus-locked ERP manifestation of this response conflict is a late fronto-central ERP 

signature referred to as the N450 (Perlstein et al., 2006; van Veen & Carter, 2002a, 2002b; West 

& Alain, 1999, 2000, West, 2003). The N450 is a negative-going deflection in the ERP 

waveform occurring approximately 450 milliseconds following the presentation of stimulus with 

inherent response conflict. The N450 is largest under conditions of high response conflict, such 

as the incongruent condition of the Stroop color-naming task (Grapperon et al., 1988; Liotti et 

al., 2000; Rebai et al., 1997; West & Alain, 1999), and has greater amplitude when the degree of 

conflict and stimulus prepotency is increased by utilizing relatively more congruent than 

incongruent trials (e.g., 70% congruent vs. 30% incongruent; West & Alain, 2000). Functional 

magnetic resonance imaging studies (e.g., MacDonald et al., 2000) and ERP source localization 

efforts implicate the ACC as the neural generator of the N450 component (Liotti et al., 2000; van 

Veen & Carter, 2002a, 2002b; West, 2003). A recent study from our lab (Perlstein et al., 2006) 

demonstrated reduced N450 differentiation between congruent and incongruent color-naming 

trials in survivors of severe TBI and a previous study showed altered amplitude ERP activity in 

the latency range of the N450 in mild TBI participants while performing a single-trial version of 

the Stroop task (Potter et al., 2002). Similarly, findings from recent fMRI studies suggest altered 

ACC activity in moderate-to-severe TBI survivors on the Stroop or similar conflict-laden tasks 

(Scheibel et al., 2007; Soeda et al., 2005). 

Adjustments in Control 

 Detection of response conflict is necessary to cognitive control processes only as it 

relates to subsequent adjustments in cognitive control to better complete the task at hand. One 

prediction of cognitive control theory is that the occurrence of response conflict and the 
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subsequent signals for change in regulative control processes should result in behavioral 

adjustments (Botvinick et al., 2001). That is, conflict-related evaluative activity in ACC should 

signal for increased utilization of dlPFC-mediated regulative control processes leading to 

improved behavioral (i.e., RT and error rate) performance.  

Several authors have employed the Stroop color-naming task to support this prediction. 

Conflict is present for incongruent Stroop trials (e.g., BLUE written in red) relative to congruent 

trials (RED written in red) because of the simultaneous activation of competing representations. 

Behavioral adjustments in control following this type of conflict include faster RTs on 

incongruent trials preceded by incongruent trials (incongruent-incongruent) than on incongruent 

trials preceded by congruent trials (congruent-incongruent), and slower RTs for congruent trials 

preceded by incongruent trials (incongruent-congruent) and congruent trials preceded by 

congruent trials (congruent-congruent). The explanation offered for this pattern of behavioral 

adjustments is that high conflict detected on an incongruent trial leads to recruitment of greater 

cognitive resources than on congruent trials; the cognitive resources are then utilized on the 

subsequent trial to enhance performance (Botvinick et al., 2001; Gratton et al., 1992; Kerns, 

2006; Kerns et al., 2004; Ullsperger et al., 2005). In consequence, RTs on incongruent-

incongruent trials are faster than congruent-incongruent trials because the preceding incongruent 

trial results in increased signaling for cognitive control, while when the preceding trial is 

congruent fewer cognitive resources are allocated for use on the following trial. These 

adjustments in RTs are frequently referred to as “conflict adaptation effects” and have been 

demonstrated in several behavioral studies using tasks with both congruent and incongruent 

conditions (e.g., the Stroop, Simon, and Eriksen Flanker Tasks; Botvinick et al., 1999; di 

Pellegrino et al., 2007; Egner & Hirsch, 2005; Gratton et al., 1992; Kerns et al., 2004; Notebaert 
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et al., 2006; Ullsperger et al., 2005; West & Moore, 2005; Verbruggen et al., 2006). The neural 

mechanisms underlying conflict adaptation in neurologically-normal participants have only 

recently been explored and few studies to date have examined the neural mechanisms of manifest 

impairments in these processes (Egner & Hirsch, 2005; Kerns, 2004, 2006; di Pellegrino et al., 

2007; Stemmer et al., 2004). 

Kerns et al., (2004) used a conflict adaptation paradigm (i.e., a single-trial Stroop task) and 

fMRI to test the prediction that conflict-related evaluative activity in the ACC should predict 

subsequent increases in dlPFC-mediated regulative control processes. A brief summary of their 

findings indicates that, first, there was significantly less ACC activity on incongruent-

incongruent trials than congruent-incongruent trials, presumably because increased control was 

recruited for incongruent-incongruent trials and subsequently reduced the amount of conflict 

associated with the second incongruent trial presentation. Second, they divided trials based on 

behavioral performance into high adjustment (e.g., much faster performance on incongruent 

trials preceded by an incongruent trial) and low adjustment (e.g., little difference between 

subsequent incongruent trials). Increased ACC activity on the previous trial was associated with 

high adjustment trials (i.e., increased detection of conflict and subsequent signaling for increased 

control) compared to low adjustment trials where the signal to implement increased control was 

less robust. Third, they examined dlPFC activity in conjunction with high and low adjustment 

trials and found trials exhibiting the greatest adjustments in behavior following conflict were 

associated with the greatest dlPFC activity, indicating a recruitment of resources subsequent to 

the detection of conflict. Finally, Kerns and colleagues tested whether ACC activity on conflict 

trials predicted dlPFC activity on the subsequent trial. They found a reliable correlation between 

ACC and dlPFC activity on subsequent trials suggesting a direct relationship between evaluative 
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ACC activity and regulative dlPFC activity. In other words, ACC-mediated conflict monitoring 

processes signal for increased dlPFC-related regulative control processes.  

ERP indices of recruitment of cognitive control resources have also been examined. 

Researchers have observed a sustained conflict slow potential (conflict SP) that is present 

following the more phasic ERP conflict-detection component, the N450 (Liotti et al., 2000; West 

& Alain, 2000). The conflict SP reflects a sustained parietal positivity/lateral frontal negativity 

occurring approximately 500ms after stimulus onset that is more positive following correct 

incongruent trials than congruent trials or errors (Liotti et al., 2000; West & Alain, 2000; West, 

2003). The neural generator of the slow wave remains uncertain; however, source localization 

studies suggest neural contributions from areas of the middle and inferior frontal gyri, as well as 

the extrastriate cortex (West, 2003).  

Current theories suggest the conflict SP represents the neural manifestation of resolving 

response conflict and, perhaps, signaling for activation of regulative component processes of 

cognitive control (Perlstein et al., 2006; West, 2003; West & Alain, 2000). Studies from our 

laboratory also indicate a frontal conflict SP that is more negative to incongruent than congruent 

trials (Larson et al., 2004; Perlstein et al., 2006) in control participants. Survivors of severe TBI 

failed to exhibit a congruency-related effect on the frontal conflict SP suggesting that TBI 

patients did not implement regulative control to adaptively resolve the conflict inherent in the 

incongruent color-naming condition (Perlstein et al., 2006). No studies to date have examined the 

effects of sequential trials (e.g., incongruent following congruent trials) on the conflict SP. 

However, if the conflict SP does represent resolution of conflict, it is likely the conflict SP would 

be largest on congruent-incongruent trials and somewhat smaller on incongruent-incongruent 

trials due to the hypothesized adjustments in cognitive control following incongruent trials. 
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Conflict Adaptation vs. Repetition Priming 

 Mayr et al., (2003) suggest that the repetition of the exact stimulus or stimulus attributes 

(e.g., the color of the word in the Stroop color-naming condition) accounts for the conflict 

adaptation effect following incongruent-incongruent trials relative to congruent-incongruent 

trials. That is, the conflict adaptation effect may be accounted for by bottom-up repetition 

priming mechanisms rather than top-down adjustments in cognitive control component 

processes. To test this hypothesis, Mayr et al., (2003) conducted two separate studies and found 

conflict adaptation effects were present only when there was an exact stimulus repetition and 

were not present when the experimental task ensured stimulus elements were not repeated. 

Subsequent studies provide support for both the repetition priming hypothesis (Hommel et al., 

2004; Niewenhuis et al., 2006) and the conflict adaptation effect when repetition priming was 

controlled or removed (Kerns et al., 2004; Ullsperger et al., 2005) as well as a recent study 

suggesting both bottom-up and top-down mechanisms contribute to the conflict adaptation effect 

(Notebaert et al., 2006). In one example, Niewenhuis et al., (2006) conducted five separate 

experiments with and without stimulus repetitions. Findings extend those of Mayr et al., by 

indicating a response repetition led to faster RTs, while RTs did not differentiate conditions in 

the absence of response repetitions. In contrast, Kerns et al., (2004) removed both word and 

color repetitions from a single-trial Stroop task and found robust conflict adaptation effects. 

Other investigators have, similarly, found intact conflict adaptation effects when stimulus 

repetition trials were removed from the data or not available in the task (Ullsperger et al., 2005; 

Verbruggen et al., 2006).  

 An additional potential confound of examining the neural reflections of conflict 

adaptation effects is the inclusion of error and post-error trials (Egner & Hirsch, 2005). Error 

trials are frequently associated with faster RTs (see Ridderinkhof, 2002), while post-error trials 



 

54 

are associated with reliable RT slowing (Rabbitt, 1966). Thus, we exclude error and post-error 

trials from analyses in an effort to isolate manifestations of conflict adaptation processes from 

those associated with error processing.  

Current Study 

Conflict adaptation effects on the Stroop task provide an ideal paradigm for examining 

reactive adjustments in cognitive control and, more specifically, the relationship between 

evaluative and regulative control component processes following TBI. Thus, the primary aim of 

the current study was to examine the impact of severe TBI on behavioral (RT and error rate) and 

electrophysiological (N450 and conflict SP components of the ERP) manifestations of conflict 

adaptation effects. We predicted control participants would demonstrate robust conflict 

adaptation effects manifest by a decreased Stroop effect (incongruent minus congruent) when 

preceded by incongruent relative to congruent trials and smaller N450 and conflict SP 

components (incongruent minus congruent differences) when preceded by incongruent trials. For 

TBI participants, we predicted if cognitive control component processes (i.e., conflict monitoring 

and signaling for adjustments in control) are impaired then the conflict adaptation effect should 

be reduced in magnitude relative to control participants for RTs and electrophysiological indices 

should not differentiate sequential trial conditions for participants with TBI. Notably, this is the 

first ERP investigation of conflict adaptation effects.  

Given the potential confound of repetition priming on conflict adaptation effects, 

secondary analyses examined both behavioral and electrophysiological manifestations of 

sequential trials in the absence of color repetitions. Color repetitions were chosen for exclusion 

because the current version of the Stroop task is color-naming only. Finally, as noted in the 

General Introduction and Experiment 1, one important aspect of detecting, processing, and 

overcoming response conflict may be being aware of conflict and, subsequently, aware of your 
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own deficits. Thus, we also tested the hypothesis that measures of conflict detection and 

processing (i.e., RT and N450/conflict SP amplitude) are related to measures of deficit 

awareness. 

Methods 

Participants, neuropsychological and mood measures, measures of deficit awareness, and 

the experimental task are the same as those utilized in Experiment 1. The reader is referred above 

for these indices (pages 23-30).  

Electrophysiological Data Recording 

Electroencephalogram was recorded from 64 scalp sites using a geodesic sensor net and 

Electrical Geodesics, Inc., (EGI; Eugene, Oregon) amplifier system (20K gain, nominal 

bandpass=.10-100Hz). Electrode placements enabled recording vertical and horizontal eye 

movements reflecting electro-oculographic (EOG) activity. Electroencephalogram data were 

initially referenced to Cz and digitized continuously at 250Hz with a 16-bit analog-to-digital 

converter. A right posterior electrode approximately two inches behind the right mastoid served 

as common ground. Electrode impedance was maintained below 50kΩ. Eye movement and blink 

artifacts were corrected using a spatial filtering method (Berg and Scherg, 1994; Ille, Berg, and 

Scherg, 1997, 2002) utilized through Brain Electric Source Analysis (BESA) software (Scherg, 

1990). Data from the EEG were then segmented into condition-related epochs and single trial 

epochs with voltages that exceeded 150µV or transitional (sample-to-sample) thresholds of 

100µV discarded. Electroencephalogram data were digitally re-referenced to an average 

reference (Bertrand et al., 1985) in order to yield a reference-free representation of 

electrophysiological activity and to reconstruct the EEG at the Cz reference, then digitally low-

pass filtered at 15Hz.  
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Event-related Potential Reduction and Measurement 

Individual-subject stimulus-locked averages were derived for correct trials only for each 

congruency (congruent, incongruent) and sequential trial repetition possibility (congruent-

congruent, congruent-incongruent, incongruent-congruent, and incongruent-incongruent). 

Epochs spanned 100ms prior to and 900ms following stimulus presentation. Data were baseline 

corrected using the 100ms pre-stimulus window. Analyses of electrophysiological data focused 

on selected electrode sites based on previous findings indicating that the ERP modulations of 

interest are relatively focal over fronto-medial (N450; Liotti et al., 2000; West & Alain, 1999, 

2000) and posterior parietal sites (conflict SP; Liotti et al., 2000; West & Alain, 2000), as well as 

the scalp-distribution maps of the present data which indicated the ERP deflections of interest 

were greatest in amplitude over these regions. Consistent with our previous ERP study of 

cognitive control in TBI (Perlstein et al., 2006), the stimulus-locked phasic fronto-central N450 

was quantified as the mean voltage between 450-500ms at sites 4 (FCz), 65 (Cz), 5, and 55 (see 

Figure 2-1), while values for the more tonic conflict SP were measured as the mean voltage from 

650-750ms at electrode sites 34 (Pz), 38, 33 and 41 (see Figure 2-1). Measured voltages for both 

components of interest were averaged across all four sites prior to analyses. Latency 

measurements for the N450 component were indexed as the time of the peak negative-going 

amplitude. No latency measurements are provided for the conflict SP, as it is a slow, tonic 

component. 

To assess the potential for non-specific or generalized ERP amplitude decrements and/or 

latency shifts in TBI participant ERP waveforms, P1 amplitude and latency data reflecting 

extrastriate cortex activity (Di Russo et al., 2002) were extracted. Both P1 amplitude and latency 

were quantified at the first peak positive deflection in the ERP between 50 and 150ms for 
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congruent and incongruent trials averaged across the bilateral locations of maximum P1 

amplitude (average of posterior electrode sites 32 and 45—see Figure 2-1). 

Data Analysis  

Median correct-trial RTs (Ratcliff, 1993), arcsine transformed error rates (Neter et al., 

1985) excluding non-response trials, and ERP component amplitude and latency data were 

analyzed using separate repeated-measures analyses of variance (ANOVA). In an effort to isolate 

conflict adaptation activity, trials immediately following errors were excluded from analyses of 

RTs and error rates. The dependent variables were RTs (msec), error rates, and ERP component 

amplitudes and latencies. The Huynh-Feldt epsilon adjustment was applied for ANOVAs with 

more than two levels of a within-subject factor to correct for possible violations of sphericity and 

partial-eta2 (η2) reported as a measure of effect size. Tests of between-group simple effects were 

used to decompose interactions, while planned comparisons were used to examine congruency 

effects within each group. Cohen’s-d effect sizes (Cohen, 1988) were calculated for condition-

related effects. 

Each dependent variable was analyzed separately. Initial analyses focused on overall task 

performance via two-factorial ANOVAs with group (TBI, control) as the between-subjects factor 

and congruency (congruent, incongruent) as the within-subject factor. To examine potential 

conflict adaptation effects, ‘congruency-related adjustment scores’ were calculated by taking the 

incongruent minus congruent difference for trials preceded by a congruent trial (i.e., congruent-

incongruent minus congruent-congruent trials) or an incongruent trial (i.e., incongruent-

incongruent minus incongruent-congruent). Difference scores were subjected to a two-factorial 

ANOVA with group (TBI, control) as the between subjects factor and ‘congruency-related 
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adjustment score’ (difference score for trials preceded by congruent trials, difference scores for 

trials preceded by incongruent trials) as the within-subjects factor.  

We next conducted a series of Pearson product-moment correlations to test specific 

predictions regarding the relationship between ERP reflections of conflict detection/processing 

(i.e., N450 and conflict SP amplitude) and awareness of deficits. For initial correlations, an 

incongruent minus congruent difference score was calculated on the amplitude of the N450 and 

conflict SP components and compared with measures of deficit awareness (SADI and FrSBe 

concordance score) in TBI participants. We predicted TBI participants with lower deficit 

awareness scores would show smaller incongruent minus congruent differences on ERP 

component amplitudes. A second set of correlations tested the prediction that TBI participants 

who were less aware of their deficits would show smaller RT conflict adaptation effects and 

smaller ERP manifestations of conflict adaptation. These correlations included the ‘congruency-

related adjustment scores’ (incongruent minus congruent trials) for RTs as well as N450 and 

conflict SP amplitude. Similar to Experiment 1, we recomputed the correlations including only 

those participants with only positive, rather than absolute value, FrSBe concordance scores (i.e., 

higher significant other than TBI survivor scores) to account for participants who may be 

hypervigilent to their deficits.  

Results 

Behavioral Performance 

Overall RTs and error rates for the Stroop task were not significantly correlated in control 

participants, r(20)=-0.17, p>.47, but were significantly positively correlated in participants with 

TBI, r(18)=.47, p<.04. Results suggest speed/accuracy trade-off did not influence control or TBI 

participants, as a positive correlation indicates longer RTs were associated with increased error 

rates, opposite the direction suggestive of a speed/accuracy trade-off. 
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Response times. Data for correct-trial RTs as a function of group, previous trial 

congruency, and current trial congruency are presented in Table 3-1 and depicted in Figure 3-1. 

Analyses on correct-trial RTs revealed the expected generalized slowing in participants with 

severe TBI, as reflected in a significant main effect of group, F(1,38)=11.75, p<.001, η2 =.24. A 

main effect of current trial congruency reflected the anticipated RT interference, F(1,38)=73.19, 

p<.001, η2 =.66, with both groups showing longer RTs to the incongruent than congruent 

condition (i.e., the standard Stroop effect [TBI: t(18)=4.97, p<.001, d= .97; controls: t(20)=9.43, 

p<.001, d=1.04]). The Group x Congruency interaction was not statistically reliable, F(1,38)=.84, 

p>.37, η2 =.02, indicating the two groups showed similar levels of current trial congruency-

related RT interference. 

Of greater interest to the present study were the potential conflict adaptation effects (Figure 

3-1; Table 3-3). The Group x Congruency-Related Adjustment Score ANOVA yielded a main 

effect of adjustment score, F(1,38)=12.59, p<.001, η2 =.25, indicated an overall conflict 

adaptation effect; however, the Group x Adjustment Score interaction was not significant, 

F(1,38)=.74, p>.40, η2 =.02, indicating the magnitude of the conflict adaptation effect was 

similar between groups. Supporting this observation, planned contrasts indicated incongruent 

minus congruent trial RTs were greater following congruent than following incongruent trials for 

both TBI, t(18)=2.53, p<.02, d=.45, and control participants, t(20)=2.54, p<.02, d=.44. Survivors 

of severe TBI showed a 205.42ms (SD = ±146.54) Stroop effect (incongruent minus congruent 

RTs) when preceded by a congruent trial and a 149.4ms (±99.3) Stroop effect when preceded by 

an incongruent trial (incongruent minus congruent preceding trial difference = 56.0ms). Control 

participants showed a 157.9ms (±76.0) Stroop effect when preceded by congruent trials and a 
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123.7ms (±80.9) effect when preceded by incongruent trials (incongruent minus congruent 

preceding trial difference = 34.19ms).  

Error rates. Data for mean error rates as a function of group, previous trial congruency, 

and current trial congruency are presented in Table 3-2 and depicted in Figure 3-2. The Group x 

Congruency ANOVA on arcsine-corrected error rates indicated comparable error rates between 

groups, as the main effect of group was not statistically significant, F(1,38)=2.21, p>.14, η2 =.06. 

A significant main effect of current trial congruency, F(1,38)=83.68, p<.001, η2 =.69, reflected 

error rate interference, with both groups committing more errors to the incongruent than 

congruent condition (TBI: t(18)=6.37, p<.001, d=.58; controls: t(20)=6.57, p<.001, d=1.34). A 

non-significant Group x Congruency interaction, F(1,38)=1.47, p>.23, η2 =.04, indicated similar 

error rate profiles between groups as a function of congruency. 

Similar to the data for RTs, the Group x Congruency-Related Adjustment Score ANOVA 

on arcsine-corrected error rates yielded a main effect of adjustment score, F(1,38)=4.00, p=.05, 

η2 =.10, indicating the presence of a conflict adaptation effect when collapsed across groups 

(Table 3-3). The Group x Adjustment Score interaction was not significant, F(1,38)=.03, p>.86, 

η2 =.001, nor were planned comparisons of the incongruent minus congruent difference scores 

for TBI, t(18)=1.53, p>.18, d=.34, or healthy control participants, t(20)=1.30, p>.20, d=.32. 

ERP Data 

Healthy control participants and survivors of severe TBI did not differ on number of trials 

retained for averaging on congruent, t(38)=1.16, p>.25, d=.37, or incongruent conditions, 

t(38)=1.40, p>.17, d=.44. Congruent trial waveforms contained an average (± SD) of 326.1±70.5 

trials for participants with TBI and 346.3±35.0 trials for controls, while incongruent waveforms 

contained an average of 132.2±36.6 trials for participants with TBI and 144.6±16.7 trials for 
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controls. When broken down to examine sequential trial effects, groups did not differ on number 

of trials retained for congruent-congruent, t(38)=1.21, p>.23, d=.38 (TBI = 216.5±53.8 trials; 

controls = 232.1±23.6 trials), congruent-incongruent, t(38)=1.26, p>.22, d=.40 (TBI = 91.1±27.5 

trials; controls = 99.5±12.9 trials), or incongruent-congruent conditions, t(38)=1.27, p>.21, d=.40 

(TBI = 90.1±27.8 trials; controls = 98.8±13.2 trials). Groups did significantly differ on number 

of trials retained for the incongruent-incongruent condition, t(38)=2.15, p<.04, d=.68 (TBI = 

34.3±11.3 trials; controls = 40.2±5.4 trials) due to more artifact trials rejected for participants 

with TBI, rather than increased error rates, as noted above.  

P1 amplitude and latency. A Group x Congruency ANOVA on stimulus-locked grand 

average ERP waveforms averaged across the two channels of greatest P1 amplitude (channels 32 

and 45; one from each hemisphere at posterior scalp locations—see Figure 2-1) was conducted to 

examine the possibility of generalized amplitude decrements or latency shifts for TBI 

participants. Results of the analysis of P1 amplitude indicate no main effect of congruency, 

F(1,38)=.03, p>.86, η2=.001, no Group x Congruency interaction, F(1,38)=1.52, p>.22, η2=.04, 

and no main effect of group, F(1,38)=.70, p>.41, η2=.02. Latency data for the P1 component 

were similar, with no significant main effect of congruency, F(1,38)=.07, p>.79, η2=.002, no 

Group x Congruency interaction, F(1,38)=.70, p>.41, η2=.02, and no main effect of group, 

F(1,38)=1.73, p>.20, η2=.04. Thus, data suggest that there is not a significant generalized 

amplitude decrement or latency shift in the ERPs of the TBI participants relative to healthy 

controls.  

Stimulus-locked grand average ERP waveforms and spline interpolated current source 

density maps for the fronto-medial N450 as a function of group and congruency are presented in 

Figure 3-3, those for the conflict SP are presented in Figure 3-4. Grand average ERPs for both 



 

62 

groups and each repetition category (i.e., Previous x Current Trial averages) are presented in 

Figure 3-5. Mean (± SD) component amplitude data are presented in Table 3-4 and depicted in 

Figure 3-6 for the N450 and Figure 3-7 for the conflict SP.  

N450 amplitude. Examination of stimulus-locked ERP waveforms (Figure 3-3) revealed a 

negative-going deflection that is more negative to incongruent than congruent trials in control 

participants, but does differentiate congruencies for participants with TBI. Contrary to 

predictions, the Group x Congruency ANOVA on N450 amplitude did not yield a significant 

main effect of current trial congruency, F(1,38)=2.57, p>.12, η2 =.06; neither group showed 

reliable N450 amplitude differentiation of the incongruent and congruent conditions (TBI: 

t(18)=.88, p>.39, d=.09; controls: t(20)=1.38, p>.18, d=.11). The main effect of group on N450 

component amplitude was not significant, F(1,38)=.01, p>.99, η2 =.00. 

Consistent with the absence of congruency differentiation on N450 component amplitude, 

the Group x Congruency-Related Adjustment Score ANOVA on incongruent minus congruent 

difference scores did not demonstrate a conflict adaptation effect as evidenced by a non-

significant main effect of congruency, F(1,38)=.03, p>.87, η2 =.001. Similarly, there was not a 

significant Group x Congruency interaction, F(1,38)=1.60, p>.21, η2 =.04, nor a main effect of 

group, F(1,38)=.88, p>.35, η2 =.02 (see Table 3-4; Figures 3-5 and 3-6). Planned comparisons on 

incongruent minus congruent difference scores confirmed the absence of conflict adaptation 

changes in N450 amplitude for both TBI, t(18)=.87, p>.39, d=.28, and control participants, 

t(20)=.93, p>.36, d=21. 

N450 latency. A Group x Congruency ANOVA indicated N450 peak latencies were 

similar for both congruencies, as reflected by a non-significant main effect of current trial 

congruency, F(1,38)=.60, p>.45, η2 =.02. There were no group differences in N450 latency, with 
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no significant Group x Congruency interaction, F(1,38)=.01, p>.90, η2 =.001, or main effect of 

group, F(1,38)=1.50, p>.23, η2 =.04. Similarly, there were no main effects or interactions 

involving group or congruency-related adjustment scores for N450 latency data, Fs < 1.66, 

ps>.20. 

Conflict SP amplitude. In contrast to results of N450 amplitude, examination of conflict 

SP amplitudes (Figure 3-4) revealed a significant main effect of current trial congruency, 

F(1,38)=21.15, p<.001, η2 =.36, as well as a significant Group x Congruency interaction, 

F(1,38)=5.12, p<.03, η2 =.12. The current trial congruency effect reflected greater positivity to 

the incongruent than congruent condition; planned contrasts revealed the conflict SP was 

significantly more positive to the incongruent than congruent condition in controls, t(20)=4.44, 

p<.001, d=.79, and at trend level for survivors of severe TBI, t(18)=1.90, p=.07, d=.34. The 

Group x Congruency interaction was found in the absence of an overall main effect of group on 

conflict SP component amplitude, F(1,38)=.88, p>.35, η2 =.02.  

For conflict adaptation effects on the conflict SP (Figures 3-5 and 3-7), the Group x 

Congruency-Related Adjustment Score ANOVA on incongruent minus congruent trials yielded a 

non-significant main effect of adjustment score, F(1,38)=.02, p>.89, η2 =.001, as well as a non-

significant Group x Adjustment Score interaction, F(1,38)=1.40, p>.24, η2 =.04. Planned 

contrasts, however, indicated the conflict SP for the incongruent minus congruent difference was 

greater following congruent than incongruent trials for control, t(20)=2.10, p<.05, d=.41, but not 

TBI participants, t(18)=.53, p>.61, d=.20.  

Impact of Repetition Priming 

 As pointed out above, recent research challenges the interpretation of sequential trial 

effects as reflecting top-down conflict adaptation, suggesting instead that such effects are due to 

bottom-up repetition priming mechanisms (Mayr et al., 2003; di Pellegrino et al., 2007). Given 
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this, we re-analyzed both behavioral (RT and error rate) and ERP (N450 and conflict SP) data 

excluding sequential trials of the same color. Excluding trials based on stimulus color was 

chosen because responses on the version of the Stroop task employed were color-naming only 

and exclusion of color repeats ensures possible direct stimulus repetitions are excluded from the 

congruent-congruent and incongruent-incongruent conditions.  

 Behavioral data. The pattern of results for the Group x Congruency-Related Adjustment 

Score ANOVA on RTs and error rates was largely consistent with previous analyses following 

removal of color repetitions (see the right side of Tables 3-1 and 3-2). For RTs, a main effect of 

adjustment score remained, F(1,38)=52.50, p<.001, η2 =.15, while the Group x Adjustment Score 

interaction was not significant, F(1,38)=2.40, p>.13, η2 =.06. For arcsine-corrected error rates, 

the main effect of difference score was not maintained, F(1,38)=1.44, p>.24, η2 =.04, indicating 

the modest sequential trial effect on error rates reported above may be influenced by repetition 

priming. The Group x Adjustment Score ANOVA remained non-significant, F(1,38)=.25, p>.62, 

η2 =.006. 

 ERP data. When color repetitions were removed, the pattern of N450 and conflict SP 

results remained consistent with data presented previously (see right side of Table 3-2). For the 

N450, neither the main effect of adjustment score, F(1,38)=.70, p>.41, η2 =.02, nor the Group x 

Adjustment Score interaction, F(1,38)=.57, p>.46, η2 =.02, were statistically significant. 

Similarly for the conflict SP, the main effect of adjustment score was not significant, 

F(1,38)=1.52, p>.23, η2 =.04, nor was the Group x Adjustment Score interaction, F(1,38)=.30, 

p>.59, η2 =.008. 

Correlational Analyses 

Due to the relatively small influence of repetition priming in the variables of interest for 

the correlations (RT and N450/conflict SP amplitude), Pearson’s correlation analyses (one-
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tailed) were conducted on all trials. Initial correlations indicated that the conflict SP incongruent 

minus congruent difference score significantly correlated with both the SADI, r(18)=-.42, p<.04 

(Figure 3-8), and the FrSBe concordance score, r(17)=.49, p<.024 (Figure 3-9); no significant 

correlations were noted with N450 amplitude, rs<.11, ps>.25. Subsequent examination of the 

conflict SP correlation with deficit awareness measures revealed an outlier that, when removed 

from analyses, rendered the correlations with both the SADI, r(18)=-.12, p>.31, and the FrSBe 

concordance score, r(17)=-.006, p>.49, non-significant. Correlations (excluding the single 

outlier) of RT and ERP congruency-related adjustment scores with measures of deficit awareness 

yielded no statistically significant associations, rs< ⏐.36⏐, ps> .07. Similarly, when FrSBe 

concordance score analyses were re-computed with only participants who endorsed fewer 

symptoms than their caregivers no significant correlations were present, rs<⏐.52⏐, ps>.07. 

Discussion 

In this experiment, we examined the behavioral and electrophysiological correlates of 

conflict processing and adaptation effects in survivors of severe TBI and healthy control 

participants. Behavioral data revealed the anticipated increases in RTs and error rates on 

incongruent relative to congruent trials (i.e., Stroop interference) for both TBI and control 

participants. Contrary to predictions, TBI and control participants did not differ on the magnitude 

of RT or error rate interference. Likewise, both groups showed a conflict adaptation effect 

wherein the incongruent minus congruent Stroop RT effect disproportionately decreased when 

preceded by incongruent relative to congruent stimuli. Error rates on incongruent trials similarly 

decreased when preceded by incongruent relative to congruent trials, but only when pooled 

across control and TBI groups.  
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In contrast to predictions, participants with TBI showed RT and error rate conflict 

adaptation effects of similar magnitude to those of healthy control participants. These results are 

consistent with a recent study indicating patients with focal lesions to the rostral ACC following 

anterior communicating artery (AcoA) aneurysm demonstrated abolished conflict adaptation 

effects, while neurologically-injured control participants with more diffuse neural damage or 

aneurysm not specifically affecting the ACC showed conflict adaptation effects the same in 

magnitude to those of neurologically-healthy controls (di Pellegrino et al., 2007). As noted 

above, several studies suggest interplay between medial and lateral frontal cortices (including the 

ACC and dlPFC, respectively) in monitoring for conflict and utilizing conflict information to 

dynamically allocate cognitive control resources and improve task performance (Kerns et al., 

2004; Egner & Hirsch, 2005). The presence of behavioral conflict adaptation effects that did not 

differ from those of healthy control participants in the current heterogeneous TBI sample—none 

of whom, to the best of our knowledge, experienced focal ACC lesions--indicates direct insult to 

the ACC (or potentially the dlPFC) may be necessary for disruption of conflict adaptation 

mechanisms. Supporting this view, West & Moore (2005) found conflict adaptation effects of 

similar magnitude between young and old adults—despite previous findings that cognitive 

control mechanisms are impaired in older adults (West, 2004). 

Event-related potentials were used to temporally dissociate neural activity reflecting 

conflict monitoring and conflict adaptation (Perlstein et al., 2006; West, 2004; West, 2003; West 

& Moore, 2005). Consistent with predictions, a distinct slow potential, the conflict SP, 

differentiated congruent and incongruent trials. The conflict SP is thought to reflect regulative 

aspects of cognitive control, perhaps involving processes devoted to the resolution of response 

conflict or signaling for increased implementation of attentional control (Liotti et al., 2001; 
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Perlstein et al., 2006; West, 2003; West & Alain, 2000). While both healthy controls and 

participants with TBI demonstrated a clear conflict SP, control participants showed significantly 

greater differentiation between incongruent and congruent trials than participants with TBI. 

Considered in the context of previous studies indicating impaired conflict resolution processes 

following severe TBI (Perlstein et al., 2006), this finding may indicate participants with TBI did 

not implement regulative control to the same extent as control participants in order to adaptively 

resolve the conflict inherent in the incongruent Stroop color-naming condition. Behavioral 

findings (i.e., similar levels of Stroop RT and error rate interference) and the relative similarity in 

conflict SP pattern between control and TBI participants cast some doubt upon this 

interpretation. 

If, as suggested by cognitive control theory, the detection of response conflict signals for 

the recruitment of controlled regulative strategies toward adaptive resolution of this conflict 

(Botvinick et al., 1999; Kerns et al., 2004; Miller & Cohen, 2001), the conflict SP should be 

smaller on trials preceded by incongruent stimuli where increased attentional control has been 

implemented. In contrast to this prediction, no main effect of conflict SP adjustment score was 

found, nor was there a significant Group x Adjustment Score interaction. When only control 

participants were considered in a planned contrast, trials preceded by incongruent stimuli 

demonstrated decreased amplitude conflict SP relative to trials preceded by congruent stimuli. 

Given that there was not a significant main effect or interaction of the omnibus ANOVA, these 

results are tentative and should be interpreted with caution. Moreover, the finding that TBI 

participants showed similar levels of RT-related conflict adaptation argues against differential 

group-related conflict resolution processes. 



 

68 

Event-related potential findings with regard to the conflict-detection N450 were contrary to 

predictions and previous findings from our laboratory (Perlstein et al., 2006). Indeed, the lack of 

N450 differentiation between incongruent and congruent color-naming stimuli regardless of 

preceding trial is unexpected. The reasons for the lack of differentiation are unclear, and are 

unlikely to be due to the EEG acquisition parameters, since we have successfully obtained the 

N450 in previous studies using similar recording parameters (Perlstein et al., 2006), or to the 

modality of response (i.e., vocal, manual), as N450 has been obtained using both response 

modalities (e.g., Liotti et al., 2000), or to latency differences between groups, as the N450 

latency did not differ between groups. Thus, the absence of a clear N450 that differentiates 

congruencies limits our ability to make firm conclusions regarding the integrity of stimulus-

related conflict detection processes, as this component has most reliably been thought to reflect 

conflict detection (see West et al., 2005 for review), as well as the function of conflict-detection 

processes in the conflict adaptation effect.  

As noted previously, recent research suggests conflict adaptation effects may be due to 

repetition priming rather than compensatory adjustments of cognitive control processes (Mayr et 

al., 2003). Current findings suggest automatic priming effects do not solely account for RT-

related conflict adaptation effects, as such effects persisted in both control and participants with 

TBI when repetition of color-naming trials were removed. The conflict adaptation effect present 

for error rates when pooled across control and participants with TBI was diminished when 

repetition trials were removed. This may suggest errors are more sensitive to repetition priming 

effects than RTs; however, the initial findings of conflict adaptation effects in the error rate data 

were tenuous and not significant for either the control or participants with TBI alone. Thus, the 
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reduction in the number of trials contributing to the conflict adaptation effects may have been 

sufficient to reduce the previously significant effect. 

 Largely consistent with Experiment 1, correlations between two different measures of 

deficit awareness and behavioral (RT) and electrophysiological (N450, conflict SP) 

manifestations of cognitive control (specifically conflict processing) were not significant. As 

noted above, the lack of association may be due to the difficulties in measurement of deficit 

awareness (i.e., using absolute values with the FrSBe concordance score). In addition, the lack of 

differentiation between participants with TBI and their control counterparts for both RT and ERP 

measurements suggests the current sample of participants with TBI may not be exhibiting the 

cognitive control deficits that might be associated with deficit awareness. The absence of strong 

associations between deficit awareness and error-related ERP components in the previous study 

and behavioral and ERP indices of conflict processing in the current study suggests that the 

hypothesis of deficit awareness corresponding with declines in evaluative control mechanisms 

may not be correct. Future research utilizing improved measures of deficit awareness is clearly 

required to adjudicate among these possibilities. 

 Limitations specific to the current study should be considered. First, while we were able 

to examine sequential trial conflict adaptation effects, the task employed limited our ability to 

examine post-error strategic adjustments (as noted in Experiment 1). As post-error strategic 

adjustments have, similar to the conflict adaptation effect, been taken to reflect participants’ top-

down adjustments in performance strategy, perhaps reflecting the dynamic interplay between 

ACC-mediated evaluative and dlPFC-mediated regulative processes (Botvinick et al., 2004; 

Kerns et al., 2004), the convergence of information from the two measurements would 

strengthen current findings. Next, due to the complications associated with examining 
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individual-trial ERPs (i.e., low signal-to-noise ratio in the absence of signal averaging), ERP data 

examining conflict adaptation effects were reduced by binning individual trials into epochs based 

on previous and current trial congruency. Epochs were then averaged for each participant and 

statistical values obtained on these averages. For behavioral data, in contrast, RT and error rate 

data for previous and current trial congruencies were calculated on an individual trial level. Thus, 

it is possible that the averaging of the sequential trial data may have obscured potentially 

meaningful findings. In addition, we were unable to examine potentially meaningful associations 

between components of cognitive control. For example, Kerns et al., (2004) in their fMRI 

examination of conflict adaptation effects, used ACC activity on previous trials to predict dlPFC 

activity levels on subsequent trials and vice-versa. Our inability to examine single-trial data 

reliably due to the limitations inherent in the ERP methodology prevented such examination 

between, for example, N450 and conflict SP amplitude across sequential trials.  

 In summary, the present findings indicate behavioral conflict adaptation effects are 

similar for participants with heterogeneous TBI and their control counterparts. Findings, in 

concert with previous studies that showed intact conflict adaptation effects in groups with known 

cognitive control deficits but no direct lesions to the ACC (di Pellegrino et al., 2007; West & 

Moore, 2005), may suggest direct insult to ACC- or other dlPFC-mediated cognitive control 

mechanisms are necessary for impaired conflict adaptation processes. A tonic conflict SP 

differentiated incongruent from congruent trials, but failed to show consistent conflict adaptation 

effects. The N450 component did not differentiate congruent from incongruent trials. Thus, in 

the current study, ERPs were not a sensitive measure of the conflict adaptation effect.  
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Table 3-1. Mean RT (±Standard Deviation) for congruent (C) and incongruent (I) trials as a 
function of previous trial congruency. Left columns reflect all trials, including color 
repetitions. Right columns reflect mean RTs with color-naming repetitions excluded. 

 Previous C Previous I Previous C Previous I 
Group Current 

C 
Current 

I 
Current 

C 
Current 

I 
Current 

C 
Current 

I 
Current 

C 
Current 

I 
TBI 719.1 

(184.3) 
924.5 

(236.0) 
723.7 

(175.7)
873.1 

(218.7)
656.3 

(196.1)
843.8 

(230.3)
666.5 

(159.5) 
711.63 
(162.2)

Control 583.7 
(70.1) 

741.6 
(139.2) 

601.5 
(74.2)

725.2 
(136.7)

524.4 
(66.0)

695.9 
(154.7)

552.6 
(76.0) 

631.7 
(125.9)

 
Table 3-2. Mean percent errors (±Standard Deviation) for congruent (C) and incongruent (I) 

trials as a function of previous trial congruency. Left columns reflect all trials, 
including color repetitions. Right columns reflect percent errors with color repetitions 
excluded. 

 Previous C Previous I Previous C Previous I 
Group Current 

C 
Current 

I 
Current 

C 
Current 

I 
Current 

C 
Current 

I 
Current 

C 
Current 

I 
TBI .04 

(.08) 
.11 (.14) .04 (.05) .10 (.18) .05 (.09) .11 (.15) .05 (.05) .11 (.17)

Control .02 
(.01) 

.05 (.02) .02 (.02) .05 (.04) .02 (.02) .06 (.03) .02 (.02) .05 (.06)

 
Table 3-3. Mean difference scores (±Standard Deviation) for RTs and error rates of the 

incongruent (I) minus congruent (C) difference. Left columns reflect all trials, 
including color repetitions. Right columns reflect trials with color repetitions 
excluded. 

 All trials including repetitions Color repetitions excluded 
 Controls TBI  Controls TBI  
Response time (RT) 
 I – C difference   
   Previous trial congruent 
   Previous trial incongruent 

157.9 (76.0)
123.7 (80.9)

205.4 (146.5)
149.4 (99.3)

 
 

149.6 (64.7) 
137.7 (83.3) 

203.9 (.130.0)
173.8 (129.0)

Error rate  
 I – C difference   
   Previous trial congruent 
   Previous trial incongruent 

.04 (.03)

.03 (.04)
.07 (.07)
.07 (.13)

 
 

.04 (.03) 

.03 (.06) 
.06 (.07)
.07 (.13)
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Table 3-4. Mean (± Standard Deviation) ERP amplitude (μV) data for the N450 and conflict SP 

components. Left columns reflect all trials, including color repetitions. Color 
repetitions are not included in right column data. Differences represent the 
incongruent (I) minus congruent (C) difference.  

 Controls TBI  Controls TBI  
 Amplitude (μV) Amplitude (μV) 
N450  
   Congruent 
   Incongruent 

.51 (2.5)

.24 (2.6)
.44 (1.7)
.30 (1.6)

 
.40 (2.3) 
.12 (2.7) 

.59 (1.8)

.40 (2.0)
Conflict SP  
   Congruent 
   Incongruent 

.40 (1.7)
1.8 (1.8)

.36 (1.5)

.84 (1.4)
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Mean RTs for Control & TBI
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Figure 3-1. Mean reaction times (RTs) as a function of group, congruency, and current/previous 

trial type. Error bars reflect standard errors of the mean.  
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Figure 3-2. Mean error rates as a function of group, congruency, and current/previous trial type. 

Error bars reflect standard errors of the mean.
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Figure 3-3. Grand average ERP waveforms of stimulus-locked congruent and incongruent trials 
averaged across fronto-medial electrode locations for the N450 (left) and top view of 
the spline-interpolated current source density maps at 477ms (right). 

 

 

Figure 3-4. Grand average ERP waveforms of stimulus-locked congruent and incongruent trials 
averaged across posterior electrode locations for the conflict SP (left) and top view of 
the spline-interpolated current source density maps at 711ms (right). 
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Figure 3-5. Grand average ERP waveforms of stimulus-locked waveforms for congruent (C) and 
incongruent (I) waveforms as a function of previous trial congruency. Thus, C-C 
indicates a congruent previous trial and a congruent current trial, C-I indicates a 
congruent previous trial and an incongruent current trial, etc.  
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N450 Mean Amplitude for Control & TBI
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Figure 3-6. Mean N450 amplitude as a function of group, congruency, and current/previous trial 

type. Error bars reflect standard errors of the mean. 
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Figure 3-7. Mean conflict SP amplitude as a function of group, congruency, and current/previous 

trial type. Error bars reflect standard errors of the mean. 
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Figure 3-8. Scatter plot reflecting the relationship between SADI total score for TBI participants 

and the parietal conflict SP incongruent minus congruent difference. Point in square 
reflects the outlier participant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-9. Scatter plot reflecting the relationship between FrSBe other- minus self-rated total 

score for TBI participants and the parietal conflict SP incongruent minus congruent 
difference. Point in square reflects outlier participant. 
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CHAPTER 4 
FEEDBACK UTILIZATION AND REWARD CONTEXT SENSITIVITY IMPAIRMENT 

FOLLOWING SEVERE TRAUMATIC BRAIN INJURY 

Feedback processing is an important aspect of evaluative control and is critical for 

appropriate decision-making. Indeed, many rehabilitation protocols following traumatic brain 

injury (TBI) utilize feedback via reinforcement and reward to influence behavior and facilitate 

recovery; however, previous studies suggest survivors of severe TBI demonstrate impairments in 

feedback contingency utilization and sensitivity. The precise neurobiological mechanisms 

underlying these deficits have not been thoroughly explored, but can be examined using the 

‘feedback-related negativity’ (FRN)—an event-related potential (ERP) component evoked 

following performance or response feedback (e.g., whether a monetary reward is obtained) with 

a larger FRN following unfavorable than favorable outcomes—particularly when unfavorable 

feedback occurs in the context of high reward probability. We examined ERPs elicited by 

favorable (monetary gain: ‘reward’) and unfavorable (no monetary gain: ‘non-reward’) feedback 

during a guessing task where probability of reward outcome was manipulated in a subset of 

survivors of severe TBI and demographically-matched healthy participants. Consistent with 

previous findings, healthy control participants showed larger amplitude FRN to non-reward 

feedback and the largest amplitude FRN following a non-reward when reward probability 

context was greatest. In contrast, FRN in severe TBI survivors did not significantly differentiate 

non-reward from reward trials and their FRN was largest to reward trials in the low reward 

probability context. Findings indicate an impaired evaluative control mechanism of feedback 

processing and implicate an electrophysiological marker of impaired reward context sensitivity 

following severe TBI. 
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Introduction 

The previous studies indicate survivors of severe traumatic brain injury (TBI) show 

deficits in the evaluative processes of monitoring and comparing performance with internal 

goals. Feedback processing, a critical component of evaluative control utilized in the assessment 

of actions and the adjustment of performance to these outcomes, may also be impaired following 

severe TBI. Indeed, TBI survivors frequently exhibit a constellation of characteristics that 

include failure to evaluate and adjust behavior to feedback/performance (Larson et al., 2006a), 

and decrements in their ability to respond adaptively to the consequences of their actions or 

responses (Bechara et al., 2000; Bechara et al., 1996; Schlund, 2002a, 2002b; Schlund et al., 

2001; Schlund & Pace, 2000) leading to risky decision-making (Grafman et al., 1996; Oddy et 

al., 1985; Tateno et al., 2003) and impaired goal-directed action (Shallice & Burgess, 1991). 

Such sequelae of injury lead not only to deficits in essential cognitive activities, but also poor 

learning/re-learning of socially appropriate behaviors, deterioration of interpersonal 

relationships, and ultimately poor rehabilitation outcomes and decreased rates of return to 

employment (Weddell et al., 1980).  

Many of the aforementioned difficulties result from decreased sensitivity to stimulus-

response contingencies (Bechara et al., 2000; Bechara et al., 1996; Salmond et al., 2005; Schlund 

et al., 2001; Schlund & Pace, 2000). While brain injured individuals may remain sensitive to 

certain consequences, they fail to adaptively discriminate among the relevant response-

consequence relations (i.e., contingencies), which likely accounts for some increases in risky 

behaviors, as well as problems in skill acquisition and adaptive choice (Schlund, 2002a). For 

example, Salmond et al., (2005) found impaired decision-making and increased impulsive 

responding when head injury survivors performed a computerized gambling task. These results 

were consistent with other accounts of increased levels of impulsivity associated with 
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dysfunction of the frontal lobe (Fuster, 1997; Miller, 1992). Although there is substantial 

heterogeneity among TBI survivors, there is typically widespread damage to white matter tracts 

(Meythaler et al., 2001) and cortical regions involving the orbitofrontal cortex and temporal 

lobes (Levin et al., 1987). Impulsive or disinhibited behavior has been linked to orbitofrontal 

(Bechara, 2004; Rolls, 2000) and ventromedial prefrontal (Bechara et al., 1994) lesions in 

humans. More specifically, the actions of individuals with injuries to the prefrontal cortex show 

reduced sensitivity to the consequences of their response and tend to respond preferentially to 

stimuli that are associated with the possibility of an immediate reward, without regard to the 

context of previous feedback or future contingencies, resulting in a form of “myopia for the 

future” (Bechara et al., 2000, p. 2198). 

There remains a paucity of data on the neural correlates of impaired feedback contingency 

sensitivity following TBI, despite the fact feedback-based treatments (e.g., reward) are 

frequently employed in the rehabilitation setting. Our understanding of the neurocognitive 

processes related to feedback evaluation and monitoring has been enhanced through examination 

of the scalp-recorded event-related potential (ERP) known as feedback-related negativity (FRN). 

The FRN is a negative-deflecting component with medio-frontal scalp distribution that peaks 

approximately 250ms following presentation of performance or reward feedback and shows 

greater amplitude following unfavorable than favorable outcomes (Gehring & Willoughby, 2002; 

Ruchsow et al., 2002). The FRN has been interpreted as an electrophysiological reflection of 

whether a desired reward has been achieved, as evidenced by Hajcak and colleagues’ (2006) 

study of healthy adults that identified a dichotomous FRN response to multiple, graded forms of 

feedback, with the smallest negativity following positive outcomes and largest negativity 

following negative or neutral outcomes. Holroyd and colleagues’ (2006) study similarly 
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demonstrated neutral feedback elicits FRN amplitudes similar to cost/punishment, suggesting 

non-reward stimuli are processed as feedback that is inconsistent with the prevailing reward 

context. Holroyd and Coles (2002) propose the FRN is produced when an error processing 

system detects events that are worse than expected. More specifically, their reinforcement 

learning theory of the error-related negativity (RL-ERN) proposes the FRN, like its response 

error-related analogue known as the error-related negativity (ERN), is a reflection of a 

dopaminergic negative feedback reinforcement-learning signal produced when response 

outcomes are worse than expected. Studies of the FRN assumed participant expectation through 

manipulation of reward probability, rather than direct assessment via questionnaire or otherwise. 

Thus, these studies of the FRN and the RL-ERN theory assume knowledge of participant 

expectation and, therefore, may be better conceptualized as studies of reward context rather than 

reward prediction/expectation, with larger FRN occurring when a high reward probability 

context is violated by the presentation of a non-reward stimulus.  

 Consistent with the RL-ERN theory, source localization studies of the FRN broadly 

implicate areas of the mesial-frontal cortex, specifically the anterior cingulate cortex, as the 

primary neural generator of the FRN (Gehring & Willoughby, 2002; Holroyd & Coles, 2002; 

Ruchsow et al., 2002). One paradigm that has been employed to examine the FRN is a type of 

guessing task (Holroyd et al., 2003; Ruchsow et al., 2002; van Meel et al., 2005). In these tasks, 

participants are presented with several response options and told there is a reward associated 

with one of the options. Following participant response, feedback indicating whether the 

response was correct (reward obtained) or incorrect (no reward) is presented. Unknown to the 

participants, feedback is presented in a pseudo-random fashion. In the high reward probability 

condition, participants received positive feedback on 75% of trials, while in the low reward 
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probability condition participants received negative feedback on 75% of trials. This manipulation 

of feedback establishes distinct forms of reward context, which are dependent on whether a 

reward is likely or unlikely to be achieved. According to the RL-ERN theory (Holroyd & Coles, 

2002; Holroyd et al., 2003), non-reward feedback in a low reward probability condition would be 

associated with a small FRN because feedback is consistent with the reward context, while non-

reward feedback in a high reward probability condition would lead to a larger FRN because a 

probability context violation has been registered by the reward monitoring system. Such 

guessing paradigms also allow for study of feedback-related neural processing independent of 

participant performance (van Meel et al., 2005), which would likely be impaired relative to 

healthy controls following a severe head injury, and ensures that response-reinforcement 

contingencies do not confound the FRN response to feedback.  

The present study utilized the FRN to examine reward context sensitivity in a subset of 

severe TBI survivors and healthy controls. We predicted that findings in control participants 

would replicate those of previous studies using the same guessing paradigm described above 

(Holroyd et al., 2003), with increased amplitude FRN following non-reward feedback when 

averaged across conditions and largest FRN following non-reward feedback when reward 

probability is high. In participants with severe TBI, we predicted FRN amplitude would not 

differ as a function of feedback condition due to deficits in reward context sensitivity.  

Methods 

Participants 

Study enrollment consisted of a subset of the participants who participated in the previous 

studies. Initial enrollment included 11 TBI and 11 healthy control participants. Data from one 

TBI participant were excluded due to too few artifact-free trials to compute reliable average ERP 

epochs (< 25 trials per condition). Thus, the final sample included ten right-handed severe TBI 
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participants between the ages of 18 and 42 years (3 female; M=26.40 years, SD=8.21) and 11 

right-handed, age- and education-matched healthy control participants (4 female; M=27.18 years, 

SD=11.10; range=18–49 years). Demographic characteristics of TBI and control participants are 

provided in Table 4-1. Similar to the previous studies, TBI participants were recruited from two 

Northern Florida trauma and rehabilitation hospitals; control participants were recruited via flyer 

and advertisement from the local community. All participants provided written informed consent 

according to procedures established by the University of Florida Health Science Center 

Institutional Review Board and were compensated for their participation. 

As in the previous studies, TBI severity was determined from medical record review of 

lowest post-resuscitation Glasgow Coma Scale (GCS) score (Teasdale & Jennett, 1974), with 

severe TBI defined as a GCS score <9. Neurological indices, including neuroradiological 

findings taken from acute computerized tomography (CT) scans, duration of loss of 

consciousness (LOC), and duration of post-traumatic amnesia (PTA), were also acquired from 

medical record review or, when LOC and PTA information were not available in medical 

records, from structured participant and significant other interview (King et al., 1997; McMillan 

et al., 1996). LOC and PTA data confirmed all patients met criteria for severe TBI as 

traditionally defined by LOC>6 hours and/or PTA>7 days (Bigler, 1990; Bond, 1986; 

Gerstenbrand & Stepan, 2001; Lezak et al., 2004).  

All participants were screened for major psychiatric disorder using the Mental Health 

Screening Form-III (MHSF-III; Carroll & McGinley, 2000, 2001). Potential participants were 

excluded from the study for the following reasons: history of psychotic or bipolar disorder, 

learning disability, alcohol or substance abuse within six months prior to testing, other acquired 

brain disorders (e.g., epilepsy, stroke), inpatient psychiatric treatment predating brain injury, 
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clinically-significant depression or anxiety within two years prior to injury, or color-blindness as 

measured by the Ishihara pseudo-isochromatic color plates (Clark, 1924). Participants with 

language comprehension deficits or uncorrected visual impairments were also excluded. 

Injury characteristics and neuroradiological findings for this subset of TBI participants are 

presented in Table 4-2. TBI participants were at least six months post-injury, with the exception 

of one who was functioning well and desired to complete the study before returning to 

employment. No participants were engaged in legal action at the time of the study. Participant 

groups were well matched for age, t(19)=.18, p>.85, and education, t(19)=.79, p>.43. TBI 

participants endorsed significantly more depressive symptoms, as measured by the Beck 

Depression Inventory-2nd Edition (BDI-II; Beck, 1996), t(19)=3.15, p<.01; however, no 

individual scores met common clinical cut-offs for depression (BDI-II>21) and mean scores for 

both groups were well within normal limits—not meeting criteria for even mild levels of 

depressive symptomatology (BDI-II>13; see Beck, 1996). Groups did differ on their report of 

apathy symptoms on a modified version of the Apathy Evaluation Scale (Marin, 1991; Marin et 

al., 1991; Starkstein et al., 1992), t(20)=2.22, p<.04, with TBI participants endorsing significant 

more symptoms. TBI participants endorsed higher levels of state, t(19)=2.15, p<.05, but not trait 

anxiety symptoms, t(19)=1.10, p>.29, as measured by the State-Trait Anxiety Inventory (STAI; 

Speilberger et al., 1983).  

Experimental Task 

 We utilized the experimental task employed by Holroyd et al., in their 2003 investigation 

of reward context and the FRN. In this task, participants viewed four circles in a row (OOOO) 

and were told that one of the circles contained a reward of five cents that would be summed 

throughout the task and provided in addition to their hourly compensation. Circles remained on 

the screen until the participant responded by pressing one of four keys placed directly below 
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each circle on a response pad. A black screen was then presented for 500ms, followed by the 

feedback stimulus that remained on the screen for 2000ms. Reward feedback consisted of four 

dollar signs in a row ($$$$), while non-reward feedback consisted of four Xs (XXXX). The 

interstimulus interval between the feedback stimulus and the subsequent trial was 500ms. All 

stimuli during the task were printed in yellow font on black background, visually centered, 0.6° 

high and 5.0° wide, and appeared on a 15 inch computer monitor ~40cm from the participant’s 

head.  

Participants were instructed that presentation of a reward feedback stimulus indicated they 

had received five cents, while presentation of a non-reward feedback stimulus indicated they 

received no money for that trial and that the goal of the task was to respond in a manner that 

would maximize their earnings. Unknown to the participants, feedback stimuli were presented 

randomly according to two separate reward probability conditions. In the high reward probability 

condition, participants received positive feedback on 75% of trials, while in the low reward 

probability condition participants received positive feedback on only 25% of trials. Each 

condition consisted of one block of 200 trials. For example, participants presented with 200 trials 

during the high reward probability block received reward ($$$$) feedback on 150 trials (75%), 

while 50 trials (25%) showed non-reward feedback (XXXX) for a sum of $7.50 earned. The 

probability of reward feedback was reversed in the low reward probability block. Order of block 

presentation was counterbalanced across participants. Following completion of the first block, 

participants were told to take as much time as they desired to relax, and the amount of money 

they had achieved was displayed on the computer monitor (either $2.50 or $7.50). After 

completing the task, participants were debriefed, and all were provided with $10 additional 
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compensation. All participants responded to all trials and were awarded the same amount of 

compensation. 

Electrophysiological Data Recording and Reduction 

Electroencephalographic activity was recorded from 64 scalp sites using a geodesic sensor 

net and Electrical Geodesics, Inc., (EGI; Eugene, Oregon) amplifier system (20,000 gain, 

nominal bandpass=.10-100 Hz). Electroencephalogram data were referenced to Cz and digitized 

continuously at 250Hz with a 16-bit analog-to-digital converter. A right posterior electrode 

served as common ground. Electrode impedance was maintained below 50 kΩ. Eye movement 

and blink artifacts were corrected using a spatial filtering method (Berg & Scherg, 1994; Ille et 

al., 1997, 2002). Data were segmented off-line and single trial epochs with voltages that 

exceeded 100µV or transitional (sample-to-sample) thresholds of 75µV were discarded. 

Electroencephalogram data were re-referenced to an average reference (Bertrand et al., 1985), 

and digitally low-pass filtered at 15 Hz.  

Individual-subject feedback-locked ERPs were derived separately for reward and non-

reward trials for the two different feedback blocks (high and low reward probability) from 200ms 

before- and 600ms following-feedback and were baseline corrected using the 200ms pre-

feedback stimulus window. The FRN was quantified at electrode FCz. This electrode location 

was chosen because the FRN was largest there upon examination of grand-averaged waveforms 

and based on previous studies showing the FRN is maximal at this medio-frontal site (Hajcak et 

al., 2006; Holroyd et al., 2006; Holroyd et al., 2004; Holroyd et al., 2003).  

In light of previous findings that measurement of the FRN can be confounded by potential 

overlap with other components (e.g., P300; Holroyd et al., 2004; Holroyd et al., 2003), initial 

analyses of the FRN were completed by calculating difference waves subtracting the ERP 
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associated with reward feedback from the ERP associated with non-reward feedback. The “non-

reward minus reward” difference waves were also calculated for frequent and infrequent 

stimulus presentation contexts. The FRN was quantified as the maximum negative amplitude of 

the difference wave between 125ms and 325ms post-feedback presentation.  

We next employed the peak-to-peak scoring approach used by Holroyd et al., (2003) and 

others (Hajcak et al., 2006; Holroyd et al., 2006; Yasuda et al., 2004). Specifically, FRN peak-to-

peak amplitude was defined as the difference of the maximum value between 125ms and 325ms 

following feedback onset and the most negative point between this maximum and 325ms post-

feedback presentation. One control participant had no measurable negative deflection, thus the 

FRN amplitude for this participant was scored as zero.  

To assess the potential for generalized ERP amplitude decrements or latency shifts in TBI 

participant ERP waveforms, N1 amplitude and latency data was extracted as the amplitude and 

latency of the first peak negative deflection in the ERP between 50 and 200ms for both reward 

and non-reward trials at posterior electrode site 38 (location of maximum N1 amplitude).  

Data Analysis 

 Median RTs as well as ERP (N1, FRN) amplitude and latency data were analyzed 

separately using repeated-measures analyses of variance (ANOVAs). The Huynh-Feldt epsilon 

adjustment was applied for ANOVAs with more than two levels of a within-subject factor and 

partial-eta2 (η2) reported as a measure of effect size. Initial ANOVAs for RT and feedback-

related ERP activity included group (TBI, control) as the between-subjects factor and feedback 

probability condition (high, low reward probability) as the within-subject factor. Planned 

comparisons were used to decompose main effects and interactions and to examine the feedback 
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factor separately within the high and low reward probability blocks. Cohen’s-d effect sizes 

(Cohen, 1988) were calculated for condition-related effects.  

Results 

Behavioral Data 

 Median RTs for each feedback type in the high and low reward probability conditions are 

presented in Table 4-3. A Group x Feedback ANOVA showed no significant main effect of 

reward condition, F(1,19)=2.46, p>.14, η2=.11, no Group x Feedback interaction, F(1,19)=.38, 

p>.38, η2=.04, and no significant main effect of group, F(1,19)=1.71, p>.21, η2=.08. 

ERP Data 

A total of 12% of trials were rejected from averaging due to artifact in the EEG. Control 

and TBI participants did not differ on number of trials retained for averaging under either high or 

low reward probability conditions, ts(19)≤.96, ps>.35. Per participant, reward waveforms 

contained an average of 180 (SD=±10; range=166 to 193) trials for controls and 174 (SD=±17; 

133 to 193) trials for TBI participants, while non-reward waveforms contained an average of 179 

(SD=±14; 151 to 198) trials for controls and 170 (SD=±25; 108 to 197) trials for TBI 

participants. 

N1 amplitude and latency. A Group x Feedback ANOVA on feedback-locked grand 

average ERP waveforms was conducted to examine the possibility of generalized amplitude 

decrements or latency shifts for TBI participants. Results of the analysis of N1 amplitude 

indicate no main effect of reward condition, F(1,19)=1.13, p>.30, η2=.06, no Group x Feedback 

interaction, F(1,19)=.23, p>.63, η2=.01, and no main effect of group, F(1,19)=1.84, p>.19, 

η2=.09. Latency data were similar, with no significant Group x Feedback interaction, 

F(1,19)=2.12, p>.16, η2=.21, and no main effect of group, F(1,19)=1.39, p>.25, η2=.07. Thus, 
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data suggest that there is not a significant generalized amplitude decrement or latency shift in the 

ERPs of the TBI participants relative to healthy controls.  

FRN difference wave analysis. Feedback-locked grand average ERP waveforms for 

reward and non-reward conditions and accompanying non-reward minus reward difference 

waves are presented collapsed across reward context conditions in Figure 4-1 and as a function 

of feedback frequency (high or low reward probability) in Figure 4-2. Spline-interpolated scalp 

voltage maps of the difference waves are presented in Figure 4-3, with FRN difference wave 

amplitude data shown in Table 4-4. As anticipated, feedback-locked ERPs showed an FRN 

occurring at a mean latency of 261ms in control and 233ms in TBI participants. Planned 

comparisons of non-reward minus reward difference waves showed no differences between 

groups, t(19)=.72, p>.47, d=.32. Subsequent between-groups analyses on FRN difference waves 

as a function of frequent and infrequent feedback presentation also yielded no group differences 

on either frequent, t(19)=.93, p>.37,d=.41 or infrequent, t(19)=-.71, p>.48, d=.30, stimulus 

presentation.  

As evident in Figures 4-1 and 4-2, difference waves are insensitive to equivalent changes 

across feedback conditions. For example, the positivity following reward trials in the low reward 

probability block for TBI participants is increased in direct proportion to the slight negativity 

following non-reward trials (FRN)--leading to the appearance of a large negative difference. In 

contrast, the amplitude of the negativity (FRN) at approximately the same latency for control 

participants in the low reward probability block is much greater than the positivity. Thus, the 

finding of equivalent FRN difference waves between TBI and control participants is spurious 

and confounded by the variations in waveform morphology between-groups. Consequently, 

although unable to make direct conclusions about the FRN without taking into account the 
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possibility of component overlap, we conducted peak-to-peak analyses to directly examine the 

negative deflection of the FRN.  

FRN peak-to-peak analysis. FRN component amplitude and latency data are presented in 

Table 4-4. A Group x Feedback ANOVA yielded a non-significant main effect of feedback 

condition, F(1,19)=1.84, p>.19, η2=.09. More importantly, there was a significant Group x 

Feedback interaction, F(1,19)=9.76, p<.006, η2 =.34. Planned contrasts revealed that the FRN 

was significantly larger following non-reward than reward feedback in controls, t(10)=2.64, 

p<.025, d=.67, but not TBI participants, t(9)=-1.85, p>.10, d=.25. The interaction was found in 

the absence of an overall main effect of group on FRN amplitude, F(1,19)=0.19, p>.66, η2=.01, 

further suggesting the effect is not due to an overall attenuation of ERP component amplitudes in 

TBI participants.  

After verifying the two groups exhibited different neural responses to feedback, we 

conducted a series of planned contrasts to test the specific hypotheses that: 1) control participants 

would show the largest FRN in response to non-reward feedback when a reward was expected 

(i.e., non-reward feedback in the high reward probability block); 2) FRN amplitude would not 

differ as a function of feedback condition when non-reward stimuli were predicted (i.e., during 

the low reward probability block); and, 3) FRN amplitude would not differ as a function of 

condition during the high and low reward probability blocks in TBI participants due to 

impairments in reward context sensitivity. Paired-samples t-tests conducted separately for each 

group confirmed these hypotheses, with control participants showing significantly larger FRN 

amplitude to non-reward stimuli during the high reward probability block, t(10)=2.40, p<.03, 

d=.80; control participants not differentiating between reward and non-reward feedback during 

the low reward probability block, t(10)=.03, p>.90, d=.01; and, TBI participants showing no 
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differences between feedback conditions in the high reward probability block, t(9)=.52, p>.60, 

d=.12. Interestingly, TBI participants showed significantly larger FRN amplitude to reward 

stimuli during the low reward probability block, t(9)=2.54, p<.03, d=.47. Figure 4-2 presents the 

grand average waveforms as a function of feedback type and reward probability condition for 

TBI and control groups. 

 FRN latency. A Group x Feedback ANOVA yielded no significant main effects or 

interactions on FRN latency (ps>.18). 

Discussion 

 Results of the current study largely supported our primary hypotheses regarding impaired 

neural processing of reward and non-reward stimuli following severe TBI. First, TBI participants 

demonstrated generally reduced feedback-related ERP differentiation between reward and non-

reward conditions relative to healthy control participants. That is, TBI participants showed 

feedback-related ERP activity, but the amplitude of this activity did not differentiate between 

reward and non-reward feedback. In contrast, control participants showed significantly larger 

FRN amplitude following non-reward relative to reward trials. The results in control participants 

replicate previous studies of reward feedback on guessing tasks (Holroyd et al., 2003; Ruchsow 

et al., 2002), while results in TBI participants suggest that these survivors are largely responsive 

to feedback, but do not generally differentiate reward and non-reward contingencies at the 

electrophysiological level. Moreover, the finding that the control and TBI groups did not differ 

on N1 amplitude or latency, or in the overall amplitude of feedback-related ERPs, provides 

evidence that the feedback-related differences do not simply reflect a more generalized ERP 

decrement in the TBI survivors.  

 Second, TBI and control participants differed in their sensitivity to reward context. 

Consistent with the hypothesis that the FRN is largest when reward-probability context is high 
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but a non-reward is obtained (Holroyd & Coles, 2002; Holroyd et al., 2003), control participants 

showed the largest FRN to non-reward stimuli in the high reward-probability context, but did not 

differentiate between reward conditions in the low-reward probability context. TBI participants 

showed the opposite pattern of findings, with no differentiation between reward and non-reward 

trials in the high reward-probability context, but significantly larger FRN following reward 

stimulus presentation in the low reward-probability context. This finding was unanticipated, as 

FRN amplitude in TBI participants did not generally differentiate reward and non-reward 

feedback and previous studies show FRN amplitude is largest when rewards/goals are not 

obtained, rather then when feedback indicates reward attainment (Hajcak et al., 2006; Holroyd et 

al., 2004). This reversal in the direction of the reward-context effect on FRN in TBI participants 

could reflect the possibility that obtaining a monetary reward is more meaningful and less 

expected in TBI participants. That is, it may be that monetary incentives had a stronger 

motivating effect on TBI participants as they were largely unemployed or on disability at the 

time of the study. More likely is the possibility that survivors of severe TBI show generally 

altered reactivity to feedback and change in reward context. As a whole, the current findings that 

TBI participants did not respond differentially to non-reward trials in the high reward-probability 

context and that FRN amplitude increased when a reward was presented during low reward 

probability blocks provides support for the hypothesis that reward feedback processing is 

impaired relative to control participants. Notably, between-groups FRN differences were found 

in the absence of significant effects of RT or frequency of feedback presentation (i.e., frequent 

vs. infrequent feedback within reward or non-reward blocks), suggesting speed of 

response/reward presentation and frequent/infrequent feedback presentation are not underlying 

reasons for the current findings.   
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To the author’s knowledge, this is the first study to expose deficiencies in reward-context 

sensitivity in participants with TBI. That is, neural reflections of reward processing in both high 

and low reward probability conditions were not differentiated in TBI participants and did not 

follow the pattern of results in control participants. Findings fit well into a burgeoning literature 

that implicates performance-monitoring deficits likely associated with medial-frontal 

cortex/ACC dysfunction following severe TBI (see General Discussion below). Results are also 

consistent with studies of individuals who have sustained damage to neuroanatomical structures 

strongly implicated in reward-processing, such as the ventral striatum, ventromedial/orbitofrontal 

cortex, and limbic system (Bechara et al., 2000; Bechara et al., 1996) that show impaired 

sensitivity to reward contingencies. Furthermore, recent studies suggest altered striatal dopamine 

activity following head injury contributes to deficits in cognitive performance (Wagner et al., 

2005) and dopamine agonists have been shown to improve some aspects of cognitive 

performance following TBI (Kaelin et al., 1996; McAllister et al., 2004; Napolitano et al., 2005; 

Plenger et al., 1996). Thus, future research should examine the role of the dopaminergic system 

in reward context sensitivity deficits following TBI, as well as the possible pharmaco-therapeutic 

role of dopamine agonists (c.f., McAllister et al., 2004).   

Results of this study suggest several implications for clinical application and future 

research. First, this study adds to the literature by suggesting participants with TBI show reduced 

sensitivity to reward context—a key component to learning (and re-learning) of appropriate 

behaviors in the rehabilitation setting. Thus, clinicians should be vigilant to these decrements and 

realize learning of appropriate and non-risky behaviors and decision-making strategies may be 

difficult and time-consuming. Second, results provide insight into the neural mechanisms 

underlying previous findings of impaired stimulus-response contingencies in behavioral studies 
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by demonstrated alterations in the neurobiological reflections of reward context sensitivity 

following TBI. Thus, a potential future line of research might examine the neurobiological 

instantiation of reward context processing with response-based contingencies as well as reward 

context utilization changes following rehabilitation targeting feedback processing, contingency-

utilization skills, and risk-taking behaviors. Finally, results suggest a continued need for 

emphasis on decision-making skills in rehabilitation. Few empirically supported treatments 

currently target such deficits, though studies have begun to examine this domain (Levine et al., 

2000; Park et al., 2003). Utilization of cognitive neuroscience methods (e.g., ERPs, functional 

magnetic resonance imaging) may aid in elucidating the mechanisms and corroborating the 

efficacy of potential rehabilitation strategies. 

Findings of the current study must be considered within the context of potential limitations 

and alternative explanations. First, the small sample size limits the extent findings can be 

generalized to a larger population of TBI survivors. Second, the current study employed a 

guessing paradigm where feedback stimuli were presented in a pseudo-random fashion, rather 

than according to participant performance; that is, feedback was not response contingent. Thus, 

the task paradigm precludes our ability to examine behavioral data and strategic adjustments 

critical to evaluative control following feedback presentation. In addition, the ambiguous results 

of the difference-wave analyses and utilization of peak-to-peak measurement leave open 

questions regarding the possibility of component overlap and alternative contributions to FRN 

differences between groups (e.g., potential overlap of the P300 or N2 components). Third, it is 

possible that individuals with abnormal reward processing are more likely to suffer a TBI. Thus, 

group differentiation of the FRN could be due to pre-existing differences, rather than a direct 
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consequence of TBI. Finally, groups differed on levels of depression, anxiety, and apathy. Each 

of these factors may have contributed to reduce FRN amplitude in participants with TBI. 

Present findings implicate impaired evaluative control mechanisms in survivors of severe 

TBI. The finding of an electrophysiological marker of impaired reward context sensitivity adds 

to the growing body of literature suggesting that, compared to control participants, severe TBI 

survivors have difficulty monitoring their performance and environment. This study also places 

further emphasis on the need for continued use of cognitive neuroscience methods to increase 

understanding of the neurobiological bases of TBI-related dysfunction and provide a strong 

foundation for the potential development and validation of rehabilitation treatments. 
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Table 4-1. Mean (± Standard Deviation) demographic data for control and TBI participants 
 
 
 
 
 
 
 
 
 
 

Definition of abbreviations: BDI-II = Beck Depression Inventory-II; STAI = State-Trait Anxiety 
Inventory  

 Control 
(n = 11) 

TBI 
(n = 10) 

 

# males/# females 7/4 7/3  
Age (years) 27.2 (11.1) 26.4 (8.2)  
Education (years) 14.1 (1.6) 13.5 (1.8)  
BDI-II 2.8 (2.8) 9.6 (6.5)  
Apathy evaluation scale 11.0 (5.2) 7.0 (3.0)  
STAI-state 26.1 (4.8) 30.9 (5.5)  
STAI-trait 29.5 (6.4) 32.7 (7.3)  
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Table 4-2. Injury characteristics and neuroradiological information for TBI participants. 
Age 
(yrs) 

Sex Etiology GCS LOC 
(days) 

PTA 
(days) 

Months 
Post 

Injury 

Neuroradiological Findings 

21 M MVA 3 42 90 20 Right frontal subdural hematoma; 
multiple skull fractures 

20 F MVA 3 14 16 19 Right frontal contusions; shear 
injury to left frontoparietal lobe; 
subarachnoid hemorrhage with 
interpeduncular cistern 

25 F MVA 3 30 21 17 Left occipital condoyle fracture; 
subdural hematoma 

22 F Rollover 
MVA 

3 7 21 19 Left supraorbital hematoma; right 
frontal hematoma; bifrontal 
contusions—left greater than 
right 

21 M MVA 3 41 50 6 Unavailable 
35 M Collision 

with wall 
8 7 N/A 15 Nondepressed right temporal 

bone fracture leading to subdural 
hematoma; blood on right 
thalamus and left internal capsule; 
small uncal herniation 

36 M Motorcycle 
accident 

3 30 36 4 Small bilateral intraventricular 
hemorrhages; no additional 
findings 

18 M MVA  
 

7 4 31 12 Bilateral frontal contusions-- 
more prominent right frontal; 
effacement of cortical sulci and 
basal cisterns 

42 M MVA 3 10 120 6 Intraventricular hemorrhage, 
basilar skull fracture 

21 M Motorcycle 
accident 

3 12 33 18 Right temporal contusions; right 
frontal subarachnoid hemorrhage; 
microhemorrhages along gray-
white junction of left hemisphere 
and right parietal lobe 

26.4 
(8.2) 

-- -- 3.9 
(1.9) 

19.7 
(14.6)

46.4 
(35.4)

13.6 
(6.1)

-- 

Note: Last row is Mean (± Standard Deviation) values. LOC and PTA are shown in days unless 
otherwise specified. Neuroradiological findings taken from medical record review of 
neuroradiological reports from CT scans taken acutely after injury. MVA = Motor Vehicle 
Accident; GCS = Glascow Coma Scale; LOC = Loss of consciousness; PTA = Post-traumatic 
amnesia 
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Table 4-3. Mean (± Standard Deviation) reaction times for control and TBI participants 
 Control (n = 11) TBI (n = 10)  
   Reaction Times (ms)  
Non-Reward 
Reward 

474.7 (231.4)
454.9 (252.3)

731.3 (577.5)
659.4 (445.8)

 

 
 
Table 4-4. Mean (± Standard Deviation) non-reward minus reward difference wave (μV) 

                 
Table 4-5. Mean (± Standard Deviation) peak-to-peak component amplitude (μV) and latency 

(ms) as a function of feedback condition for the FRN. 
 Control TBI Control TBI 
 Amplitude (μV) Latency (ms) 
FRN  
   Reward 
   Non-reward 

-2.4 (1.7)
-3.6 (1.9)

-2.89 (1.9)
-2.42 (1.7)

 
239.6 (35.5) 
261.5 (26.1) 

229.6 (34.8)
232.8 (41.6)

Frequent presentation  
   Reward 
   Non-reward 

-2.4 (1.6)
-3.6 (1.9)

-2.89 (1.9)
-2.46 (1.7)

 
238.4 (37.1) 
259.3 (28.2) 

230.8 (33.5)
217.6 (41.2)

Infrequent presentation  
   Reward 
   Non-reward 

-3.6 (2.6)
-4.0 (2.4)

-3.22 (1.6)
-3.09 (1.5)

 
251.6 (30.8) 
266.9 (25.0) 

239.6 (39.4)
249.6 (41.2)

 
 

 Control (n= 11) TBI (n = 10)  
 Amplitude (μV)  
FRN difference -2.7 (1.5) -2.2 (1.2)  
Frequent difference -2.9 (1.8) -2.2 (1.7)  
Infrequent difference -2.1 (2.6) -2.8 (1.6)  
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Figure 4-1. Grand average ERP waveforms depicting feedback-locked reward and non-reward 

activity as well as the non-reward minus reward difference wave at recording site FCz 
for control (top) and TBI (bottom) participants. * denotes approximate location of 
FRN. 

 

 
Figure 4-2. Grand average feedback-locked ERP waveforms showing reward and non-reward 

activity as well as non-reward minus reward difference waves at recording site FCz 
for the high frequency trials (e.g., reward trial in a high reward probability condition) 
and low frequency trials (e.g., reward trial in low reward probability condition) in 
control (top) and TBI bottom) participants. * denotes approximate location of the 
FRN. 
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Figure 4-3. Spline-interpolated voltage maps of the non-reward minus reward difference wave at 

280ms for control (top) and TBI (bottom) participants. 
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CHAPTER 5 
GENERAL DISCUSSION 

The previous chapters examined evaluative control processes following severe TBI. 

Specific aims of these studies were to: 1) test the prediction that survivors of severe TBI show 

impairments in their ability to detect errors and response conflict (i.e., when representations of 

more than one response are simultaneously activated) and subsequently show decrements in their 

ability to reactively adjust performance to adapt to changing task demands; 2) test the prediction 

that survivors of severe TBI exhibit deficits in the evaluative control process of reward context 

monitoring and, subsequently, show decrements in their ability to evaluate feedback and reward;  

3) compare behavioral and neurobiological indices of evaluative control to measurements of 

deficit awareness in TBI participants, with the prediction that larger magnitude evaluative 

control deficits would be associated with poorer deficit awareness.  

Findings indicate impaired electrophysiological manifestations of evaluative control 

(including feedback processing) following severe TBI. The ERN, an ERP reflection of error- and 

performance-monitoring, was attenuated in participants with TBI as was the conflict SP, an ERP 

deflection thought to reflect regulative aspects of conflict processing. Similarly, the FRN, an 

index of feedback context and monitoring, demonstrated generally reduced feedback-related 

ERP differentiation between reward and non-reward contexts in participants with TBI. 

Importantly, group-wise differences in these reflections of evaluative control were found in the 

absence of differences in early sensory components of the ERP (i.e., P1 or N1 amplitude or 

latency) and the absence of group main effects on ERP amplitudes--suggesting differences do 

not simply reflect more generalized attenuations in ERP signatures following TBI. Given this, 

the ERN, FRN, and potentially the conflict SP represent possible neurobiological markers of 

impaired evaluative control following severe TBI. 
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While supporting our hypothesis that survivors of TBI exhibit impaired evaluative control 

processes, the ERP results do not directly address critical questions regarding the source or 

mechanism underlying the ERP manifestation of evaluative control dysfunction. Reduced-

amplitude ERP components may be due to a number of factors not directly reflective of an 

underlying impairment in the process of interest. For example, signal averaging for creation of 

ERPs is based on the assumption of across-trial time (and amplitude) invariance. It is 

conceivable that participants with TBI exhibit greater variability in the latency of peak response 

(i.e., “latency jitter”), violating this invariance assumption, and resulting in spuriously reduced-

amplitude ERP components. While methods exist for evaluating single-trial ERP data and 

adjusting for latency jitter (e.g., Möcks et al., 1988; Picton et al., 1995; Woody, 1967), their 

effectiveness is limited to large-amplitude ERP components (e.g., P300) and may not yield 

reliable or valid effects for the smaller components examined in the present research. In addition, 

the possibility of alterations in cortical geometry, volume, and electrical conductivity in the TBI 

patient group (e.g., lesions, pooling blood, etc) may give rise to spurious amplitude reductions in 

ERP component amplitudes. Specifically, the propagation or volume conduction of potentials to 

the scalp surface, and therefore their scalp distribution, can be altered by the presence of injury-

related factors. These can result in altered amplitude or scalp distribution of the ERP, 

consequently challenging the assumption that using identical measurement electrode sites across 

the different groups will yield similar measurement sensitivity to the ERP components of 

interest.  

Another alternative explanation is that the current sample of participants with TBI is quite 

heterogeneous, as are the majority individuals in the severe TBI population. Thus, the 

heterogeneity of mechanism of injury, lesion location, and level of recovery post-TBI preclude 
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specific conclusions regarding lesion location or pathology and evaluative control deficits in the 

current sample. Finally, many studies comparing neurologically-impaired participants with 

healthy controls have difficulty with the interpretation of ERP results due to differences in 

behavioral performance. For example, TBI participants had a higher number of errors included in 

analyses of the ERN than control participants. This may lead to differences in signal-to-noise 

ratio, potentially reducing or amplifying ERP components of interest. 

Control and TBI participants did not differ on several behavioral (i.e., RT, error rate) 

indices of evaluative control. On the Stroop task, participants with TBI did not commit more 

errors than control participants nor did they commit disproportionately more errors on 

incongruent trials. These findings were not completely unexpected. Seignourel et al., (2005) 

utilized a cued version of the single-trial Stroop task to demonstrate error rate differences 

between severe TBI participants and healthy controls were due to deficits in the ability to 

maintain context information (i.e., whether the task was color-naming or word-reading) as 

opposed to a more general deficit in inhibition of pre-potent response tendencies. Due to task 

context being maintained throughout the current color-naming paradigm for the participants (i.e., 

the appropriate response was to name the color for all trials), the lack of differences between 

groups provides further support for deficits in context-maintenance, rather than response 

inhibition, following severe TBI. 

More unexpected was the finding that, other than generalized slowing in participants with 

TBI, groups did not differ on reactive conflict adaptation adjustments. While consistent with 

other findings of non-ACC specific head trauma and older adult patient groups, the findings can 

lead to questions regarding the heterogeneity of injury in the current sample and the specificity 

of ACC-mediated cognitive control mechanisms (di Pellegrino et al., 2007). For example, some 
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TBI participants may have specific deficits in regulative function, but intact evaluative functions. 

Others, in contrast, may have intact regulative control processes and impaired evaluative 

processes. Examination of the data in group format, therefore, obscures our ability to look at 

individual-specific deficits in cognitive control component processes. Future research that 

capitalizes on the heterogeneity present in TBI samples by identifying clinically-meaningful 

subtypes would be beneficial in elucidating the cognitive control deficits, but even more helpful 

in the context of rehabilitation where rehabilitation techniques can be empirically tested and 

tailored to improve specific deficits in cognitive control function. As the current paradigm does 

not temporally dissociate regulative and evaluative aspects of cognitive control without potential 

component overlap, future research is needed to address this possibility.  

Results of the current studies do not support an association between evaluative control 

functioning and awareness of TBI-related deficits. Behavioral and ERP indices of conflict/error 

processing were not related to two measures of deficit awareness. Deficit awareness represents a 

challenging measurement construct as caregiver bias and hypervigilance to deficits can prejudice 

self-/other concordance scores and a strong knowledge of participant functioning is required for 

clinical rated measures. Thus, the two measures employed in the current studies may not have 

been sensitive to the potential relationships between deficit awareness and evaluative control. In 

addition, deficit awareness is a different construct than the “on-line” evaluation of performance 

and errors associated with evaluative control. Thus, future research directly examining a 

participant’s knowledge of performance while the task is completed may be more sensitive to 

potential relationships with deficit awareness.  

As a whole, this dissertation represents an important step in the application of cognitive 

neuroscience principles and tools to elucidate evaluative control mechanisms following severe 
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TBI. Future research and longer-term goals that build upon this research examining cognitive 

control adjustments in TBI as a function of TBI severity (as in Larson et al., 2006a), subtyping 

TBI survivors based on primary deficits in regulative or evaluative control processes, testing the 

neurobiological manifestations of recovery pre- and post-rehabilitation with techniques designed 

to remediate difficulties in regulative control or evaluative control, elucidating the relationship 

between evaluative control manifestations and “on-line” awareness of errors (rather than general 

awareness of deficits), and examining the role of performance feedback (rather than randomly 

presented monetary feedback) to predict corrective behavior following severe TBI. 



 

106 

LIST OF REFERENCES 

Adams, J.H. (1984). Head Injury. In J. H. Adams, J.A.N. Corsellis & C.W. Duchen (Eds.), 
Greenfield's Neuropathology (4th Edition ed., pp. 85-124). London: Edward Arnold. 

 
Adams, J. H., Graham, D. I., Murray, L. S., & Scott, G. (1982). Diffuse axonal injury due to 

nonmissile head injury in humans: An analysis of 45 cases. Annals of Neurology, 12, 
557-563. 

 
Adams, J. H., Scott, G., Parker, L. S., Graham, D. I., & Doyle, D. (1980). The contusion index: 

A quantitative approach to cerebral contusions in head injury. Neuropathology and 
Applied Neurobiology, 6, 319-324. 

 
Allen, C. C., & Ruff, R. M. (1990). Self-rating versus neuropsychological performance of 

moderate versus severe head-injured patients. Brain Injury, 4, 7-17. 
 
Anderson, V., Levin, H. S., & Jacobs, R. (2002). Executive functions after frontal lobe injury: A 

developmental perspective. In D. T. Stuss & R. T. Knight (Eds.), Principles of frontal 
lobe function. New York: Oxford University Press. 

 
Bate, A. J., Mathias, J. L., & Crawford, J. R. (2001). Performance on the Test of Everyday 

Attention and standard tests of attention following severe traumatic brain injury. Clinical 
Neuropsychology, 15, 405-422. 

 
Beck, A. T. (1996). Beck Depression Inventory - Second Edition (BDI-II). USA: The 

Psychological Corporation. 
 
Bechara, A. (2004). The role of emotion in decision-making: Evidence from neurological 

patients with orbitofrontal damage. Brain Cognition, 55, 30-40. 
 
Bechara, A., Damasio, A. R., Damasio, H., & Anderson, S. W. (1994). Insensitivity to future 

consequences following damage to human prefrontal cortex. Cognition, 50, 7-15. 
 
Bechara, A., Tranel, D., & Damasio, H. (2000). Characterization of the decision-making deficit 

of patients with ventromedial prefrontal cortext lesions. Brain, 123, 2189-2202. 
 
Bechara, A., Tranel, D., Damasio, H., & Damasio, A. R. (1996). Failure to respond 

autonomically to anticipated future outcomes following damage to the prefrontal cortex. 
Cerebral Cortex, 6, 215-225. 

 
Benton, A., & Hamsher, K. (1976). Multilingual aphasia examination. Iowa City: University of 

Iowa. 
 
Berg, P., & Scherg, M. (1994). A multiple source approach to the correction of eye artifacts. 

Electroencephalography and Clinical Neurophysiology, 90, 229-241. 
 
 



 

107 

Bergquist, T. F., & Jacket, M. P. (1993). Awareness and goal setting with the traumatically brain 
injured. Brain Injury, 7, 275-282. 

 
Bertrand, O., Perrin, F., & Pernier, J. (1985). A theoretical justification of the average-reference 

in topographic evoked potential studies. Electroencephalography and Clinical 
Neurophysiology, 62, 462-464. 

 
Bigler, E. D. (1990). Neuropathology of traumatic brain injury. In E. D. Bigler (Ed.), Traumatic 

Brain Injury. Austin, TX: Pro-ed. 
 
Bigler, E.D. (1999). Neuroimaging in mild TBI. In N.R. Varney & R.J. Roberts (Eds.), The 

evaluation and treatment of mild traumatic brain injury (pp. 63-80). Mahwah, New 
Jersey: Lawrence Erlbaum Associates. 

 
Bogod, N. M., Mateer, C. A., & Macdonald, S. W. S. (2003). Self-awareness after traumatic 

brain injury: A comparison of measures and their relationship to executive functions. 
Journal of the International Neuropsychological Society, 9, 450-458. 

 
Bond, M. R. (1986). Neurobehavioral sequelae of closed head injury. In I. Grant & K. M. Adams 

(Eds.), Neuropsychological assessment of neuropsychological disorders (pp. 347-373). 
New York: Oxford University Press. 

 
Botvinick, M., Carter, C. S., Braver, T. S., Barch, D. M., & Cohen, J. D. (2001). Conflict 

monitoring and cognitive control. Psychological Review, 108, 624-652. 
 
Botvinick, M., Cohen, J. D., & Carter, C. S. (2004). Conflict monitoring and anterior cingulate 

cortex: An update. Trends in Cognitive Sciences, 8, 539-546. 
 
Botvinick, M., Nystrom, L. E., Fissell, K., Carter, C. S., & Cohen, J. D. (1999). Conflict 

monitoring versus selection-for-action in anterior cingulate cortex. Nature, 402, 179-181. 
 
Botwinick, J., Storandt, M., Berg, L., & Boland, S. (1988). Senile dementia of the Alzheimer's 

type: Subject attrition and testability in research. Archives of Neurology, 45, 493-496. 
 
Buchanan, R. W., Strauss, M. E., Kirkpatrick, C. H., Breier, A., & Carpenter, J. (1994). 

Neuropsychological impairments in deficit and non-deficit forms of schizophrenia. 
Archives of General Psychiatry, 51, 801-811. 

 
Butters, M. A., Kaszniak, A. W., Glisky, E. L., Eslinger, P. J., & Schachter, D. L. (1994). 

Recency discrimination deficits in frontal lobe patients. Neuropsychology, 8, 343-353. 
 
Brandt, J., & Benedict, R.H.B. (2001). Hopkins Verbal Learning Test--Revised. Professional 

Manual. Lutz, Fl: Psychological Assessment Resources. 
 



 

108 

Braver, T. S., Barch, D. M., & Cohen, J. D. (1999). Cognition and control in schizophrenia: A 
computational model of dopamine and prefrontal function. Biological Psychiatry, 46, 
312-328. 

 
Carter, C. S., Braver, T. S., Barch, D. M., Botvinick, M., Noll, D., & Cohen, J.D. (1998). 

Anterior cingulate cortex, error detection, and the online monitoring of performance. 
Science, 280, 747-749. 

 
Carroll, J. F. X., & McGinley, J. J. (2000). Mental Health Screening Form-III (MHSF-III). New 

York, N.Y.: Project Return Foundation, Inc. 
 
Carroll, J. F. X., & McGinley, J. J. (2001). A screening form for identifying mental health 

problems in alcohol/other drug dependent persons. Alcoholism Treatment Quarterly, 19, 
33-47. 

 
Cazalis, F., Feydy, A., Valabregue, R., Pelegrini-Issac, M., Pierot, L., & Azouvi, P. (2006). fMRI 

study of problem-solving after severe traumatic brain injury. Brain Injury, 20, 1019-
1028. 

 
Centers for Disease Control (1999). Traumatic brain injury in the United States: A report to 

congress. Atlanta, GA: Centers for Disease Control and Prevention. 
 
Christodoulou, C., DeLuca, J., Ricker, J. H., Madigan, N. K., Bly, B. M., Lange, G., Kalnin, 

A.J., Liu, W.C., Steffener, J., Diamond, B.J., & Ni, A.C. (2001). Functional magnetic 
resonance imaging of working memory impairment following traumatic brain injury. 
Journal of Neurology, Neurosurgery, and Psychiatry, 71, 161-168. 

 
Clark, J. H. (1924). The Ishihara test for color blindness. American Journal of Physiological 

Optics, 5, 269-276. 
 
Cohen, J. (1988). Statistical power analysis for the behavioral sciences. Hillsdale, NJ: Erlbaum 

Associates. 
 
Cohen, J. D., Botvinick, M., & Carter, C. S. (2000). Anterior cingulate and prefrontal cortex: 

Who's in control? Nature Neuroscience, 3, 421-423. 
 
Cohen, J.D., Servan-Schreiber, D., & McClelland, J.L. (1992). A parallel distributed processing 

approach to automaticity. American Journal of Psychology, 105, 239-269. 
 
Damasio, A. R., & Anderson, S. W. (1993). The frontal lobes. In K. M. Heilman & E. Valenstein 

(Eds.), Clinical Neuropsychology (pp. 409-460). New York: Oxford University Press. 
 
Dias, R., & Aggleton, J. P. (2000). Effects of selective excitotoxic prefrontal lesions on 

acquisition of non-matching and matching-to-place in the T-maze in the rat: Differential 
involvement of the prelimbic-infralimbic and anterior cingulate cortices in providing 
behavioral flexibility. European Journal of Neuroscience, 12, 4457-4466. 



 

109 

 
Dirette, D. (2002). The development of awareness and the use of compensatory strategies for 

cognitive deficits. Brain Injury, 16, 861-871. 
 
Di Russo, F., Martinez, A., Sereno, M.I., Pitzalis, S., & Hillyard, S.A. (2002). Cortical sources of 

the early component of the visual evoked potential. Human Brain Mapping, 15, 95-111. 
 
Di Pellegrino, G., Ciaramelli, E., & Ladavas, E. (2007). The regulation of cognitive control 

following rostral anterior cingulate cortex lesion in humans. Journal of Cognitive 
Neuroscience, 19, 275-286. 

 
Egner, T., & Hirsch, J. The neural correlates of functional integration of cognitive control in a 

Stroop task. Neuroimage, 15, 539-547. 
 
Eriksen, B. A., & Eriksen, C. W. (1974). Effects of noise letters upon the identification of a 

target letter in a nonsearch task. Perception & Psychophysics, 16, 143-149. 
 
Falkenstein, M., Hohnsbein, J., Hoormann, J., & Banke, L. (1991). Effects of crossmodal divided 

attention on late ERP components. II. Error processing in choice reaction tasks. 
Electroencephalography and Clinical Neurophysiology, 78, 447-455. 

 
Falkenstein, M., Hoormann, J., Christ, S., & Hohnsbein, J. (2000). ERP components on reaction 

errors and their functional significance: A tutorial. Biological Psychology, 51, 87-107. 
 
Finkelstein, E.A., Corso, P.S., & Miller, T.R. (2006). Incidence and economic burden of injuries 

in the United States. New York, NY: Oxford University Press.  
 
Flashman, L.A., & McAllister, T.W. (2002). Lack of awareness and its impact in traumatic brain 

injury. Neurorehabilitation, 17, 285-296. 
 
Fleming, J., & Strong, J. (1995). Self-awareness of deficits following acquired brain injury: 

Considerations for rehabilitation. British Journal of Occupational Therapy, 58, 55-60. 
 
Fleming, J. M., Strong, J., & Ashton, R. (1996). Self-awareness of deficits in adults with 

traumatic brain injury: How best to measure? Brain Injury, 10, 1-15. 
 
Fontaine, A., Azouvi, P., Bussel, B., & Samson, Y. (1996). Prefrontal and cingulate dysfunction 

at the subacute stage following severe closed head injury: A high resolution PET study. 
Proceedings of the Australian Brain Injury Society, 1, 98-104. 

 
Fuster, J. M. (1997). The prefrontal cortex. Anatomy, physiology, and neuropsychology of the 

frontal lobe. (3rd ed. ed.). Philadelphia: Lippincott-Raven. 
 
Gehring, W. J., & Fencsik, D. E. (2001). Functions of the medial frontal cortex in the processing 

of conflict and errors. The Journal of Neuroscience, 21, 9430-9437. 
 



 

110 

Gehring, W. J., Goss, B., Coles, M. G. H., Meyer, D. E., & Donchin, E. (1993). A neural system 
for error detection and compensation. Psychological Science, 4, 385-390. 

 
Gehring, W. J., & Knight, R. T. (2000). Prefrontal-cingulate interactions in action monitoring. 

Nature Neuroscience, 3, 516-520. 
 
Gehring, W. J., & Willoughby, A. R. (2002). The medial frontal cortex and the rapid processing 

of monetary gains and losses. Science, 295, 2279-2282. 
 
Gemba, H., Sasaki, K., & Brooks, V. B. (1986). 'Error' potentials in limbic cortex (anterior 

cingulate area 24) of monkeys during motor learning. Neuroscience Letters, 70, 223-227. 
 
Gerstenbrand, F., & Stepan, C. H. (2001). Mild traumatic brain injury. Brain Injury, 15, 95-97. 
 
Grace, J., & Malloy, P. F. (2001). Frontal Systems Behavior Scale Professional Manual. Lutz, 

FL: Psychological Assessment Resources, Inc. 
 
Grafman, J., Schwab, K., Warden, D., Pridgen, A., Brown, H. R., & Salazar, A. M. (1996). 

Frontal lobe injuries, violence, and aggression: A report of the Vietnam Head Injury 
Study. Neurology, 46, 1231-1238. 

 
Grapperon, J., Vidal, F., & Leni, P. (1988). The contribution of cognitive evoked potentials to 

knowledge mechanisms of the Stroop color-word interference effect. Neuropsychologia, 
38, 701-711. 

 
Gratton, G., Coles, M.G., & Donchin, E. (1992). Optimizing the use of information: Strategic 

control of activation of responses. Journal of Experimental Psychology: General, 121, 
480-506. 

 
Gronwall, D., & Wrightson, P. (1981). Memory and information processing capacity after closed 

head injury. Journal of Neurology, Neurosurgery, and Psychiatry, 44, 889-895. 
 
Hajcak, G., McDonald, N., & Simons, R. F. (2003a). To err is autonomic: Error-related brain 

potentials, ANS activity, and post-error compensatory behavior. Psychophysiology, 40, 
895-903. 

 
Hajcak, G., McDonald, N., & Simons, R. F. (2003b). Anxiety and error-related brain activity. 

Biological Psychology, 64, 77-90. 
 
Hajcak, G., Moser, J. S., Holroyd, C. B., & Simons, R. F. (2006). The feedback-related 

negativity reflects the binary evaluation of good versus bad outcomes. Biological 
Psychology, 71, 148-154. 

 
Hart, T., Giovannetti, M. S., Montgomery, M. W., & Schwartz, M. F. C. (1998). Awareness of 

errors in naturalistic action after traumatic brain injury. Journal of Head Trauma, 13, 16-
28. 



 

111 

 
Hart, T., Whyte, J., Junghoon, K., & Vaccaro, M. (2005). Executive function and self-awareness 

of "real-world" behavior and attention deficits following traumatic brain injury. Journal 
of Head Trauma Rehabilitation, 20, 333-347. 

 
Hart, T., Whyte, J., Polansky, M., Millis, S., Hammond, F. M., Sherer, M., Bushnik, T., Hanks, 

R., & Kreutzer, J. (2003). Concordance of patient and family report of neurobehavioral 
symptoms at 1 year after traumatic brain injury. Archives of Physical Medicine and 
Rehabilitation, 84, 221-230. 

 
Henry, J.D., & Crawford, J.R. (2004). A meta-analytic review of verbal fluency performance in 

patients with traumatic brain injury. Neuropsychology, 18, 621-628. 
 
Holroyd, C.B. (2004). A note on the Oddball N200 and the feedback ERN. In M. Ullsperger & 

M. Falkenstein (Eds.), Errors, Conflicts, and the Brain. Current Opinions in Performance 
Monitoring, (pp. 211-218). Leipzig: MPI of Cognitive Neuroscience. 

 
Holroyd, C. B., & Coles, M. G. H. (2002). The neural basis of human error processing: 

Reinforcement learning, dopamine, and the error-related negativity. Psychological 
Review, 109, 679-709. 

 
Holroyd, C. B., Hajcak, G., & Larsen, J. T. (2006). The good, the bad, and the neutral: 

Electrophysiological responses to feedback stimuli. Brain Research, 1105, 93-101. 
 
Holroyd, C. B., Larsen, J. T., & Cohen, J. D. (2004). Context dependence of the event-related 

potential associated with reward and punishment. Psychophysiology, 41, 245-253. 
 
Holroyd, C. B., Nieuwenhuis, S., Yeung, N., & Cohen, J. D. (2003). Errors in reward predication 

are reflected in the event-related potential. Neuroreport, 14, 2481-2484. 
 
Hommel, B., Proctor, R.W., & Vu, K.P. (2004). A feature-intergration account of sequential 

effects in the Simon task. Psychological Research, 68, 1-17. 
 
Ille, N., Berg, P., & Scherg, M. (1997). A spatial components method for continuous artifact 

correction in EEG and MEG. Biomedical Technology, 42, 80-83. 
 
Ille, N., Berg, P., & Scherg, M. (2002). Artifact correction of the ongoing EEG using spatial 

filters based on artifact and brain signal topographies. Journal of Clinical 
Neurophysiology, 19, 113-124. 

 
Kaelin, D. L., Cifu, D. X., & Matthies, B. (1996). Methylphenidate effect on attention deficit in 

the acutely brain-injured adult. Archives of Physical Medicine and Rehabilitation, 77,  
6-9. 

 
Kerns, J.G. (2006). Anterior cingulate and prefrontal activity in an fMRI study of trial-to-trial 

adjustments on the Simon task. Neuroimage, 15, 399-405. 



 

112 

 
 
Kerns, J. G., Cohen, J. D., MacDonald, A. W., Cho, R. Y., Stenger, V. A., & Carter, C. S. 

(2004). Anterior cingulate conflict monitoring and adjustments in control. Science, 303, 
1023-1026. 

 
King, N. S., Crawford, S., Wenden, F. J., Moss, N. E., & Wade, D. T. (1997). Interventions and 

service need following mild and moderate head injury: The Oxford Head Injury Service. 
Clinical Rehabilitation, 11, 13-27. 

 
Larson, M. J., Jones, V., Kelly, K. G., & Perlstein, W. M. (2004, February). Dissociating 

components of cognitive control with high-density ERPs: Implementation of control, 
conflict processing, and error monitoring. Paper presented at the 32nd Annual Meeting 
of the International Neuropsychological Society, Baltimore, MD. 

 
Larson, M. J., Perlstein, W. M., Demery, J. A., & Stigge-Kaufman, D. (2006a). Cognitive control 

impairments in traumatic brain injury. Journal of Clinical and Experimental 
Neuropsychology, 28, 968-986. 

 
Larson, M. J., Perlstein, W. M., Stigge-Kaufman, D. A., Kelly, K. G., & Dotson, V. M. (2006b). 

Affective context-induced modulation of the error-related negativity. Neuroreport, 17, 
329-333. 

 
Leclercq, M., Couillet, J., Azouvi, P., Marlier, N., Martin, Y., Strypstein, E., & Rousseaux, M. 

(2000). Dual task performance after severe diffuse traumatic brain injury or vascular 
prefrontal damage. Journal of Experimental and Clinical Neuropsychology, 22, 339-350. 

 
Leon-Carrion, J., Alarcon, J.C., Revuelta, M., Murillo-Cabezas, F., Dominguez-Roldan, J.M., 

Dominguez-Morales, M.R., Machuca-Murga, F., & Forastero, P. (1998). Executive 
functioning as outcome in patients after traumatic brain injury. International Journal of 
Neuroscience, 94, 75-83. 

 
Levander, M. B., & Sonesson, B. G. (1998). Are there any mild interhemispheric effects after 

moderately severe closed head injury. Brain Injury, 12, 165-173. 
 
Levin, H. S., Amparo, E., Eisenberg, H. M., Williams, D. H., High, W. M., Jr., McArdle, C. B., 

& Weiner, R.L. (1987). Magnetic resonance imaging and computerized tomography in 
relation to the neurobehavioral sequelae of mild and moderate head injuries. Journal of 
Neurosurgery, 66, 706-713. 

 
Levin, H. S., Gary, H., Eisenberg, H. M., Ruff, R. M., Barth, J. T., Kreutzer, J., High, W.M., 

Portman, S., Foulkes, M.A., Jane, J.A., Mamarou, A., & Marshall, L.F. (1990). 
Neurobehavioral outcome one year after severe head injury: Experience of the Traumatic 
Coma Data Bank. Journal of Neurosurgery, 73, 699-709. 

 



 

113 

Levine, B., Katz, D. I., Dade, L., & Black, S. E. (2002). Novel approaches to the assessment of 
frontal damage and executive deficits in traumatic brain injury. In D. T. Stuss & R. T. 
Knight (Eds.), Principles of frontal lobe function (pp. 448-465). New York: Oxford 
University Press. 

 
Levine, B., Robertson, I. H., Clare, L., Carter, G., Hong, J., Wilson, B. A., Duncan, J., & Stuss 

D.T. (2000). Rehabilitation of executive functioning: An experimental-clinical validation 
of goal management training. Journal of the International Neuropsychological Society, 6, 
299-312. 

 
Lezak, M. D., Howieson, D., & Loring, D. (2004). Neuropsychological assessment (4th Edition 

ed.). New York: Oxford Press. 
 
Liotti, M., Woldorff, M. G., Perez, R., & Mayberg, H. S. (2000). An ERP study of the temporal 

course of the Stroop color-word interference effect. Neuropsychologia, 38, 701-711. 
 
MacDonald, A. W., Cohen, J. D., Stenger, V. A., & Carter, C. S. (2000). Dissociating the role of 

the dorsolateral prefrontal cortex in cognitive control. Science, 288, 1835-1838. 
 
Marin, R. S. (1991). Apathy: A neuropsychiatric syndrome. Journal of Neuropsychiatry and 

Clinical Neuroscience, 3, 243-254. 
 
Marin, R. S., Biedrzycki, R. C., & Firinciogullari, S. (1991). Reliability and validity of the 

Apathy Evaluation Scale. Psychiatry Research, 38, 143-162. 
 
Mathalon, D. H., Fedor, M., Faustman, W. O., Gray, M., Askari, N., & Ford, J. M. (2002). 

Response-monitoring dysfunction in schizophrenia: An event-related brain potential 
study. Journal of Abnormal Psychology, 111, 22-41. 

 
Mayr, U., Awh, E., Laurey, P. (2003). Conflict adaptation effects in the absence of executive 

control. Nature Neuroscience, 6 450-452. 
 
McAllister, T. W., Flashman, L. A., Sparling, M. B., & Saykin, A. J. (2004). Working memory 

deficits in traumatic brain injury: Catecholaminergic mechanisms and prospects for 
treatment--A review. Brain Injury, 18, 331-350. 

 
McAllister, T.W., Saykin, A.J., Flashman, L.A., Sparling, M.B., Johnson, S.C., Guerin, S. J., 

Mamourian, A.C., Weaver, J.B., & Yanofsky, N. (1999). Brain activation during working 
memory one month after mild traumatic brain injury: A functional MRI study. 
Neurology, 12, 1300-1308. 

 
McAllister, T. W., Sparling, M. B., Flashman, L. A., Guerin, S. J., Mamourian, A. C., & Saykin, 

A. J. (2001). Differential working memory load effects after mild traumatic brain injury. 
NeuroImage, 14, 1004-1012. 

 



 

114 

McDowell, S., Whyte, J., & D'Esposito, M. (1997). Working memory impairments in traumatic 
brain injury: Evidence from a dual-task paradigm. Neuropsychologia, 35, 1341-1353. 

 
McMillan, T. M., Jongen, E. L., & Greenwood, R. J. (1996). Assessment of post-traumatic 

amnesia after severe closed head injury: Retrospective or prospective? Journal of 
Neurology, Neurosurgery, and Psychiatry, 60, 422-427. 

 
Meythaler, J. M., Peduzzi, J. D., Eleftheriou, E., & Novack, T. A. (2001). Current concepts: 

Diffuse axonal injury-associated traumatic brain injury. Archives of Physical Medicine 
and Rehabilitation, 82, 1461-1471. 

 
Miller, E. K. (2000). The prefrontal cortex and cognitive control. Nature Reviews: Neuroscience, 

1, 59-66. 
 
Miller, E. K., & Cohen, J. D. (2001). An integrative theory of prefrontal cortex. Annual Review 

of Neuroscience, 24, 167-202. 
 
Miller, L. A. (1992). Impulsivity, risk-taking, and the ability to synthesize fragmented 

information after frontal lobectomy. Neuropsychologia, 30, 69-79. 
 
Miltner, W. H. R., Lemke, U., Weiss, T., Holroyd, C. B., Scheffers, M. K., & Coles, M. G. H. 

(2003). Implementation of error-processing in the human anterior cingulate cortex: A 
source analysis of the magnetic equivalent of the error-related negativity. Biological 
Psychology, 64, 157-166. 

 
Möcks, J., Köohler, W., Gasser, T., & Pham, D.T. (1988). Novel approaches to the problem of 

latency jitter. Psychophysiology, 25, 217-226. 
 
Napolitano, E., Elovic, E. P., & Qureshi, A. I. (2005). Pharmacological stimulant treatment of 

neurocognitive and functional deficits after traumatic and non-traumatic brain injury. 
Medical Science Monitor, 11, RA212-220. 

 
National Institute of Health. (1998). NIH Consensus Statement on Rehabilitation of Persons with 

TBI, Bethesda, MD. 
 
Neter, J., Wasserman, W., & Kutner, M. H. (1985). Applied linear statistical models: 

Regression, analysis of variance, and experimental designs (2nd ed.). Homewood, Ill.: 
R.D. Irwin. 

 
Newsome, M.R., Scheibel, R.S., Steinberg, J.L., Troyanskaya, M., Sharma, R.G., Rauch, R.A., 

Li, X., & Levin, H.S. (2007). Working memory brain activation following severe 
traumatic brain injury. Cortex, 43, 95-111. 

 
Nieuwenhuis, S., Ridderinkhof, K. R., Blom, J., Band, G. P., & Kok, A. (2001). Error-related 

brain potentials are differentially related to awareness of response errors: Evidence from 
an antisaccade task. Psychophysiology, 38, 752-760. 



 

115 

 
Nieuwenhuis, S., Stins, J.F., Posthuma, D., Polderman, T.J., Boomsma, D.I., & de Geus, E.J. 

(2006). Accounting for sequential trial effects n the flanker task: Conflict adaptation or 
associative priming. Memory & Cognition, 34, 1260-1272. 

 
Niki, H., & Watanabe, M. (1979). Prefrontal and cingulate unit activity during timing behaviour 

in the macaque. Brain Research, 171, 213-224. 
 
Noe, E., Ferri, J., Caballero, M. C., Villodre, R., Sanchez, A., & Chirivella, J. (2005). Self-

awareness after acquired brain injury: Predictors and rehabilitation. Journal of 
Neurology, 252, 168-175. 

 
Notebaert, W., Gevers, W., Verbruggen, F., & Liefooghe, B. (2006). Top-down and bottom-up 

sequential modulations of congruency effects. Psychonomic Bulletin & Review, 13, 112-
117. 

 
Oddy, M., Coughlan, T., Tyerman, A., & Jenkins, D. (1985). Social adjustment after closed head 

injury: A further follow-up seven years after injury. Journal of Neurology, Neurosurgery, 
and Psychiatry, 48, 564-568. 

 
O'Keeffe, F. M., Dockree, P. M., & Robertson, I. H. (2004). Poor insight in traumatic brain 

injury mediated by impaired error processing? Evidence from electrodermal activity. 
Cognitive Brain Research, 22, 101-112. 

 
Overbeek, T.J.M., Nieuwenhuis, S., Ridderinkhof, K.R. (2005). Dissociable components of error 

processing: On the functional signficance of the Pe vis-à-vis the ERN/Ne. Journal of 
Psychophysiology, 19, 319-329. 

 
Ownsworth, T. L., Fleming, J., Desbois, J., Strong, J., & Kuipers, P. (2006). A metacognitive 

contextual intervention to enhance error awareness and functional outcome following 
traumatic brain injury: A single-case experimental design. Journal of the International 
Neuropsychological Society, 12, 54-63. 

 
Ownsworth, T. L., McFarland, K., & Young, R. M. (2000). Development and standardization of 

the Self-regulation Skills Interview (SRSI): A new clinical assessment tool for acquired 
brain injury. Clinical Neuropsychology, 14, 76-92. 

 
Ownsworth, T. L., McFarland, K., & Young, R. M. (2002). The investigation of factors 

underlying deficits in self-awareness and self-regulation. Brain Injury, 16, 291-309. 
 
Ownsworth, T. L., & Oei, T. P. S. (1998). Depression after traumatic brain injury: 

Conceptualization and treatment considerations. Brain Injury, 12, 735-751. 
 
Park, N. W., Conrod, B., Hussain, Z., Murphy, K. J., Rewilak, D., & Black, S. E. (2003). A 

treatment program for individuals with deficient evaluative processing and consequent 
impaired social and risk judgement. Neurocase, 9, 51-62. 



 

116 

 
Perlstein, W. M., Cole, M. A., Demery, J., Seignourel, P. J., Dixit, N. K., Larson, M. J., & 

Briggs, R.W. (2004). Parametric manipulation of working memory load in traumatic 
brain injury: Behavioral and neural correlates. Journal of the International 
Neuropsychological Society, 10, 724-741. 

 
Perlstein, W. M., Larson, M. J., Dotson, V. M., & Kelly, K. G. (2006). Temporal dissociation of 

components of cognitive control dysfunction in severe TBI: ERPs and the cued-Stroop 
task. Neuropsychologia, 44, 260-274. 

 
Picton, T.W., Lins, O., & Scherg, M. (1995). The recording and analysis of event-related 

potentials. In F. Boller & J. Grafman (Series Eds.), & R. Johnson, Jr. (Section Ed.), 
Handbook of neuropsychology: Vol. 10, section 14. Event-related brain potentials and 
cognition (pp. 3-73). Amsterdam: Elsevier. 

 
Plenger, P. M., Dixon, C. E., Castillo, R. M., Frankowski, R. F., Yablon, S. A., & Levin, H. S. 

(1996). Subacute methylphenidate treatment for moderate to moderately severe traumatic 
brain injury: A preliminary double-blind placebo-controlled study. Archives of Physical 
Medicine and Rehabilitation, 77, 536-540. 

 
Ponsford, J., & Kinsella, G. (1992). Attentional deficits following closed-head injury. Journal of 

Clinical and Experimental Neuropsychology, 14, 822-838. 
 
Potter, D. D., Jory, S. H., Basset, M. R., Barret, K., & Mychalkiw, W. (2002). Effect of mild 

head injury on event-related potential correlates of Stroop task performance. Journal of 
the International Neuropsychological Society, 8, 828-837. 

 
Prigatano, G. P., Bruna, O., Mataro, M., Munoz, J. M., Fernandez, S., & Junque, C. (1998). 

Initial disturbances of consciousness and resultant impaired awareness in Spanish patients 
with traumatic brain injury. Journal of Head Trauma Rehabilitation, 13, 29-38. 

 
Rabbitt, P.M.A. (1966). Errors and error correction in choice reaction tasks. Journal of 

Experimental Psychology, 71, 264-272. 
 
Rabbitt, P.M.A. (1968). Three kinds of error-signaling responses in a serial choice task. 

Quarterly Journal of Experimental Psychology, 20, 179-188. 
 
Ratcliff, R. (1993). Methods for dealing with reaction time outliers. Psychological Bulletin, 114, 

510-532. 
 
Rebai, M., Bernard, C., & Lannou, J. (1997). The Stroop test evokes a negative brain potential, 

the N400. International Journal of Neuroscience, 91, 85-94. 
 
Reitan, R.M. (1958). Validity of the Trail Making Test as an indicator of organic brain damage. 

Perceptual and Motor Skills, 8, 271-276. 
 



 

117 

 
Ridderinkhof, K.R. (2002). Activation and suppression in conflict tasks: Empirical clarification 

through distributional analyses. In W. Prinz & B. Hommel (Eds.), Attention and 
Performance XIX (pp. 494-519). Oxford University Press: Oxeford. 

 
Rios, M., Perianez, J. A., & Munoz-Cespedes, J. M. (2004). Attentional control and slowness of 

information processing after severe traumatic brain injury. Brain Injury, 18, 257-272. 
 
Rolls, E. T. (2000). The orbitofrontal cortex and reward. Cerebral Cortex, 10(3), 284-294. 
 
Ruchsow, M., Grothe, J., Spitzer, M., & Kiefer, M. (2002). Human anterior cingulate cortex is 

activated by negative feedback: Evidence from event-related potentials in a guessing task. 
Neuroscience Letters, 14, 203-206. 

 
Ruchsow, M., Herrnberger, B., Wiesend, C., Gron, G., Spitzer, M., & Kiefer, M. (2004). The 

effect of erroneous responses on response monitoring in patients with major depressive 
disorder: A study with event-related potentials. Psychophysiology, 41, 833-840. 

 
Ruchsow, M., Spitzer, M., Gron, G., Grothe, J., & Kiefer, M. (2005). Error processing and 

impulsiveness in normals: Evidence from event-related potentials. Cognitive Brain 
Research, 24, 317-325. 

 
Ruchsow, M., Hernberger, B., Beschoner, P., Gron, G., Spitzer, M. & Kiefer, M. (2006). Error 

processing in major depressive disorder: Evidence from event-related potentials. Journal 
of Psychiatry Research, 40, 37-46. 

 
Rushworth, M. F. S., Hadland, K. A., Gaffan, D., & Passingham, R. E. (2003). The effect of 

cingulate cortex lesions on task switching and working memory. Journal of Cognitive 
Neuroscience, 15, 338-353. 

 
Rushworth, M. F. S., Walton, M. E., Kennerley, S. W., & Bannerman, D. M. (2004). Action sets 

and decisions in the medial frontal cortex. Trends in Cognitive Sciences, 9, 410-417. 
 
Salmond, C. H., Menon, D. K., Chatfield, D. A., Pickard, J. D., & Sahakian, B. J. (2005). 

Deficits in decision-making in head injury survivors. Journal of Neurotrauma, 22(6), 
613-622. 

 
Scheibel, R.S., Newsome, M.R., Steinberg, J.L., Pearson, D.A., Rauch, R.A., Mao, H., 

Troyanskaya, M., Sharma, R.G., & Levin, H.S. (2007). Altered brain activation during 
cognitive control in patients with moderate to severe traumatic brain injury. 
Neurorehabilitation and Neural Repair, 21, 36-45. 

 
Scheibel, R.S., Pearson, D.A., Faria, L.P., Kotrla, K.J., Aylward, E., Bachevalier, J., & Levin 

H.S. (2003). An fMRI study of executive functioning after severe diffuse TBI. Brain 
Injury, 17, 919-930. 

 



 

118 

 
Scherg, M. (1990). Fundamentals of dipole source potential analysis. In F. Grandori & M. Hoke 

(Eds.), Auditory evoked magnetic fields and electric potentials. Advances in audiology 
(Vol. 6, pp. 65-78). Basel: Karger. 

 
Schlund, M. W. (2002a). Effects of acquired brain injury on adaptive choice and the role of 

reduced sensitivity to contingencies. Brain Injury, 16, 527-535. 
 
Schlund, M. W. (2002b). The effects of brain injury on choice and sensitivity to remote 

consequences: Deficits in discriminating response-consequence relations. Brain Injury, 
16, 347-357. 

 
Schlund, M. W., & Pace, G. M. (2000). The effects of traumatic brain injury on reporting and 

responding to causal relations: An investigation of sensitivity to reinforcement 
contingencies. Brain Injury, 14, 573-583. 

 
Schlund, M. W., Pace, G. M., & McGready, J. (2001). Relations between decision-making 

deficits and discriminating contingencies following brain injury. Brain Injury, 15, 347-
357. 

 
Seignourel, P.J., Robins, D.L., Larson, M.J., Demery, J.A., Cole, M., & Perlstein, W.M. (2005). 

Cognitive control in closed head injury: Context maintenance dysfunction or prepotent 
response inhibition deficit? Neuropsychology, 19, 578-590. 

 
Shallice, T., & Burgess, P. W. (1991). Deficits in strategy application following frontal lobe 

damage in man. Brain, 114, 727-741. 
 
Sherer, M., Bergloff, P., Boake, C., High, W., & Levin, E. (1998). The Awareness 

Questionnaire: Factor structure and internal consistency. Brain Injury, 12, 63-68. 
 
Sherer, M., Hart, T., Whyte, J., Nick, T. G., & Yablon, S. A. (2005). Neuroanatomic basis of 

impaired self-awareness after traumatic brain injury: Findings from early computed 
tomography. Journal of Head Trauma Rehabilitation, 20, 287-300. 

 
Simmond, M., & Fleming, J. (2003). Reliability of the self-awareness of deficits interview for 

adults with traumatic brain injury. Brain Injury, 17, 325-337. 
 
Soeda, A., Nakashima, T., Okumura, A., Kuwata, K., Shinoda, J., & Iwama, T. (2005). Cognitive 

impairment after traumatic brain injury: A functional magnetic resonance imaging study 
using the Stroop task. Neuroradiology, 47, 501-507. 

 
Speilberger, C. D., Gorusch, R. L., Lushene, R., Vagg, P. R., & Jacobs, G. A. (1983). Manual for 

the State-Trait Anxiety Inventory. Palo Alto, CA: Consulting Psychologists Press. 
 
Spreen, O., & Strauss, E. (1991). A compendium of neuropsychological tests: Administration, 

norms, and commentary. New York: Oxford University Press. 



 

119 

 
Starkstein, S.E., Mayberg, H.S., Preziosi, T.J., Andrezejewski, P., Leiguarda, R., & Robinson, 

R.G. (1992). Reliability, validity, and clinical correlates of apathy in Parkinson's disease. 
Journal of Neuropsychiatry and Clinical Neuroscience, 4, 134-139. 

 
Stemmer, B., Segalowitz, S. J., Witzke, W., & Schonle, P. W. (2004). Error detection in patients 

with lesions to the medial prefrontal cortex: An ERP study. Neuropsychologia, 42, 118-
130. 

 
Stroop, J. R. (1935). Studies of interference in serial verbal reactions. Journal of Experimental 

Psychology, 18, 643-662. 
 
Stuss, D. T. (1991). Self, awareness, and the frontal lobes: A neuropsychological perspective. In 

J. Strauss & G. R. Goethals (Eds.), The self: Interdisciplinary approaches (pp. 255-278). 
New York: Springer-Verlag. 

 
Stuss, D. T., & Gow, C. A. (1992). "Frontal dysfunction" after traumatic brain injury. 

Neuropsychiatry, Neuropsychology, and Behavioral Neurology, 5, 272-282. 
 
Swick, D., & Turken, A. U. (2002). Dissociation between conflict detection and error-monitoring 

in the human anterior cingulate cortex. Proceedings of the National Academy of Sciences, 
99, 16354-16359. 

 
Tateno, A., Jorge, R. E., & Robinson, R. G. (2003). Clinical correlates of aggressive behavior 

after traumatic brain injury. The Journal of Neuropsychiatry and Clinical Neurosciences, 
15, 155-160. 

 
Teasdale, G., & Jennett, B. (1974). Assessment of coma and impaired consciousness: A practical 

scale. Lancet, ii, 81-84. 
 
Toglia, J., & Kirk, U. (2000). Understanding awareness deficits following brain injury. 

Neurorehabilitation, 15, 57-70. 
 
Trudel, T. M., Tyron, W., & Purdum, C. (1998). Awareness of disability and long-term outcome 

after traumatic brain injury. Rehabilitation Psychology, 43, 276-281. 
 
Ullsperger, M., Bylsma, L.M., & Botvinick, M.M. (2005). The conflict adaptation effect: It's not 

just priming. Cognitive, Affective, and Behavioral Neuroscience, 5, 467-472. 
 
van Meel, C. S., Oosterlaan, J., Heslenfeld, D. J., & Sergeant, J. A. (2005). Telling good from 

bad news: ADHD differentially affects processing of positive and negative feedback 
during guessing. Neuropsychologia, 43, 1946-1954. 

 
van Veen, V., & Carter, C. S. (2002a). The anterior cingulate as a conflict monitor: fMRI and 

ERP studies. Physiology and Behavior, 77, 477-482. 
 



 

120 

van Veen, V., & Carter, C. S. (2002b). The timing of action-monitoring processes in the anterior 
cingulate cortex. Journal of Cognitive Neuroscience, 14, 593-602. 

 
Verbruggen, F., Notebaert, W., Liefooghe, B., & Vandierendonck, A. (2006). Stimulus- and 

response-conflict-induced cognitive control on the flanker task. Psychonomic Bulletin & 
Review, 13, 328-333. 

 
Vidal, F., Hasbroucq, T., Grapperon, J., & Bonnet, M. (2000). Is the 'error negativity' specific to 

errors. Biological Psychology, 51, 109-128. 
 
Wagner, A. K., Sokoloski, J. E., Ren, D., Chen, X., Khan, A. S., Zafonte, R. D., Michael, A.C., 

& Dixon, C.E. (2005). Controlled cortical impact injury affects dopaminergic 
transmission in the rat striatum. Journal of Neurochemistry, 95, 457-465. 

 
Walton, M. E., Bannerman, D. M., Alterescu, K., & Rushworth, M. F. S. (2003). Functional 

specialization within medial frontal cortex of the anterior cingulate for evaluating effort-
related decisions. Journal of Neuroscience, 23, 6475-6479. 

 
Wechsler, D. (1987). Wechsler Memory Scale--Revised. San Antonio, TX: The Psychological 

Corporation. 
 
Wechsler, D. (1997). Wechsler Adult Intelligence Scale--Third Edition. San Antonio, TX: The 

Psychological Corporation. 
 
Weddell, R., Oddy, M., & Jenkins, D. (1980). Social adjustment after rehabilitation: A two year 

follow-up of patients with severe head injury. Psychological Medicine, 10, 257-263. 
 
West, R. (2003). Neural correlates of cognitive control and conflict detection in the Stroop and 

digit-location tasks. Neuropsychologia, 41, 1122-1135. 
 
West, R. (2004). The effects of aging on controlled attention and conflict processing in the 

Stroop task. Journal of Cognitive Neuroscience, 16, 103-113. 
 
West, R., & Alain, C. (1999). Event-related neural activity associated with the Stroop task. 

Cognitive Brain Research, 8, 102-111. 
 
West, R., & Alain, C. (2000). Effect of task context and fluctuations of attention on neural 

activity supporting performance of the Stroop task. Brain Research, 873, 102-111. 
 
West, R., Jakubek, K., Wymbs, N., Perry, M., & Moore, K. (2005). neural correlates of conflict 

processing. Experimental Brain Research, 167, 38-48. 
 
West, R., & Moore, K. (2005). Adjustments of cognitive control in younger and older adults. 

Cortex, 41, 570-581. 
 



 

121 

Woody, C.D. (1967). Characterization of an adaptive filter for the analysis of variable latency 
neuroelectric signals. Medical and Biological Engineering, 5, 539-553. 

 
Woods, S.P., Scott, J.C., Conover, E., Marcotte, T.D., Heaton, R.K., Grant, I. (2005). Test-retest 

reliability of component process variables within the Hopkins Verbal Learning Test-
Revised. Assessment, 12, 96-100. 

 
Yasuda, A., Sato, A., Miyawaki, K., Kumano, H., & Kuboki, T. (2004). Error-related negativity 

refelcts detection of negative reward prediction error. Neuroreport, 15, 2561-2565. 
 
Yeung, N., & Cohen, J. D. (2006). The impact of cognitive deficits on conflict 

 monitoring. Predictable dissociations between the error-related negativity and 
 N2. Psychological Science, 17, 164-171 
 

Yeung, N., Cohen, J. D., & Botvinick, M. (2004). The neural basis of error detection:  
Conflict monitoring and the error-related negativity. Psychological Review, 111,  
931-954. 
 
 

 



 

122 

BIOGRAPHICAL SKETCH 

Michael James Larson obtained a bachelor of science degree in psychology from Brigham 

Young University in Provo, Utah in 2002. He subsequently began his doctoral training in the 

Department of Clinical and Health Psychology at the University of Florida, where he earned his 

master of science degree in 2004. Michael earned his Ph.D. in psychology, with a specialization 

in clinical neuropsychology, in August 2008 following a one-year clinical internship at Emory 

University in Atlanta, Georgia. 

 

 


	ACKNOWLEDGMENTS
	LIST OF TABLES
	LIST OF FIGURES
	ABSTRACT
	GENERAL INTRODUCTION
	Cognitive Control and Traumatic Brain Injury (TBI)
	Awareness of Deficits in TBI

	AWARENESS OF DEFICITS, PERFORMANCE MONITORING, AND EVALUATIVE CONTROL FOLLOWING SEVERE TRAUMATIC BRAIN INJURY
	Introduction
	Awareness of Deficits, Performance Monitoring, and TBI
	Current Study

	Methods
	Assessment of TBI Symptoms and Deficit Awareness
	Experimental Task
	Electrophysiological Data Recording, Reduction, and Measurement
	Data Analysis

	Results
	Behavioral Data
	Event-related Potential (ERP) Data: Response-related Activity
	Correlational Analyses

	Discussion

	COGNITIVE CONTROL ADJUSTMENT PROCESSES FOLLOWING SEVERE TRAUMATIC BRAIN INJURY
	Introduction
	Conflict Adaptation vs. Repetition Priming
	Current Study

	Methods
	Electrophysiological Data Recording
	Event-related Potential Reduction and Measurement
	Data Analysis 

	Results
	Behavioral Performance
	ERP Data
	Impact of Repetition Priming
	Correlational Analyses

	Discussion

	FEEDBACK UTILIZATION AND REWARD CONTEXT SENSITIVITY IMPAIRMENT FOLLOWING SEVERE TRAUMATIC BRAIN INJURY
	Introduction
	Methods
	Participants
	Experimental Task
	Electrophysiological Data Recording and Reduction
	Data Analysis

	Results
	Behavioral Data
	ERP Data

	Discussion

	GENERAL DISCUSSION
	 LIST OF REFERENCES
	BIOGRAPHICAL SKETCH

