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Traumatic Brain Injury (TBI), an insult to the brain that emerges from external contact or 

inertia (e.g., acceleration or deceleration forces) continues to remain a significant public health 

care issue in the US, and injury-related cognitive impairments are a major contributor to 

disability in patients with TBI.  Whereas both the nature of brain injuries sustained and patterns 

of cognitive impairment following TBI are heterogeneous, deficits in “cognitive control” are 

common. These impairments likely reflect disruption in one of two essential component 

processes implemented in a closely interactive, yet dissociable frontal neural network: a 

dorsolateral prefrontal cortex (dlPFC)-mediated regulative component supporting maintenance 

of task goals and implementation of control, and an anterior cingulate cortex (ACC)-mediated 

evaluative component that supports conflict processing, performance monitoring, and signals the 

need for strategic adjustments toward goal attainment. Functional magnetic resonance imaging 

(fMRI) and behavioral data were acquired while 10 severe TBI (sTBI) participants and 12 

neurologically-healthy controls performed a task-switching cued-Stroop task to enable us to 

examine component process integrity in severe TBI. Behavioral data were analyzed using 

ANOVAs and fMRI data using a whole-brain voxel-wise general linear model and planned 

linear contrasts. Behaviorally, both controls and sTBI patients demonstrated standard Stroop 
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interference RT effects, that is, significant slowing in the incongruent compared to congruent 

conditions. TBI patients committed significantly more errors than controls under incongruent 

color-naming “conflict” conditions, but not congruent conditions. fMRI data revealed that, 

compared to controls, TBI patients exhibited reduced dlPFC-mediated regulative activity, but 

intact ACC-mediated conflict-related activity. Additionally, controls but not sTBI patients, 

showed greater bilateral caudate activation under high conflict conditions. Not surprisingly, 

neural networks mediating regulative-component processes are altered after TBI. In contrast to 

previous studies, however, cortical evaluative-mediated conflict processing-related activity was 

not reduced in our sample of sTBI patients; rather, this function was largely preserved. In 

contrast, sTBI patients demonstrated reductions in subcortical (e.g., fronto-striatal) activity, a 

finding not previously reported. Thus, cognitive impairments in sTBI may result from 

subcortical, rather than cortical dysfunction and may reflect impairment in dissociable 

components of cognitive control. These findings may have implications for the design of 

cognitive rehabilitation strategies. 

 



 

CHAPTER 1 
INTRODUCTION 

Traumatic Brain Injury: Epidemiology and Sequelae 

Traumatic Brain Injury (TBI), a non-penetrating insult to the brain that results from 

external contact or inertia (e.g., acceleration or deceleration forces), is a significant public health 

care issue in the United States and is the leading cause of death and disability for persons under 

45 years of age (Coronado, Thomas, Sattin, & Johnson, 2005; NIH, 1998; Thurman, Alverson, 

Dunn, Guerrero, & Sniezek, 1999). Often resulting in temporary or permanent cognitive, 

behavioral, emotional, psychosocial, or physical impairment, TBI will affect nearly 1-2 million 

individuals annually (Langlois, Rutland-Brown, & Thomas, 2004; Thurman, 2001).  However, 

national reports on the prevalence of brain injury (e.g., Langlois et al., 2004; NIH, 1998) are 

likely underestimates of the true severity and societal burden of TBI, as data often fail to account 

for individuals treated in outpatient settings, physicians offices, military facilities, or who sustain 

a TBI but do not obtain medical attention (Finkelstein, Corso, & Miller, 2006). Regardless, the 

estimated annual rate of emergency department visits due to TBI (403 per 100 000; Langlois, 

Rutland-Brown, & Wald, 2006) continues to rise, and the estimated annual incidence for TBI (85 

per 100,000; Langlois et al., 2006) is nearly 34 times greater than diagnosed HIV/AIDS cases 

(Lezak, Howieson, & Loring, 2004).  

Nearly 300,000 TBI cases are of enough severity to require hospitalization, where an 

estimated 52,000 individuals will die (Thurman et al., 1999).  Moreover, 80,000-90,000 patients 

will experience long-term disabilities, which have a profound impact on their ability to return to 

pre-morbid levels of functioning (Thurman & Guerrero, 1999). Whereas some patients will only 

experience transient symptoms, such as post-traumatic amnesia (PTA) or loss of consciousness 

(LOC), persistent disturbances of cognitive functioning can include difficulties in arousal, 
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attention, concentration, memory, language, reduced processing speed, and impairment in 

executive functions such as planning and organization (e.g., Levin, Eisenberg, & Benton, 1991; 

Rao & Lyketsos, 2000). Affective changes may manifest as depression, mania, anxiety, 

impulsiveness, agitation, or violent/aggressive behavior (e.g. Stewert & Hemsath, 1988; van 

Zomeren & van den Burg, 1985).  Consequently, an estimated 5 million injured individuals will 

require long-term to lifelong rehabilitation therapy and physical assistance to perform routine 

daily activities (Langlois et al., 2006; Thurman et al., 1999).  Moreover, notwithstanding 

crippling physical debilitations to affected individuals, the economic consequences to society 

attributable to TBI due to income loss and illness-related lifetime expenses exceed $55 billion 

per year (Finkelstein et al., 2006); while the emotional cost of TBI on an afflicted individual’s 

interpersonal relationships with coworkers, friends, and family members is immeasurable. 

Transportation accidents involving automobiles are the major cause of TBI related 

hospitalizations, whereas falls result in the highest rates of TBI among very young children and 

adults ages 75 years and over (Langlois et al., 2006).  Approximately 90% of all brain injuries 

result from TBI (Lezak et al., 2004), with mild TBI accounting for nearly 80% of all cases 

(Levin et al., 1990). Whereas mild TBI often does not require treatment intervention for 

functional recovery, functional outcome following moderate to severe (M/S) TBI is worse, and 

long-term rehabilitation is often required to maximize recovery of function (Levin et al., 1990).  

However, heterogeneity within the TBI population has often led to difficulties in treating patients 

who display similar clinical presentations (e.g., Doppenberg, Choi, & Bullock, 2004; Saatman et 

al., 2008). For example, brain damage after closed head injury is generally diffuse, and often 

acquired via injury mechanisms including but not limited to coup-contrecoup injuries, and 

diffuse axonal injury (DAI). In coup-contrecoup injuries, brain damage is not limited to bruising 
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at the impact site (coup bruising), rather, injury to the brain opposite to the initial impact location 

at which the head strikes an external object (contrecoup injury) has been commonly reported 

(Drew & Drew, 2004; Levin & Kraus, 1994). Likewise, DAI, an injury mechanism characterized 

by axonal stretching and disruption leading to eventual separation of white matter   nerve fibers 

and blood vessels due to sudden acceleration-deceleration and/or rotational forces (Adams, 

Graham, Murray, & Scott, 1982; Strich, 1961), has been identified as a leading cause of 

morbidity and mortality in patients with TBI (Murray, Gean, & Evans, 1996). Consequently, the 

heterogeneous nature of TBI is a major barrier to finding effective interventions to maximize 

functional outcome after TBI. 

TBI and Cognitive Impairment: A Brief Review 

Physical and neurobehavioral impairments are common sequelae of brain injury (Horn & 

Sherer, 1999), however, even in patients with good neurological recovery, persistent cognitive 

deficits are often the most pronounced and common complaint of TBI survivors (Cicerone et al., 

2005; Lovell & Franzen, 1994). Moreover, post-morbid cognitive dysfunction often impedes 

eventual patient functional outcome in areas including vocational re-attainment, independent 

living, and psychosocial adaptation (Ben-Yishay & Diller, 1993; Cicerone et al., 2000; Sherer, 

Madison, & Hannay, 2000). Specifically, widespread impairments of cognitive functioning after 

TBI have been observed across a broad range of domains including attention (Ziino & Ponsford, 

2006), short-term memory and learning (Levin et al., 1987; Vakil, 2005) working memory 

(Perlstein, Cole, Dixit, & Demery, 2004; Vallat-Azouvi, Weber, Legrand, & Azouvi, 2007), 

speed of information processing (Felmingham, Baguley, & Green, 2004), and executive 

functions including but not limited to context-processing, conflict processing, and error-

monitoring (Larson, Perlstein, Demery, & Stigge-Kaufman, 2006; Larson, Stigge-Kaufman, 

Schmulfass, & Perlstein, 2007).  While debate continues regarding the precise nature of 
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executive control functions (Duncan, Johnson, Swales, & Freer, 1997; Miyake, Friedman, 

Emerson, Witzki, & Howerter, 2000; Stuss & Alexander, 2000), recent findings suggest that 

severity-related impairments in “cognitive control,” a set of higher-order executive processes 

supported by the frontal cortex and critical to executive function (Miller, 2000; Miller & Cohen, 

2001; Lorist, Boksem, & Ridderinkhof, 2005), are reflective of enduring cognitive deficits in 

TBI (Larson et al., 2007; Perlstein et al., 2004; Perlstein, Larson, Dotson, & Kelly, 2006; 

Scheibel et al., 2007; Seignourel et al., 2005; Soeda et al., 2005). Moreover, current theories of 

neurobehavioral dysfunction in TBI have been based on observed impairments in cognitive 

control component processes (Anderson, Levin, & Jacobs, 2002; Burgess & Robertson, 2002; 

Larson et al., 2007; Levine, Katz, Dade, & Black, 2004; Perlstein et al., 2006). 

Cognitive Control Theory 

In the past decade, cognitive neuroscientists have posited a conceptual model known as 

“cognitive control,” encompassing traditional high-level cognitive processes necessary for 

controlled information processing and coordinated actions such as executive functioning, 

working memory, planning, and attention (e.g., Botvinick, Carter, Braver, Barch, & Cohen, 

2001; Miller & Cohen, 2001). Cognitive control, has been described as a system that “guides 

voluntary, complex actions” (MacDonald, Cohen, Stenger, & Carter, 2000, p.1835), and defined 

as—“the ability to orchestrate thought and action in accord with internal goals” (Miller & Cohen, 

2001, p. 167).  Specifically, cognitive control processes support the active maintenance and 

representation of task goals, and flexibly allocate mental resources towards goal-directed 

behaviors (Derfuss, Brass, Neumann, & von Cramon, 2005; Miller & Cohen, 2001). In addition, 

cognitive control processes are engaged during novel, difficult, ambiguous, conflicting, and 

rapidly changing stimulus conditions, when strong prepotent response tendencies are to be 

inhibited, and when strategic adjustments toward goal attainment are needed (e.g., Botvinick, 
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Cohen, & Carter, 2004; Kerns et al., 2004; MacDonald et al., 2000).  Importantly, numerous 

cognitive neuroscience studies suggest cognitive control comprises two essential component 

processes implemented in a closely interactive, yet dissociable frontal neural network: a 

regulative component supporting maintenance of task goals and implementation of control, and 

an evaluative component responsible for conflict processing, performance monitoring, and 

signaling necessary strategic adjustments toward goal attainment (e.g., Kerns et al., 2004; 

MacDonald et al., 2000). 

Regulative/Strategic Processes 

Regulative processes of control are involved in the activation and implementation of top-

down control of cognition, and are engaged when behavior must be guided by internal states or 

intentions (Miller & Cohen, 2001).  In addition, regulative processes are used to override strong 

prepotent response tendencies and strategically allocate limited mental resources towards goal-

directed behavior (Cohen, Barch, Carter, & Servan-Schreiber, 1999). Importantly, successful 

implementation of regulative control is dependent upon the internal representation and active 

maintenance of “context information” (Braver & Cohen, 2000; Braver & Barch, 2002). “Context 

information” has been defined to include any task-relevant information that can be internally 

represented and can bias processing of behavioral responses for task performance (e.g., 

representation of task goals or instructions), but also liberally defined to include information and 

representations that can be relevant to interpretive or attentional processes that occur during 

earlier stages of information processing (Braver & Cohen, 2000; Braver & Barch, 2002; Cohen 

et al., 1999). The construct of context representation shares similarities with traditional models of 

working memory (Baddeley, 1992; Baddeley & Hitch 1994), however, current theories of 

cognitive control postulate that “context” represents a subset of simultaneous working memory 
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processes which is in contrast to standard models of working memory that propose distinct 

representations for control (Braver & Cohen, 2000; Braver & Barch, 2002).  

One experimental paradigm that demonstrates the importance of regulative control for 

successful performance is the task-switching cued-Stroop, which was originally developed by 

Cohen et al. (1999) and modified from the original task developed by Stroop (1935). At the 

beginning of each trial, participants are presented with an initial context of one-of-two tasks to 

perform: either word-reading (WR) or color-naming (CN). While versions of the card Stroop 

(e.g., Golden, 1978; MacLeod, 1991; Stroop, 1935) require minimal active maintenance of task 

goals for successful performance as participants are consistently reminded of proper task context, 

in the task-switching Stroop, trials are presented individually and task instructions (CN or WR) 

randomly vary throughout task completion.  Consequently, participants must rely heavily on the 

active representation and maintenance of the context provided by the task instruction to bias 

allocation of mental resources and response selection for successful performance. Moreover, 

participants must actively maintain representation of context (CN or WR) provided by task 

instructions across a delay, and employ these context representations to provide the correct 

response in the face of strong competition for response selection. For example, in the Stroop 

task, words are printed in either the same color as the words semantic meaning (e.g., “RED” 

printed in red ink), or in a different color ink then the words semantic meaning (e.g., “RED” 

printed in blue ink). Importantly, the context provided by the task instruction must be used to 

inhibit and override the influence of a strong prepotent response tendency (e.g., to read the 

word), in favor of a less prepotent response (e.g., name the printed ink color). Consequently, the 

task-switching cued-Stroop is a prime example of a task that elicits cognitive processes that 

require the top-down implementation of cognitive control for the selective allocation of 
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attentional resources to overcome response conflict.  Such allocation of mental resources allows 

behavior to be guided towards the selection of infrequent but appropriate task-relevant responses 

instead of strong competing prepotent responses (Miller & Cohen, 2001). 

Evaluative Processes 

Whereas regulative processes of control are involved in the top-down control of cognition, 

evaluative processes of control monitor task performance for the presence of response 

competition or conflict. Numerous researchers (e.g., Botvinick, et al., 2004; Carter & van Veen, 

2007; Kerns et al., 2004; van Veen & Carter, 2006) have suggested that the detection of conflict 

between simultaneously activated but mutually incompatible responses plays a crucial role in 

signaling when strategic adjustments in top-down control for successful adaptation to ever-

changing task demands need to be engaged. Such detection and monitoring of response conflict 

occurs in many cognitive tasks including but not limited to the Eriksen flanker task (Eriksen & 

Eriksen, 1974), the Simon task (Simon, 1969), and the Stroop task (MacLeod, 1991; Cohen et 

al., 1999; Stroop, 1935). Regarding the latter, processing of incongruent Stroop stimuli (e.g., the 

word “RED” printed in blue ink) results in response conflict due to the simultaneous activation 

of incompatible responses associated with different stimulus properties (e.g., printed ink color 

and semantic meaning of the word), and active online monitoring of this conflict is postulated to 

signal the need for adjustments in top-down control necessary for more efficient task 

performance (Carter & van Veen, 2007). Consequently, evaluative processes of cognitive control 

are involved in the initial detection of stimulus conflict, as well as in the subsequent signaling for 

strategic adjustments of top-down control to reduce subsequent experience of conflict in 

performance (Botvinick et al., 2001; Botvinick et al., 2004; Carter & van Veen, 2007)  
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Dissociation of Cognitive Control Component Processes Using fMRI and EEG  

The task-switching cued-Stroop developed by Cohen et al. (1999) has been found to 

reliably elicit a high degree of cognitive control during task performance. The cued-Stroop is a 

modification of the original Stroop task (Stroop, 1935) and stimuli are comprised of the same 

three colors and color-words (red, green, blue) used in the card Stroop (e.g., Golden, 1978).  In 

contrast to the card Stroop (e.g., Golden, 1978) where trials are blocked and participants read 

stimuli on a list of cards, in the cued-Stroop, participants are provided with an instructional cue 

prior to each trial to provide them a context of which task to perform; either word-reading (WR; 

a strong prepotent response) or color-naming (CN; a less prepotent response). Following a brief 

delay during which participants must maintain the task-instruction in memory, a Stroop stimuli is 

presented to participants in either the same color as its semantic meaning (congruent), or in a 

different color than its semantic meaning (incongruent). Importantly, the context provided by the 

task instruction, must be used to override a strong prepotent response tendency (e.g., to read the 

colored word), in favor of a less prepotent response (e.g., to name the ink color of the colored 

word). Consequently, the cued-Stroop allows for the temporal separation of instruction-related 

regulative processes (e.g., maintenance of task instructions) from response-related evaluative 

processes (e.g., conflict-detection and performance monitoring).  

Moreover, in an event-related functional magnetic resonance imaging (fMRI) study using 

the task-switch cued-Stroop paradigm described above, MacDonald et al. (2000) found a double 

dissociation in the regulative and evaluative component processes of cognitive control. Results 

suggest that the left dorsolateral prefrontal cortex (dlPFC) was more active following instructions 

for the more demanding color-naming task, consistent with a role in the maintenance of task 

goals and top-down implantation of control, while the anterior cingulate cortex (ACC) was more 

active following presentation of incongruent than congruent stimuli, consistent with a role in 
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conflict detection (MacDonald et al., 2000). Although Macdonald et al. (2000) were unable to 

further decompose evaluative processes of control (e.g., conflict processing and error- 

monitoring), as correct and incorrect trials were not differentiated in analyses, findings from their 

study suggest that cognitive control consists of dissociable, yet interactive component processes: 

a dlPFC-mediated regulative component supporting maintenance of  task goals and 

implementation of control, and an ACC-mediated evaluative component that supports conflict 

processing, performance/error monitoring, and signaling for strategic adjustments in control. 

Whereas imaging methods such as fMRI can provide valuable information regarding the 

spatial localization of cognitive control component processes, event-related potentials (ERPs) 

have been used to examine the temporal dissociation of the neural-electrical activity of cognitive 

control. For example, using a single-trial cued-Stroop, West (2003) found that regulative 

processes of control were associated with onset of an occipital-parietal slow wave. Similarly, 

Larson et al. (2004), also using a single-trial cued-Stroop observed modulation of a slow-wave 

associated with regulative processes of control, however, observed a more frontal-lateral 

localization.  Importantly, findings of greater modulation of a frontal-lateral slow wave by 

Larson et al. (2004) are consistent with neuroimaging results obtained by MacDonald et al. 

(2000) of greater activation in the dlPFC following the more attention-demanding color-naming 

instruction as compared to the word-reading instruction.  

Regarding the temporal nature of evaluative processes of control, researchers using the 

single-trial cued-Stroop have associated detection of conflict with onset of an N450 component 

(e.g., Larson et al., 2004; Perlstein et al., 2006; West, 2003).  In addition, Perlstein et al. (2006) 

observed that the N450 component in the incongruent color-naming condition was significantly 

larger than the N450 to the congruent condition. Spatiotemporal source analysis suggests that the 
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ACC contains the neural generator of the N450 component (Liotti, Woldorff, Perez, & Mayberg., 

2000), which is also consistent with fMRI results observed by MacDonald et al. (2000) of greater 

activation in the ACC associated with incongruent color-naming (conflict) stimulus conditions.   

Taken together, these results suggest that cognitive control comprises two component 

processes implemented in a closely interactive, yet dissociable frontal neural network: a dlPFC 

mediated regulative component supporting active maintenance of task goals and implementation 

of control, and an ACC-mediated evaluative component responsible for detection and processing 

of conflict, performance monitoring, and signaling necessary strategic adjustments toward goal 

attainment (e.g., Kerns et al., 2004; MacDonald et al., 2000). 

Cognitive Control and TBI 

Not surprisingly, recent theories of cognitive dysfunction in TBI have been founded on 

observations of impairments of cognitive control component processes (e.g., Larson et al., 2007; 

Perlstein et al., 2006).  Moreover, numerous studies have found that TBI patients show deficits in 

both regulative processes of control such as in the active maintenance of context representations 

(Seignourel et al., 2005; Larson et al., 2006), as well as evaluative aspects of control such as 

conflict monitoring/resolution and response selection (Soeda et al., 2005; Scheibel et al., 2003). 

In addition, patients with TBI, regardless of injury severity, have been found to perform less well 

on working memory tasks dependent upon cognitive control processes (Christodoulou et al., 

2001; McAllister et al., 2001; Perlstein et al., 2004).  

Neuroimaging and electrophysiological studies also indicate that patients with TBI 

demonstrate neurophysiologic differences when engaging cognitive control.  For example, using 

the task-switching cued-Stroop and ERPs to examine the temporal nature of cognitive control 

component processes, Perlstein et al. (2006) found that patients with TBI demonstrated 

impairments in both regulative (e.g.,  top-down implementation of control) and evaluative (e.g., 
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processing of conflict) aspects of control.  Regarding the latter, participants with TBI failed to 

demonstrate an expected overt N450 response to incongruent-stimulus conflict conditions, 

suggesting impairment in the detection of response conflict (Perlstein et al., 2006). In addition, 

ERP results from a separate study demonstrate that error-related activity was attenuated in 

participants with TBI, which also suggests impairment in evaluative (e.g., control/performance 

monitoring) aspects of control (Larson et al., 2007).   

Given the heterogeneity of the TBI population, findings from research examining the 

neuronal activity of impairments of cognitive control processes have also been contradictory.  

For example, using a blocked-design fMRI paradigm, Soeda et al. (2005) observed reduction in 

the anterior cingulate cortex in patients with TBI, however, Scheibel et al. (2007) observed 

greater activation in the anterior cingulate cortex.  Whereas both studies (Soeda et al. 2005; 

Scheibel et al., 2007) suggest alteration in the neural networks mediating cognitive control and 

disruption in evaluative processes of control, their findings underscore the current gap in 

knowledge regarding understanding the neural basis of cognitive control, and highlight the need 

for further examination into the spatial dissociation of regulative and evaluative processes of 

cognitive control in patients with TBI. 

Functional Neuroimaging 

Functional neuroimaging techniques have contributed greatly to understanding the neural 

bases of cognitive control, and include in vivo procedures of human brain mapping such as 

positron emission tomography (PET) and functional magnetic resonance imaging (fMRI). 

Moreover, rapidly evolving technological advances have facilitated application of these methods 

towards better understanding neuronal functioning, as well as advanced the ability of researchers 

to spatially localize the neural mechanisms underlying cognitive processes such as attention and 

memory (Stern & Silbersweig, 2001). Notably, blood-oxygen level-dependent (BOLD) fMRI 
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was selected for use in the present study due to several advantages over PET including superior 

spatial resolution, cost efficiency, safety (e.g., fMRI does not require radiation exposure), and 

flexibility in experimental design (e.g., Cabeza & Nyberg, 2000). 

Blood–Oxygen Level Dependent (BOLD) Functional Magnetic Resonance Imaging (fMRI) 

As a certain task is executed or performed, brain regions required for that task performance 

utilize oxygen, and it is on this simple principle that fMRI was founded. Specifically, the BOLD 

contrast method (Ogawa et al., 1990) is dependent upon the different magnetic properties of 

hemoglobin, which is the primary oxygen transporting metallo-protein found within red blood 

cells (Matthews & Jezzard, 2004; Logothetis & Wandell, 2004). Specifically, deoxyhemoglobin 

(e.g., hemoglobin not carrying oxygen) is paramagnetic (Pauling & Coryell, 1936), that is, it 

contains weak magnetic properties, and this property allows the molecule to serve as an 

indigenous contrast agent during scanning (Forster et al., 1998). 

 During task execution, immediate oxygen consumption causes an initial increase in the 

level of deoxyhemoglobin required by the active tissue, and as oxygen levels decrease, an 

increase in blood-flow carrying oxyhemoglobin to the active tissue occurs to meet demands for 

continuing task performance (Kim & Ugurbil, 1997). However, oxygen consumption is 

disproportionately slow relative to the increase flow of blood and oxyhemoglobin to active 

tissue, causing a decrease in the level of deoxyhemoglobin in functionally active areas (Raichle, 

2001). Consequently, as the paramagnetic properties of deoxyhemoglobin decrease and are 

removed from active tissue, a disruption in the homogeneity of the magnetic field occurs (Forster 

et al., 1998), causing an elevation in BOLD signal intensity necessary for acquisition of 

functional images (Raichle, 2001). 
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The BOLD Response – Hemodynamic Inverse Problem 

Numerous research studies (e.g., Heeger, Huk, Geisler, & Albrecht, 2000; Logothetis & 

Wandell, 2004) have postulated that the BOLD signal is a complex function reflective of 

changing levels of cerebral blood flow, blood volume, and oxygen metabolism; and researchers 

have coined the term hemodynamic response to refer to changes in blood flow that accompany 

neuronal changes. However, as Boynton et al. (1996) report, the hemodynamic response often 

lags greatly behind the neuronal activity that starts the event. For example, the hemodynamic 

response resulting from presentation of a brief sensory stimulus has been reported to be delayed 

in onset approximately 2s after neuronal activity, while the hemodynamic response following 

presentation of a stimulus lasting 1s is delayed in onset approximately 4-6s after neuronal 

activity (Buckner, 1998; Rosen, Buckner, & Dale, 1998; Stern & Silbersweig, 2001). In addition, 

the peak of the hemodynamic response does not occur until approximately 6–8s following onset, 

and return to baseline levels does not occur until about 10–12 s after initial stimulus presentation 

(Buckner, 1998; Rosen et al., 1998; Stern & Silbersweig, 2001). Consequently, for a task that 

takes less than 1s to complete, the measured hemodynamic response for that event is measured 

seconds after the underlying neuronal activity trigger the event has subsided, a predicament 

referred to as the hemodynamic inverse problem (Buckner, 2003). Consequently, results obtained 

using BOLD fMRI reflect an indirect measurement of neuronal activity. 

fMRI and TBI – Methodological Considerations 

Whereas researchers have used fMRI to investigate cognitive dysfunction following TBI in 

areas such as cognitive control (Scheibel et al., 2007), motor processing speed (Prigatano, 

Johnson, & Gale, 2004), problem-solving (Cazalis et al., 2006), and working memory (Chen et 

al., 2004; Christodoulou et al., 2001; McAllister et al., 1999; McAllister et al., 2001; Newsome 

et al., 2007; Perlstein et al., 2004; Scheibel et al., 2003; Turner & Levine, 2008), numerous 
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methodological issues, while inherent to all imaging research, are of particular concern to 

researchers who use functional neuroimaging in TBI research (Hillary et al., 2002).  For 

example, signal detection in fMRI relies upon cerebral blood flow (CBF), however, both human 

and animals of TBI have demonstrated reduced baseline levels of CBF post-injury (Bouma, 

Muizelaar, Choi, Newlon, & Young, 1991; Salvant & Muizelaar, 1993; Kochanek et al., 2002), 

an effect observed in rats at 1 year post-injury  (Kochanek et al., 2002). Moreover, blood flow 

abnormalities in patients with moderate to severe TBI relative to comparison subjects have been 

observed during completion of working memory tasks, an effect particularly concerning due to 

abnormalities in the frontal lobes, an area extensively imaged by researchers (Christodoulou et 

al., 2001; Scheibel et al., 2003). Taken together with additional challenges of head motion and 

susceptibility artifact, researchers must be cognizant of and address these challenges in there 

experimental designs (Hillary et al., 2002). 

Blocked vs. Event-Related Experimental Task Designs 

Researchers using fMRI often employ cognitive tasks using one of two major types of 

experimental designs: blocked or event-related (Buckner et al., 1996; Dale & Buckner, 1997). In 

blocked designs, stimuli are presented to participants rapidly and repeatedly, with short inter-

stimulus onsets between trials. Consequently, blocked designs elicit multiple overlapping 

hemodynamic responses that may be valuable in investigating subtle differences in BOLD signal 

intensity (Friston et al., 1999). In addition, due to the repeated presentation of stimuli, blocked 

designs do not require stringent randomization among variables, and are thus easier paradigms to 

implement in research experiments (Aguirre & D'Esposito, 1999; Donaldson & Buckner, 2001). 

Additional advantages of blocked designs include better signal-to-noise ratio, easier detection of 

non-physiological artifacts due to signal fluctuations, and increased statistical power (Friston et 

al., 1999). 
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In contrast, event-related experimental designs generally employ longer inter-stimulus 

intervals (e.g., 10s) between stimulus onsets than blocked designs (Buckner, 1998; Dale, 1999; 

Josephs, Turner, & Friston, 1997).  Consequently, instead of examining multiple overlapping 

hemodynamic responses produced in a blocked design, in an event-related design, researchers 

can examine an averaged time-locked hemodynamic response that initiates following stimulus 

onset, peaks, and returns to baseline before subsequent stimulus onset (Donaldson & Buckner, 

2001; Joseph et al., 1997; Miezin, Maccotta, Ollinger, Petersen, & Buckner, 2000).  Thus, event-

related designs allow for randomized presentation of differing stimuli, as well as the examination 

of performance-accuracy and changes in performance over time (Buckner, 1998; Dale, 1999; 

Josephs et al., 1997).   Consequently, these methodological advantageous have made event-

related designs a valuable tool in cognitive neuroscience research. 

Neuroimaging and Cognitive Control 

Given the sensitivity of fMRI in the examination and spatial localization of neuronal 

activity, it has been an important tool in the investigation of the underlying neural mechanisms of 

cognitive control.  For example, since the publication of Macdonald et al. (2000), fMRI has been 

used to examine cognitive control processes in a plethora of experimental designs as well as 

applied to the examination of disruptions in cognitive control processes in clinical populations 

including but not limited to schizophrenia (e.g., Carter, Macdonald, Ross, & Stenger, 2001; 

Perlstein, Dixit, Carter, Noll, & Cohen, 2003), depression (e.g., Harvey et al., 2005), attention 

deficit-hyperactivity disorder (Rubia et al., 2006; Vaidya et al., 2005) and TBI (Scheibel et al., 

2007; Soeda et al., 2005).  Whereas the majority of research studies using fMRI have examined 

evaluative processes of cognitive control, a brief review of regulative processes is also provided.  
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Neuronal Correlates of Regulative Processes  

Whereas neuroimaging research investigation the active maintenance of task-relevant 

information is limited (e.g., MacDonald et al., 2000), a myriad of fMRI studies have investigated 

the neural mechanisms underlying the implementation of control (Durston et al., 2003; Kerns et 

al., 2004; Milham et al., 2001; Milham et al., 2003). Findings suggest strong contribution and 

activation of the dlPFC during the top-down implementation of cognitive control.  In addition, 

Botvinick et al. (2001) postulated that as top-down control and more efficient allocation of 

mental resources increased, that subsequent levels of response conflict would decrease.  As 

predicted, several fMRI studies investigating this hypothesis have observed reduction of conflict 

following conflict stimulus conditions following increased activation of the dlPFC (Egner & 

Hirsch, 2005; Kerns, 2006; Kerns et al., 2004). Regarding task-switching, the successful ability 

to switch tasks has been associated with activation of the prefrontal cortex in both blocked 

(DiGirolamo et al., 2001; Dreher et al., 2002) and event-related fMRI (Dove et al., 2000; Sohn et 

al., 2000) designs.  

Neuronal Correlates of Evaluative Processes 

Regarding evaluative processes of control, numerous studies have suggested that the ACC 

is critically involved the detection of conflict (Barch et al., 2001; Botvinick et al., 1999; Braver 

et al., 2001; MacDonald et al., 2000; Van Veen & Carter, 2002).  Moreover, neuroimaging 

studies have consistently demonstrated that ACC activation is greatest to incongruent-conflict 

stimulus trials, an observation found across different cognitive tasks including but not limited to 

the Stroop task (Egner & Hirsch, 2005; Kerns et al., 2004) and the Simon task (Kerns, 2006).  

Imaging findings have also provided support for the postulate that the ACC signals the dlPFC for 

needed strategic adjustments in control (Kerns, 2006; Kerns et al., 2004). Taken together, Carter 

and van Veen (2007) have proposed that the ACC plays a crucial role in the detection of conflict 
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between mutually incompatible stimuli, and subsequent signaling to the dlPFC for strategic 

adjustments in control.  

Predictions 

Given the sensitivity of fMRI in the examination and spatial localization of neuronal 

activity, one aim of the present study was to use the task-switching cued-Stroop (Cohen et al., 

1999) to further characterize and assess the integrity and spatial dissociation of regulative and 

evaluative processes of cognitive control. In addition, the present study sought to characterize 

and examine impairments of cognitive control in individuals with severe TBI. Based on a review 

of research literature, the following hypotheses are postulated:  

Behavioral Data  

It is predicted that both controls and participants with TBI will experience a Stroop 

interference effect for RT, that is, response slowing in the incongruent compared to congruent 

condition. In addition, it is predicted that RT interference will be significantly greater for color-

naming trials than word-reading trials. We do not predict that the two groups will differ in the 

extent to which they exhibit the Stroop RT effect. Regarding error-rates, it is predicted that both 

control participants and individuals with severe TBI will commit greater errors to incongruent 

color-naming and word-reading conditions than congruent conditions. In addition, it predicted 

that if patients with severe TBI are impaired in evaluative conflict processes, then behaviorally, 

they will demonstrate greater impairment than controls on incongruent color-naming trials.  

fMRI 

fMRI will be used to further examine the spatial dissociation of cognitive control 

component processes including dlPFC mediated regulative processes (e.g., task-maintenance) 

and ACC mediated evaluative processes (e.g., conflict detection).  
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Regulative Processes  

1) It is predicted that greater regulative activity in the left dlPFC (e.g., Brodmann's area 9) 
will be observed following the more attention-demanding color-naming instruction as 
compared to the word-reading instruction. 

 
2) It is predicted that if TBI patients are impaired in regulative processes (e.g., 

implementation of control), then they will show reduced task instruction-related left 
dlPFC activation compared to controls during differentiation of color-naming and word-
reading instructions.  

 
Evaluative Processes  

1) It is predicted that evaluative conflict-related activity, that is activity associated with 
incongruent color-naming (conflict) stimulus conditions, will be greater in the ACC (e.g., 
Brodmann's areas 24 and 32) when compared to activity associated with congruent color-
naming stimuli.  

 
2) It is predicted that if TBI patients are impaired in evaluative processes of control, then 

they will show reduced conflict-related ACC activation compared to controls during 
incongruent color-naming (conflict) stimulus conditions. 
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CHAPTER 2 
METHODS 

Participants  

Twelve healthy participants and 10 patients with severe TBI were recruited from the local 

community via institutional review board (IRB) approved advertisements, the Florida Brain 

Injury Association, the Brain and Spinal Cord Injury Program of Florida, local brain injury 

association support groups, and Brooks Rehabilitation Hospital (Jacksonville).  Participants 

received course credit or financial compensation for their participation in the study, and all 

individuals provided written informed consent in accordance with procedures established by the 

University of Florida Health Science Center IRB.  

All participants in the TBI group sustained a TBI as described by Lezak et al. (2004). 

Determination of injury severity was made following medical record review of lowest post-

resuscitation Glasgow Coma Scale (GCS) score (Teasdale & Jennett, 1974); severe TBI was 

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, Jongen, & Greenwood, 

1996). Data for LOC and PTA indicated all TBI participants met criteria for severe TBI as 

traditionally defined by LOC>6 hours and/or PTA>7 days (Bigler, 1990; Bond, 1986). Only 

patients who did not exhibit current PTA were included. 

Exclusion criteria for the study included a history of schizophrenia or bipolar disorder, 

substance abuse disorder, attention-deficit hyperactivity disorder, learning disability, inpatient 

psychiatric treatment predating brain injury, clinically-significant depression or anxiety predating 
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brain injury by no more than two years, or substance use within two weeks of testing or of 

sustained abuse over the past year.  In addition, any individual with any type of prior TBI, 

penetrating head injury, neurological disorder (e.g., stroke, seizure disorder) not directly related 

to the TBI, current anti-epileptic medication use, or color-blindness as measured by the Ishihara 

pseudo-isochromatic color plates (Clark, 1924), was excluded from study participation. Non-

native English speakers, individuals below 18 or above 55 years of age, patients with language 

comprehension deficits, hand or finger mobility impairments, uncorrected visual impairment, or 

patients involved in current litigation were also excluded from study participation.  

Demographic characteristics for control and TBI participants are presented in Table 2-1, 

while injury characteristics (e.g., duration of LOC) of patients with TBI are presented in Table 2-

2. Participants with TBI were at least 12 months post-injury, with the exception of one well 

functioning patient (two months post-injury) who desired to complete study participation early 

before returning to vocational duties. Median scores (ranges) for time since injury, LOC, and 

PTA in the TBI group were 54.5 months (2-60 months), 21 days (1-60 days) and 24.5 days (13-

60 days), respectively. Gender distribution was not significantly different between groups [χ2(1, 

N = 22) = 0.22, p = .693 (TBI: 6 male/4 female; Control: 6 male/6 female)], and groups were 

matched for age, education, and parental education (see Table 2-1).  

Clinical and Symptom Assessment 

All participants underwent a comprehensive screening of medical, psychiatric, and 

psychosocial history, including assessment of pre-and post-morbid functioning, and self-and 

significant-other reported symptomatology. Following study enrollment, self-and significant-

other reported clinical symptomatology was assessed using the 20-item Dysexecutive 

Questionnaire (DEX), part of the Behavioral Assessment of the Dysexecutive Syndrome (BADS) 

battery (Wilson, Alderman, Burgess, Emslie, & Evans, 1996), and the modified Neurobehavior 
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Rating Scale (NRS; Mathias & Coats, 1999) derived from the original NRS (Levin et al., 1987). 

Both the DEX and the modified NRS have self-and significant-other rating scales that assess 

cognitive, behavioral and affective changes that may occur after TBI in domains including 

emotion, personality, motivation, behavior, and cognition.  

Estimation of pre-morbid intellectual functioning was determined using the North 

American Adult Reading Test (NAART; Blair & Spreen, 1989; Spreen & Strauss, 1991). 

Whereas the NAART has been criticized for overestimating low IQ scores and underestimating 

high IQ scores (Johnstone, Callahan, Kapila, & Bouman, 1996), findings suggest utility in 

providing good estimates of WAIS-R and WAIS-III scores, especially when scores fall in the 

average range of intellectual functioning (Johnstone et al., 1996). As shown in Table 2-3, 

compared to controls, participants with TBI committed significantly greater NAART errors, 

resulting in a significantly lower estimate of premorbid intellectual functioning in participants 

with TBI.  However, mean estimates of premorbid WAIS-R FSIQ scores (Controls = 109.43, 

TBI = 105.71; Spreen & Strauss, 1991), while different between groups, both fell within the 

average range of intellectual functioning (Wechsler, 1981).  

All participants also completed the Beck Depression Inventory – Second Edition, (BDI-II; 

Beck, Steer, & Brown, 1996) and State-Trait Anxiety Inventory (STAI; Spielberger, Gorsuch, & 

Lushene, 1970), to assess for current levels of depressive and anxiety symptomatology, 

respectively. As shown in Table 2-3, groups did not differ in the extent to which they endorsed 

symptoms of either state anxiety or trait anxiety; however, participants with TBI endorsed a 

significantly greater number of depressive symptoms relative to the control group.  Whereas 

mean BDI-II scores (Controls = 5.58, TBI = 13.10) were statistically significant between groups, 

both group means fell below clinical cut-off levels for depression (e.g., 14 for mild depression; 
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Beck et al., 1996). However, one control participant and four TBI patients had BDI-II scores 

reflective of clinically significant depression (e.g., 14 for mild depression; Beck et al., 1996). 

Materials and Procedures 

Cognitive Activation Task 

Participants completed a computer-based version of the task-switching cued-Stroop 

originally developed by Cohen et al. (1999), and used in the event-related fMRI context by 

MacDonald et al. (2000). The task switching cued-Stroop was modified from the original task 

developed by Stroop (1935), and uses the same three stimulus colors and color words (blue, red, 

and green) as in the card Stroop (Golden, 1978). In the present version of the task, participants 

were presented on a trial-by-trial basis with a task instructional cue (e.g., the word “color” or 

“word”), followed after a delay by the Stroop stimulus, as shown in Figure 2-1. Specifically, the 

task to be performed varies on a trial-by-trial basis and includes a delay between task instruction 

for each trial and the stimulus to be responded to. Varying the task to be performed (word 

reading—WR, color-naming—CN) on a trial-wise basis increases demands for the representation 

and maintenance of context information inherent in the stimulus-preceding task instruction. 

Additionally, by introducing a delay between task instruction and the presentation of the Stroop 

stimulus to which subjects respond, one can examine the implementation of control, and 

temporally dissociate representation of the task context (regulative component) from processes 

requiring conflict detection and resolution (evaluative component). Each trial lasted 22.5s, and 

began with the visual presentation of an instructional cue lasting 1.5s which provided 

participants with a context of which task to perform; either CN or WR. If participants were 

presented with the cue “Color”, they were instructed to manually respond to the printed ink color 

of the subsequent probe stimulus (while ignoring the written word itself). If the cue “Word” was 

presented, participants were instructed to respond to the written meaning of the probe stimulus. 
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Importantly, participants had to use the context provided by the task instruction to inhibit and 

override the influence of a strong prepotent response tendency (e.g., to read the word), in favor 

of a less prepotent response (e.g., name the printed ink color). Each cue was followed by a delay 

of 11s during which participants were presented with a fixation cross. Subsequently, a probe 

(Stroop stimuli) lasting 1.5s was presented to participants in one of two congruency conditions. 

In the congruent condition, stimulus words were printed in the same color as the words semantic 

meaning (e.g., “RED” printed in red ink), and in the incongruent condition, stimulus words were 

printed in a different color ink then the words semantic meaning (e.g., “RED” printed in blue 

ink). Prior to task completion, all participants were instructed to respond manually to the probe 

stimulus as quickly and accurately as possible using the index, middle, and ring fingers of their 

right hand to make a button press to one of three color-coded response keys.  In addition, trials 

were presented in either task-switching blocks, that is, where both CN and WR trials could 

occur, or non-task-switching blocks, in which only one task instruction would occur. To achieve 

adequate signal-to-noise ration for statistical comparisons, trials were presented in 16 blocks of 

12 trials each, for a total of 192 trials distributed equally across task conditions (CN, WR, 

congruent, and incongruent). Trials were presented pseudo-randomly for each participant, 

however, program requirements ensured that each condition occurred equally frequently during 

each trial block. All participants were trained in color-button mapping to at least 80% prior to 

scanner task performance, and E-Prime software Version 1.1 (Psychology Software Tools, 

Pittsburgh, PA) was used to generate stimuli and record behavioral responses and RTs. 

fMRI Acquisition and Data Reduction 

MRI Scanning 

MRI scanning was conducted at the University of Florida McKnight Brain Institute using a 

Siemens Allegra head 3 Tesla MRI head scanner equipped with a standard head RF coil, using 
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gradient echo planar imaging (EPI) pulse sequences.  Task stimuli were projected onto a 

translucent screen above the participant's head with Integrated Functional Imaging System (IFIS; 

Psychology Software Tools) hardware. Functional images were acquired in 35 axial slices 

approximately 30° off the anterior commissure-posterior commissure (AC-PC) line using a T2*-

weighted EPI pulse sequence (repetition time, TR=2500ms; echo time, TE=30ms; flip angle, 

FA=90°; field of view, FOV=24cm; 64 x 64 voxels at 3.75mm3 with .4mm slice gap). The 30° 

AC-PC line offset was used to decrease signal loss from the orbitofrontal cortex due to 

susceptibility artifacts (McClure, Laibson, Loewenstein, & Cohen, 2004), Prior to functional 

scanning, a high-resolution 3D anatomical image was acquired using a T1-weighted MP-RAGE 

protocol (176 1-mm thick; repetition time, TR = 2000ms; echo time, TE = 4.13ms; flip angle, FA 

= 8°; matrix = 512 x 512 voxels; field-of-view, FOV = 24cm) for evaluation of structural 

abnormalities, and to enable transformation of  functional data into standard reporting space 

(Talairach & Tournoux, 1988). Each of 16 12-trial blocks was 4 min and 35s in duration, and 

total functional scanning time was approximately 80 min. Scan acquisition was time-locked to 

each trial-event onset (e.g., cue and probe) and lasted the entire duration of each 22.5s trial, 

allowing for acquisition of 108 total volumes per functional run (e.g., 9 images per trial).  

Functional Image Data Reduction  

All imaging data were processed using BrainVoyager QX version 1.10.4 (Brain 

Innovation, Maastricht, the Netherlands; http://www.brainvoyager.com). Pre-processing of 

functional imaging data consisted of rigid-body 3-dimensional motion correction using trilinear 

interpolation, slice-scan time correction using sinc interpolation to account for potential timing 

differences across individual-slice acquisition, spatial smoothing with a 3D 8-mm full-width at 

half maximum (FWHM) Gaussian kernel to accommodate between-subject differences in brain 

anatomy, voxel-wise linear detrending, and high-pass filtering of frequencies below 3 cycles per 
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time course to remove low-frequency nonlinear drifts. Initial co-registration of functional images 

to respective high resolution three-dimensional anatomical volumes was completed using 

standard BrainVoyager QX co-registration procedures, and subsequent manual alignment of data 

was conducted as needed based on visual inspection of alignment adequacy. To enable group-

wise analyses of functional imaging data, all images were spatially normalized into standard 

stereotactic Talairach space (Talairach & Tournoux, 1988) was completed using the standard 9-

parameter landmark Talairach method defined on each individual’s anatomical volume.  

Statistical Analyses 

Behavioral Data Analyses  

Stroop RT and error rate data were analyzed separately using JMP for Windows version 

6.0.3 (SAS Institute Inc., Cary, NC, USA). For each condition and participant, median correct-

trial RTs and mean error rates for correct responses were calculated. RTs and error rates for each 

task (CN, WR) were analyzed separately using a 2-Group x 2-Condition (congruent, 

incongruent) repeated-measures analysis of variance (ANOVA). Results were Bonferroni-

corrected for multiple comparisons, and interaction effects were decomposed using least-square 

means contrasts.  

Functional Imaging Data Analyses  

Analyses of fMRI data were conducted using a two-step mixed-model general linear 

modeling (GLM) approach as described by Friston et al. (1995). For each participant, a separate 

fixed-effects GLM with separate predictors for each trial event (cue, probe), each task instruction 

(CN, WR), each blocking condition (task-switching, non-task switching), and each congruency 

condition (congruent, incongruent) was created, resulting in a total of 16 predictors that were 

used to examine task-relevant effects. To better account for inter-subject variability and allow for 

more accurate population-level generalization of results, functional data were then subjected to 

35 



 

separate-subject predictors random-effects GLM analyses (z-transformed time course, in-brain 

functional image intensity threshold = 300). The hemodynamic response function (HRF) for each 

event was estimated by convolving “box-car” time courses (e.g., the time intervals belonging to 

each predictor) with a standard gamma function (Two Gamma HRF; Onset = 0, Response 

undershoot ratio = 6, Time to response peak = 5s, Time to undershoot peak = 15s, Response 

dispersion = 1, undershoot dispersion = 1), including the first two functional images for 

instruction-locked images, to account for the sustained cue-related maintenance activity, and the 

first probe-locked image, to account for probe-related transient activity. Planned linear statistical 

contrasts were then conducted to separately examine group-related differences in component 

processes of cognitive control reflective of cue-related regulative activity (e.g., CN > WR) and 

probe-related evaluative activity (e.g., incongruent > congruent). Significant regions of interest 

(ROIs) were then selected to investigate group differences. For each ROI, random effects 

contrasts of parameter estimates (β) were computed to examine within-and between-group 

differences in neural activity in these regions, and to determine the strength of covariance 

between the data and the HRF. All data clusters were thresholded at p <.05 and maintained three-

dimensional spatial contiguity extending at least 4-voxels. 
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Table 2-1. Demographic data for controls and severe TBI participants                                                                     
                                            Controls (n =12)              Severe TBI (n = 10)         

         M               SD       M              SD                 t-statistic 
Age (years)                             22.92    6.42             25.10           7.28                      -.75ns 
Education (years)      14.67    1.23             13.90           1.66                      1.24ns 
Mother’s education (years)     13.83    2.98  13.70           2.83                 .11ns 
Father’s education (years)     14.75    4.07             14.20           2.20                        .38ns 
Parental education (years)     14.29    3.08  13.95           2.35                        .29ns 

nsp >.22 
 
Table 2-2. Injury characteristics for severe TBI participants 

                                                       M              SD  Range 
Time since injury (months)                      46.80         21.84     2-69  
Initial Glasgow Coma Scale Score                      3.60           1.26       3-6  
Loss of consciousness (days)                22.90         18.08     1-60  
Post-traumatic amnesia (days)               28.30         14.89   13-60 
  
Table 2-3. Emotional functioning data for controls and severe TBI participants 
                                                           Controls (n =12)             Severe TBI (n = 10)                     

M              SD       M              SD                 t-statistic 

NAART (errors)         23.75            5.51  32.60          10.19   -2.59* 

BDI-II                                 5.58            5.37             13.10            8.50                     -2.52* 

STAI-State            9.50            7.03             32.20            7.71                     -0.86ns 

STAI-Trait                            31.75            8.01  33.50          10.12              -0.45ns 

NAART, North American Adult Reading Test; BDI-II, Beck Depression Inventory – 2nd Edition; 
STAI, State-Trait Anxiety Inventory; nsp >.40, *p < .05.  
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Figure 2-1.   Schematic of the task-switching cued Stroop task. As shown, task trials comprise an 

instructional cue followed after a delay by a stimulus probe to which the participant 
responds with a button press.  
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CHAPTER 3 
RESULTS 

Behavioral Analyses 

The possibility of a speed/accuracy trade-off was examined by correlating mean error-rates 

and RTs. Analyses revealed that, collapsed across block, RT and error-rate data were positively 

correlated for all conditions, regardless of group (Table 3-1).  In addition, as the directions of the 

correlations are positive, this would indicate the opposite of a speed-accuracy tradeoff, and 

suggest that performance accuracy of controls and participants with severe TBI was not 

negatively affected by increased speed of response. 

RT Analyses 

Means and standard errors of correct-trial median RTs are presented as a function of group 

(Table 3-2), congruency (Table 3-3), task (Table 3-4), and blocking (Table 3-5). An omnibus 

repeated measures analysis of variance (RMANOVA) revealed a significant main effect of 

congruency, F(1,140) = 122.01, p < .001; however, no significant main effects of group, F(1,20) 

= .82, p > .05, task, F(1,140) = .035, p > .05, or  blocking, F(1,140) = 1.10, p > .05, were 

observed. Subsequent RT analyses are presented collapsed across blocking, and separately for 

word-reading and color-naming tasks. 

In the word-reading task, significant main effects of congruency, F(1, 60) = 52.38, p < 

.001, and blocking, F(1, 60) = 4.13, p < .05, were observed.  Least-square means post-hoc 

comparisons revealed the presence of the standard Stroop error-rate interference effect as 

evidenced by longer RTs in the incongruent, t(60) = -7.24, p  < .001, than in the congruent 

condition, an effect present for both controls, t(60) = -4.25, p  < .001, d = .56,  and patients with 

TBI, t(60) = -5.92, p  < .001, d = .76.  Whereas a main effect of group was not observed, F(1, 20) 

= 0.99, p > .05, post-hoc analyses revealed that TBI patients demonstrated longer RTs than 
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controls on incongruent trials, t(60) = -4.05, p  < .01, d = .47. Lastly, post-hoc analyses revealed 

that RTs were longer in task-switching blocks, t(60) = -2.03, p  < .05, than non-task-switching 

blocks. No significant interactions were observed among variables (all ps > .05).  

In the color-naming task, a significant effect of congruency, F(1, 60) = 73.24 p < 0.001) 

was observed.  Least-square means post-hoc comparisons revealed the presence of the standard 

Stroop error-rate interference effect as evidenced by longer RTs in the incongruent, t(60) = -8.56, 

p  < .001, than in the congruent condition, an effect present for both controls , t(60) = -5.54, p  < 

.001, d = .74, and patients with TBI , t(60) = -6.53, p  < .001, d = .78. Whereas a main effect of 

group was not observed, F(1, 20) = 0.64, p > .05, post-hoc analyses revealed that TBI patients 

demonstrated longer RTs than controls on incongruent trials, t(60) = -3.35, p  < .01, d = .37. No 

significant interactions were observed among variables (all ps > .05).  

Error Rate Analyses 

Means and standard errors of error rates (proportions) are presented as a function of group 

(Table 3-6), congruency (Table 3-7), task (Table 3-8), and blocking (Table 3-9). An omnibus 

RMANOVA revealed significant main effects of group, F(1,20) = 6.97, p < .05, congruency, 

F(1,140) = 59.48, p < .001, and blocking, F(1,140) = 6.65, p < .05, but not task F(1,140) = 0.65, 

p > .05.  In addition, significant interactions of group with congruency, F(1,140) = 11.06, p < 

.005, and group with blocking, F(1,140) = 8.55, p < .005, were observed. In order to decompose 

the significant interactions, we conducted separate analyses for each task condition, collapsed 

across our blocking factor. 

 In the word-reading task, main effects of group, F(1, 20) = 7.77, p < .05, and congruency, 

F(1, 60) = 30.11, p < .001, were observed. Least-square means post-hoc comparisons revealed 

the presence of the standard Stroop interference effect as evidenced by greater errors on 

incongruent than trials, an effect present in both controls, t(60) = -3.29, p  < .005, d = 1.17, and 
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patients with severe TBI, t(60) = -4.43, p  < .001, d = .79. In addition, post-hoc analyses revealed 

that TBI patients committed significantly more errors than controls on both congruent, t(60) = -

2.96, p  < .005, d = .93, and incongruent trials, t(60) = -4.46 p  < .001, d = .83.  No significant 

interactions among variables were observed.  

In the color-naming task, main effects of group, F(1, 20) = 5.13, p < .05, and congruency, 

F(1, 60) = 27.29, p < .001, were observed.  In addition, significant interactions of group with 

congruency, F(1, 60) = 10.89, p < .01, and group with blocking, F(1, 60) = 6.52, p < .05, were 

observed. Least-square means post-hoc comparisons revealed that TBI patients committed 

significantly more errors on incongruent, t(60) = -5.77, p < .001, d = 1.06, than congruent trials, 

suggesting the presence of the standard Stroop interference effect.  In addition, post-hoc analyses 

revealed that TBI patients committed significantly more errors than controls on incongruent 

trials, t(60) = -5.08, p < .001, d = .93, but not congruent trials, t(60) = -0.41, p > .05.  Lastly, 

post-hoc analyses revealed that TBI patients committed significantly more errors than controls 

during completion of task-switching blocks, t(60) = -4.55 p < .001, d = .88.  

fMRI Data 

Head Movement 

Independent-samples t-tests revealed that patients with severe TBI did not exhibit 

significantly greater head motion than controls, either as a main effect or in any interaction of 

group with condition (ts(20)≤1.46, ps≥.16). Average estimated mean translational (Figure 3-1) 

and rotational (Figure 3-2) inter-scan displacement was less than 1 voxel dimension (3.8mm) and 

.1º, respectively. Analysis of group and condition-related effects did not reveal any significant 

differences (Fs≤2.81, ps≥.10). Whereas no group differences in movement within the scanner 

were observed, any scans during which movement in any of six dimensions (x, y, z, pitch, roll, 
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yaw) for a given subject exceeded the 99.5% quantile for movement parameters across the 

control group were excluded from subsequent analyses. 

Cue-Related Regulative Activation 

Table 3-10 lists all clusters within the brain that had a significantly higher activation 

intensity following the color-naming than word-reading instruction for both controls and patients 

with severe TBI. As illustrated in Figure 3-3 (threshold: p<.021 and 7 contiguous voxels), within 

the left dlPFC, greater activity was observed in controls following the color-naming, compared 

to word-reading instruction. Examination of this contrast in participants with severe TBI failed to 

demonstrate activation of the left dlPFC, or any other regions of interest.  A direct between-

group interaction and examination of Beta weights revealed a significant increase in dlPFC cue-

related activity (Figure 3-4; threshold: p =.023 and 6 contiguous voxels) in controls, but not 

patients with severe TBI patients. 

Probe-Related Evaluative Processes 

Table 3-11 lists all clusters within the brain that had a significantly higher activation 

intensity for incongruent, compared to congruent, color-naming trials for both controls and 

patients with severe TBI.  As illustrated in Figure 3-5 (threshold: p =.035 and 14 contiguous 

voxels), within the left ACC, greater activity was observed in TBI patients for incongruent, 

compared to congruent, color-naming trials.  This same contrast using the same threshold 

revealed greater bilateral caudate activation in controls (Figure 3-6)  A direct between-group 

interaction and examination of Beta weights revealed greater activation of the left caudate head 

(Figure 3-7; threshold: p=.050 and 18 contiguous voxels) in controls, but not TBI patients.  
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Table 3-1. Correlations of mean error rates and correct-trial RTs (ms) in the cued-Stroop as a 
function of group 

                                                Controls (n =12)                     Severe TBI (n = 10)                             
Color-naming      
 Congruent                 r = .064            r = .50* 
 Incongruent                   r = .064             r = .49* 
Word-reading 
 Congruent                  r = .46*            r = .18 
 Incongruent                              r = .33            r = .49* 

*ps ≤ .027 
 
Table 3-2. Means and standard errors of correct-trial RTs (ms) in the cued-Stroop as a function 

of group 
                                                 Controls (n =12)             Severe TBI (n = 10)         

      M             SE          M                 SE            t-statistic 
Blocked (Non-task-switching) 

Color-naming    
  Congruent  1048.88     93.21     1135.85  93.42  -1.40 
  Incongruent    1281.67     100.92     1481.60  174.56 -3.23* 

Word-reading 
  Congruent  1030.17     83.71     1194.95  82.70  -2.66* 
  Incongruent              1205.21     106.76     1369.35      90.34  -2.65* 
Mixed (Task-Switching) 

Color-naming 
  Congruent  1053.67     79.48     1130.45  97.87  -1.06 
  Incongruent              1296.29     105.21     1398.00  124.48 -1.41 

Word-reading 
  Congruent  1115.04     86.61     1124.65  83.93  -0.13 
  Incongruent  1308.75     103.11     1512.55  172.40 -2.82* 
Collapsed across blocking 
 Color-naming 
  Congruent  1051.27     59.90     1133.15  65.85  -1.82 
  Incongruent              1288.97     71.30     1439.80  104.78 -3.35* 
 Word-reading 
  Congruent  1072.60     59.96     1159.80        57.91  -1.92 
  Incongruent  1256.98     73.38     1440.95        96.14   -4.05* 
*ps ≤ .0103 
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Table 3-3. Means and standard errors of correct-trial RT (ms) in the cued-Stroop as a function of 
congruency 

                                                 Congruent              Incongruent      
      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Blocked 

Color-naming  1048.88     93.21    1281.67     100.92            -3.94* 
Word-reading  1030.17     83.71    1205.21     106.76            -2.96* 

Mixed 
Color-naming  1053.67     79.48    1296.29     105.21            -3.52* 
Word-reading  1115.04     86.61    1308.75     103.11            -2.81* 

Collapsed 
Color-naming   1051.27    59.90    1288.98     71.31            -5.54* 
Word-reading   1072.60    59.96    1256.98     73.38            -4.25* 

Severe TBI (n = 10)  
Blocked 

Color-naming  1135.85     93.42    1481.60     174.56            -5.34* 
Word-reading  1194.95     82.70    1369.35       90.34            -2.70* 

Mixed 
Color-naming  1130.45     97.87    1398.00     124.48            -3.54*  

  Word-reading  1124.65     83.93    1512.55     172.40            -5.14*  
Collapsed 

Color-naming   1133.15     65.85    1439.80     104.78            -6.53* 
Word-reading   1159.80     57.91    1440.95       96.14            -5.92* 

*ps < .05 
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Table 3-4. Means and standard errors of correct-trial RTs (ms) in the cued-Stroop as a function 
of task 

                                                 Color-naming          Word-reading    
      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Blocked 

Congruent     1048.88       93.21    1030.17       83.71       0.32 
Incongruent    1281.67     100.92    1205.21     106.76       1.29 

Mixed 
Congruent    1053.67       79.48    1115.04       86.61     -0.89 
Incongruent   1296.29     105.21    1308.75     103.11     -0.18 

Collapsed 
Congruent    1051.27       59.90    1072.60       59.56     -0.49 
Incongruent   1288.98       71.31    1256.98       73.38       0.73 

Severe TBI (n = 10)  
Blocked 

Congruent     1135.85       93.42    1194.95       82.70     -0.91 
Incongruent    1481.60     174.56    1369.35       90.34       1.74 

Mixed 
Congruent    1130.45       97.87    1124.65       83.93       0.08 
Incongruent   1398.00     124.48    1512.55     172.40     -1.52 

Collapsed 
Congruent    1133.15       65.85    1159.80       57.91     -0.56 
Incongruent   1439.80     104.78    1440.95       96.14     -0.02 

 
Table 3-5. Means and standard errors of correct-trial RTs (ms) in the cued-Stroop as a function 

of blocking 
                                                 Blocked                  Mixed    

      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Color-naming  

Congruent     1048.88       93.21    1053.67       79.48   -0.08 
Incongruent    1281.67     100.92    1296.29     105.21   -0.24 

Word-reading 
Congruent    1030.17       83.71    1115.04       86.61   -1.38 
Incongruent   1205.21     106.76    1308.75     103.11   -1.68 

Severe TBI (n = 10)  
Color-naming 

Congruent     1135.85       93.42    1130.45       97.87    0.08 
Incongruent    1481.60     174.56    1398.00     124.48    1.24 

Word-reading 
Congruent    1194.95       82.70    1124.65       83.93    1.04 
Incongruent   1369.35       90.34    1512.55     172.40   -2.12* 

*p < .05 
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Table 3-6. Means and standard errors of error rates (proportion) in the cued-Stroop as a function 
of group 

                                                 Controls (n =12)          Severe TBI (n = 10)         
      M        SE       M           SE                  t-statistic 
Blocked (Non-task-switching) 

Color-naming     
  Congruent  .068       .014     .054         .020                0.46 
  Incongruent    .117       .026     .186         .054              -2.09* 

Word-reading 
  Congruent  .034       .014     .102         .030              -2.06* 
  Incongruent              .100       .020     .162         .038              -1.84 

Mixed (Task-switching)  
Color-naming 

  Congruent  .061       .017     .099        .025              -0.94 
Incongruent              .093       .025     .323        .078              -5.64* 

Word-reading 
  Congruent  .033       .008     .105        .037              -1.75 
  Incongruent  .115       .027     .265        .056              -3.66* 
Collapsed across block 

Color-naming 
  Congruent  .065       .011     .077        .016              -0.41 

Incongruent              .105       .018     .255        .049              -5.08* 
Word-reading 

  Congruent  .034       .008     .104        .023              -2.96* 
  Incongruent  .108       .017     .213        .035              -4.46* 
*ps < .05 

46 



 

Table 3-7. Means and standard errors of error rates (proportion) in the cued-Stroop as a function 
of congruency 

                                                 Congruent              Incongruent      
      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Blocked 

Color-naming  .068       .014    .117          .026              -1.52 
Word-reading  .034       .014    .100          .020              -2.09* 

Mixed 
Color-naming  .061       .017    .093          .025              -0.82 
Word-reading  .033       .008    .115          .027              -2.10* 

Collapsed 
Color-naming   .065       .011    .105          .018              -1.43 
Word-reading   .034       .008    .108          .017              -3.29* 

Severe TBI (n = 10)  
Blocked 

Color-naming  .054       .020    .186          .054              -3.80* 
Word-reading  .102       .030    .162          .038              -1.69 

Mixed 
Color-naming  .099       .025    .323          .078              -5.25* 

  Word-reading  .105       .037    .265          .056              -3.74* 
Collapsed 

Color-naming   .077       .016    .255          .049              -5.77* 
Word-reading   .104       .023    .213          .035              -4.43* 

*ps < .05 
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Table 3-8. Means and standard errors of error rates (proportion) in the cued-Stroop as a function 
of task 

                                                 Color-naming          Word-reading    
      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Blocked 

Congruent     .068       .014    .034         .014     1.08 
Incongruent    .117       .026    .100         .020     0.28 

Mixed 
Congruent    .061       .017    .033         .008     0.67 
Incongruent   .093       .025    .115         .027    -0.58 

Collapsed 
Congruent    .065       .011    .034         .008     1.24 
Incongruent   .105       .018    .108         .017    -0.12 

Severe TBI (n = 10)  
Blocked 

Congruent     .054       .020    .102         .030    -1.39 
Incongruent    .186       .054    .162         .038     0.71 

Mixed 
Congruent    .099       .025    .105         .037    -0.14 
Incongruent   .323       .078    .265         .056     1.37 

Collapsed 
Congruent    .077       .016    .104         .023    -1.00 
Incongruent   .255       .049              .213         .035     1.58 

 
Table 3-9. Means and standard errors of error rates (proportion) in the cued-Stroop as a function 

of blocking 
                                                 Blocked                  Mixed    

      M        SE       M           SE                  t-statistic 
Controls (n =12) 
 Color-naming  

Congruent     .068       .014    .061          .017      0.28 
Incongruent    .117       .026    .093          .025      0.69 

Word-reading 
Congruent    .034       .014    .033          .008      0.02 
Incongruent   .100       .020    .115          .027     -0.42 

Severe TBI (n = 10)  
Color-naming 

Congruent     .054       .020    .099          .025     -1.16 
Incongruent    .186       .054    .323          .078   -3.56* 

Word-reading 
Congruent    .102       .030    .105          .037     -0.05 
Incongruent   .162       .038    .265          .056   -2.86* 

*ps < .05 
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Table 3-10. Statistical parametric mapping summary for within-and between-groups RFX-GLM    
analyses: fMRI activation for the color-naming > word-reading contrast  

         Region of change Brodmann area(s)       Talairach coordinates             
Controlsa:         X   Y       Z 
  R ITG     21    57 -16      -14 
  R FG     37    50   56        -2 
  R PrCG      9    39     7       33 
  R IPL     40    37 -32       45 
  R SOG     19    32 -70       27 
  R Insula    13    27   20       -5 
  L Caudate       -15   15         6 
  L MFG      6   -29   -4       49 
  L IFG     47   -25   32       -2 
  L Claustrum       -27   43         8 
  L MOG    19   -33  -75        11 
  L SbG-WM       -34  -67        10 
  L MFG    10   -34   43        22 
  L STG     21   -48  -24        -4 
  L IFG     46   -47   38         5 
  L STG     38   -53   13       -19 
 
TBIa:  No significant regions of change 
Group X Task Interactionb       
  R IPL     40   65  -30       29 
  R Insula    13   41  -22       25 
  R IPL     40   46  -29       42 
  R Insula    13   38     6       19 
  R Claustrum       22   25        -2 
  R PostCG      3   34  -33       48 
  L IFG     47   -21  35        -3 
  L MFG    10   -34  45       20 

L Insula    13   -38  24       22 
  L MFG    46   -46  35       17 
  L SG     40   -48 -54       30 
  L STG     38   -52  20      -20 
a(threshold: p=.021 and 7 contiguous voxels); b(threshold: p=.023 and 6 contiguous voxels);  
Note: R = right; L= left; FG = Fusiform gyrus; IFG = inferior frontal gyrus; IPL = inferior 
parietal lobule; ITG = inferior temporal gyrus;  MFG = Middle frontal gyrus; MOG = middle 
occipital gyrus; PostCG = post-central gyrus; PrCG = pre-central gyrus; SbG-WM = Sub-gyral 
white matter; SG = supramarginal gyrus; SOG = superior occipital gyrus; STG = superior 
temporal gyrus; X, Y, and Z are coordinates in standard stereotactic space (Talairach & 
Tournoux, 1988) in which positive values refer to regions of right (X ), anterior to (Y), and 
superior to (Z) the anterior commissure. 

49 



 

Table 3-11. Statistical parametric mapping summary for within-and between-groups RFX-GLM 
analyses: fMRI activation for the incongruent > congruent contrast  

          Region of change Brodmann area(s)              Talairach coordinates  
   X       Y               Z 

Controlsa:       
  R MFG    10  29                48   -1 
  R/L Caudate      -4                  3      9 

            R ISLL        4               -72  -37 
        -2                 -9  -18 
        -7               -25  -38 
 L IPL     39  -35             -59    41 
 L MFG      6  -46                0    37 
 L Tuber      -44             -59  -29 
 L MTG    37  -51             -57  -10 
 L PostCG      3  -64             -17    32 

TBIa:          
            R AG     39  46              -69    28 

  R Insula      37               17      0 
  L Cuneus      7  -2               -65    30 
  R Pons       10              -22  -33 
  L Nodule      -1               -45  -29 
  L Thal       -4               -26    12 
  L ACG     32   0                 27    30 
  L SFG       6  -1                12    51 
  L Cuneus      8  -16             -99    11 
         -13             -18  -30 
  L IPL       7  -31             -54    40 
  L Insula    13  -38              14      8 
  L MFG      9  -47               9     34 
Group X Congruency Interactionb 
  L Caudate Head     -6        18    -1 
  L STG     38  -32         18  -24 
a(threshold: p =.035 and 14 contiguous voxels); b(threshold: p=.050 and 18 contiguous voxels)  
Note: R = right; L= left; AG = Angular Gyrus; ACG = Anterior cingulate gyrus; IPL = inferior 
parietal lobule; ISLL = Inferior Semi-lunar Lobule; MFG = Middle frontal gyrus; MTG = 
Middle Temporal Gyrus; PostCG = post-central gyrus; SFG = Superior Frontal Gyrus; STG = 
superior temporal gyrus; Thal = Thalamus; X, Y, and Z are coordinates in standard stereotactic 
space (Talairach & Tournoux, 1988) in which positive values refer to regions of right (X ), 
anterior to (Y), and superior to (Z) the anterior commissure. 
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Figure 3-1. Box plot of mean translational (x, y, z) inter-scan head movement during fMRI as a 

function of group. P-value indicates that controls and patients with severe TBI did 
not significantly differ in head movement during fMRI scanning. 

 

 
 
Figure 3-2. Box plot of mean rotational (pitch, roll, yaw) inter-scan head movement during 

fMRI as a function of group. P-value indicates that controls and patients with severe 
TBI did not significantly differ in head movement during FMRI scanning. 
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 dlPFC 

 
Figure 3-3.   fMRI statistical overlay map illustrating significant clusters of activity associated   

with the color-naming > word-reading contrast for controls (threshold: p = .021 and 
7 contiguous voxels). dlPFC = dorsolateral pre-frontal cortex 

 

 dlPFC 

 
Figure 3-4. fMRI statistical overlay map illustrating significant clusters of activity associated 

with the color-naming > word-reading group by task interaction (threshold: p = .023 
and 6 contiguous voxels). dlPFC = dorsolateral pre-frontal cortex 
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Figure 3-5. fMRI statistical overlay map illustrating significant clusters of activity associated 

with the incongruent > congruent contrast for patients with severe TBI (threshold: p 
= .035 and 14 contiguous voxels). ACC = anterior cingulate cortex 

 

 Caudate 
 Caudate 

 
Figure 3-6. fMRI statistical overlay map illustrating significant clusters of activity associated 

with the incongruent > congruent contrast for controls (threshold: p = .035 and 14 
contiguous voxels).  
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Figure 3-7. fMRI statistical overlay map illustrating significant clusters of activity associated 

with the incongruent > congruent group by congruency interaction (threshold: p 
=.050 and 18 contiguous voxels).   
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CHAPTER 4 
DISCUSSION 

 Numerous cognitive neuroscience studies suggest that cognitive control comprises two 

essential component processes implemented in a closely interactive, yet dissociable frontal 

neural network: a dlPFC-mediated regulative component supporting maintenance of task goals 

and implementation of control, and an ACC-mediated evaluative component responsible for 

conflict processing, and signaling necessary strategic adjustments toward goal attainment (e.g., 

Kerns et al., 2004; Larson, Kaufman, & Perlstein, 2009; MacDonald et al., 2000). The current 

study utilized fMRI and a cued-Stroop task to further assess the integrity and spatial dissociation 

of regulative and evaluative processes of control, as well as to examine impairments of cognitive 

control in severe TBI patients. 

Behavioral Data 

 Examination of behavioral results of the present study are consistent with initial 

expectations, and indicate that TBI patients displayed generalized slowing during task 

performance, as evidenced by slower RTs versus controls on every task condition.  Whereas a 

between-group interaction with congruency was not observed, TBI patients were significantly 

slower than controls on incongruent word-reading trials, as well as significantly slower versus 

controls in the interference color-word naming “conflict” condition. These results are consistent 

with previous literature showing generalized slowing of TBI patients on the cued-Stroop task 

(e.g., Larson et al., 2007; Perlstein et al., 2006; Seignourel et al., 2005), and may be reflective of 

broader impairments in reduced information processing abilities of even basic cognitive 

processes following brain-injury (Ferraro, 1996). 

 Examination of error rates revealed a significant interaction of group with congruency for 

color-naming but not word-reading trials.  Specifically, TBI patients committed significantly 
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more errors than control participants on incongruent, but not congruent color-naming trials, a 

pattern of performance suggestive of inhibitory deficits.  This pattern of results suggest error 

rates are specifically sensitive to inhibitory deficits of TBI, a finding consistent with previous 

literature showing inhibitory deficits of TBI patients on the cued-Stroop task (e.g., Larson et al., 

2007; Perlstein et al., 2006; Seignourel et al., 2005).  Thus, these results may suggest that TBI 

patients are impaired in their ability to use context information provided by stimulus cues to 

inhibit and override the influence of a strong prepotent response tendency (e.g., to read the 

word), in favor of a less prepotent response (e.g., name the printed ink color). 

fMRI Data 

Regulative Processes 

 As predicted, when examining activation associated with correct task performance, 

controls but not severe TBI patients demonstrated greater regulative-activity within the left 

dlPFC following the more attentionally demanding color-naming, than  word-reading task 

instruction.  This finding is consistent with numerous studies (e.g., MacDonald et al., 2000) of 

healthy controls that have observed regulative-mediated activation of the left dlPFC during 

completion of a similar modified cued-Stroop paradigm.  Additionally, a direct between-group 

interaction revealed greater activation within the dlPFC in controls but not TBI patients. 

Consequently, these results suggest that TBI patients demonstrated reduced activation to the 

more attentionally demanding color-naming task, a result reflective of impairment in the top-

down implementation of control. In addition, these results may suggest that during task 

preparation, our sample of severe TBI patients were unable to properly allocate limited 

attentional resources necessary to override a strong prepotent response tendency to read the word 

instead of name the ink color.  
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 Impairment of regulative processes of controls in our sample of TBI patients may be 

partially explained by disruption in one of five basal ganglia-thalamocortical circuits (Alexander 

& Crutcher, 1990; Alexander, DeLong, & Strick, 1986). Specifically, Alexander et al. (1986) 

described a series of five discrete, yet integrated and parallel neural circuits that subserve motor 

and cognitive functions: dorsolateral prefrontal, lateral orbitofrontal, anterior cingulate, motor, 

and oculomotor. Importantly, each circuit was postulated to involve different parts of the frontal 

cortex, basal ganglia, and thalamus (Alexander et al., 1986). For the present study and 

examination of regulative processes of control, the dorsolateral prefrontal circuit may be of most 

relevance. Specifically, the dorsolateral prefrontal circuit  postulated by Alexander et al. (1986) 

involves neural projections from the head and tail of the caudate nucleus to select convexity 

areas of the dlPFC evaluated in the present study and implicated in studies of cognitive control 

(e.g., Brodmann’s Area 9/10; Goldman & Nauta, 1977; Selemon & Goldman-Rakic, 1985; 

Yeterian & VanHoesen, 1978). Not surprisingly, the dorsolateral prefrontal circuit has been 

implicated to subserve a number of executive functioning abilities including but not limited to 

planning, organization, learning and memory, set shifting, and regulating actions (Duffy & 

Campbell, 1994).  Moreover, lesions to prefrontal areas proposed to be involved in the 

dorsolateral prefrontal circuit have been observed to result in dysfunction of higher cognitive 

functions including goal selection, planning, sequencing, response set formation, set shifting, and 

spatial working memory (Cummings, 1993). Due to the diffuse nature of closed-head injuries, it 

is possible that lesions along the dorsolateral prefrontal circuit in our sample of severe TBI 

patients may have resulted in impairment of regulative processes of control, while leaving other 

circuits and cognitive functions relatively intact.  
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Additionally, impairment of a dorsolateral prefrontal circuit may also provide a framework 

for postulating the neurobiological underpinnings of impairment of regulative processes of 

cognitive control.  For example, Braver & Cohen (2000) have postulated a relationship between 

regulative processes of control (e.g. context maintenance), dopaminergic neurotransmission, and 

the prefrontal cortex, a postulate supported by several neuroimaging studies that have implicated 

the contribution of dopaminergic neurotransmission to performance on cognitive control tasks 

(Braver et al., 2001; Braver et al., 2003). Whereas much more future research is needed, taken 

together these findings suggest that disruption of dopaminergic neurotransmissions in the dlPFC 

may mediate disturbances of cognitive control following traumatic brain injury. 

Evaluative Processes 

In contrast to initial predictions, when examining activation leading to correct task 

performance, TBI patients demonstrated relatively intact activity within the ACC for 

incongruent, compared to congruent, color-naming trials. Consequently, these results may 

suggest that while our sample of TBI patients demonstrated greater errors than controls on 

“conflict” trials, the postulated neural underpinnings of conflict-detection are relatively intact. 

Regarding consistency with previous findings, this result is mixed when compared with previous 

studies that report alteration of activation within the ACC following TBI (e.g., Easdon, Levine, 

O’Connor, Tisserand, & Hevenor, 2004; Soeda et al., 2005; Scheibel et al., 2007). For example, 

reduction in ACC activation has been reported in patients with TBI during completion of a “go-

stop” task (Easdon et al., 2004) and Stroop task (Soeda et al., 2005), a finding that may reflect 

injury-related disruption of neural networks.  In contrast, Scheibel et al. (2007) observed greater 

activation within the ACC in TBI patients compared to orthopedic injury control participants 

during completion of an incompatible portion of a stimulus-response compatibility task, a 

finding that may indicate alteration in the neural networks mediating cognitive control reflective 
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of compensation for inefficient cognitive processes.  One possible explanation for these 

contradictory findings may be due to methodological differences in each study. For example, 

both Soeda et al. (2005) and Easdon et al. (2004) employed fixed-effects analyses of their 

imaging data, which may bias there results due to the influence of single observations, while use 

of block design fMRI by Scheibel et al. (2007) potentially confounds examination of several 

task-relevant effects by including both correct and incorrect trials in their analyses. 

Methodological advantages in the present study such as use of random-effects analyses and 

event-related fMRI may shed light on these issues.  For example, in the present study, activation 

outside of regions of interests was observed for trials during which participants performed the 

task correctly. This distinction is important, as findings of intact ACC activation by Scheibel et 

al. (2007) were collapsed across successful and incorrect trials. Consequently, the apparently 

greater magnitude and extent of activation of brain regions outside our primary region of interest 

(e.g. ACC) in TBI patients may reflect plasticity following injury, as successful task performance 

may be partially dependent on all active regions during task performance.   

Using the same contrast for evaluation of activity associated with incongruent, compared 

to congruent, color-naming trials revealed an unexpected finding in the present study: probe-

related bilateral caudate nucleus activation in controls but not TBI patients.  Historically, the 

caudate nucleus has been divided into three major regions: a head, body, and tail; and has been 

thought to play a primary role in motor function. However, recent reviews suggest that the 

caudate nucleus is highly involved in cognitive processes that subserve goal-directed behaviors 

in learning and memory tasks (Grahn, Parkinson, & Owen, 2008; Packard & Knowlton, 2002). 

The caudate nucleus has also been observed to play a role in the representation of anticipated 

reward (Gold, 2003), and Peterson et al. (2002), using event-related fMRI, observed increased 
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signal intensity of the caudate nucleus during the incongruent, as compared to congruent events 

of Simon and Stroop tasks. Whereas studies investigating the role of the caudate in TBI are rare, 

lesions to the caudate nucleus in humans and primates have been reported to lead to impairments 

across numerous cognitive domains including problem solving (Schmidtke, Manner, Kaufmann, 

& Schmolck, 2002), planning and sequencing (Mendez, Adams, & Lewandowski, 1989), 

attention span (Mendez et al., 1989), short-and long-term memory (Fuh & Wang, 1995), and 

verbal fluency (Fuh & Wang, 1995). Consequently, sub-cortical (e.g., caudate nucleus) 

contributions to higher level cognitive processes should not be overlooked following brain-

injury.  Additionally, these results may further suggest disruption in a dorsolateral prefrontal sub-

cortical circuit (e.g., Alexander et al., 1986) following TBI. For example, the dorsolateral 

prefrontal circuit proposed by Alexander et al. (1986) involves neural projections from the head 

and tail of the caudate nucleus to select convexity areas of the dorsolateral prefrontal cortex. Not 

surprisingly, disruption in any frontal basal ganglia-thalamo-cortical circuit might result in 

cognitive impairment symptoms that resemble damage to the prefrontal cortex itself (e.g., 

Cummings, 1993), while other cognitive functions remain intact. Whereas much more research is 

needed to examine this postulate, the observed reduction of caudate-mediated evaluative activity 

and dlPFC-mediated regulative activity and in the present study may suggest disruption of a 

prefrontal-subcortical circuit that represents an underlying structural correlate reflective of 

behavioral impairment in dissociable components of cognitive control.  

In contrast to initial predictions, controls failed to demonstrate activity within the ACC for 

incongruent, compared to congruent, color-naming trials. Notably, these this finding represents a 

significant limitation in the present study  as it directly contrasts a plethora of studies (e.g., Egner 

& Hirsch, 2005; Kerns et al., 2004; MacDonald et al., 2000) using healthy controls that implicate 
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the role of the ACC in evaluative processes of control such as conflict-detection, response 

inhibition, and response selection. Whereas this result cannot be fully explained, reasons for this 

finding may arise by examining aspects of data analysis procedures employed in the current 

study that differ from previous neuroimaging studies of cognitive control (e.g., MacDonald et al., 

2000). For example, in contrast to the present study which used a referenced hemodynamic 

function, MacDonald et al. (2000) conducted ANOVAs without a reference function, and 

obtained their results using an inverse quadratic function.  Consequently, the results in the 

present study are less able to account for differences in variance than observed in previous 

studies of cognitive control (e.g., MacDonald et al., 2000). In addition, unlike the present study, 

MacDonald et al. (2000) did not distinguish error trials from correct trials, which may potentially 

confound their results. Thus, taken together these methodological differences may partially 

explain lack of conflict-related ACC activation in our sample of controls. Nevertheless, our lack 

of replication represents a significant limitation in the present study.  

Alternative Explanations and Limitations 

Several methodological limitations and alternative explanations of findings of the current 

study warrant further discussion. For example, although all TBI participants were classified as 

sustaining severe injuries, the heterogeneity of this population was evidenced by individual 

differences in injury mechanism, injury localization, time since injury, PTA, and LOC (Lezak et 

al., 2004).  Whereas studies using TBI participants cannot control for all these variables, studies 

of TBI must acknowledge and appreciate heterogeneity within the TBI population.  

Limitations of fMRI 

Numerous research studies (e.g., Heeger et al., 2000; Logothetis & Wandell, 2004) have 

postulated that the BOLD signal is a complex function reflective of changing levels of cerebral 

blood flow, blood volume, and oxygen metabolism that occur as a result of neural activity. 
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However, as Boynton et al. (1996) report, the hemodynamic response often lags greatly behind 

the neuronal activity that starts the event. Moreover, as the BOLD signal measured by fMRI is 

reflective of vascular changes correlated with neural activity, and not neural activity directly, any 

observed injury-related differences may have resulted from several factors outside of those 

hypothesized (Hillary et al., 2002). Specifically, differences in injury-related activation patterns 

(e.g., lack of caudate activation) could reflect changes in vascular processes or changes due to 

cell atrophy, rather than neural processes.  For example, both human and animal models of TBI 

have demonstrated reduced baseline levels of cerebral blood flow post-injury (e.g., Bouma et al., 

1991). Moreover, blood flow abnormalities in patients with moderate to severe TBI relative to 

comparison subjects have been observed during completion of working memory tasks, an effect 

particularly concerning due to abnormalities in the frontal lobes, an area extensively imaged by 

researchers (e.g., Christodoulou et al., 2001). One possible way to examine some of these 

potential confounds is through examination of high-resolution structural MRIs, which will allow 

for examination of structural abnormalities.  

Sample Size Limitations 

Not surprisingly, sample sizes in fMRI studies are often influenced by real-world 

constraints such as financial costs and length of scanning time. Consequently, researchers 

frequently contemplate how to achieve the most statistical power in an experiment while coping 

with a trade-off between research costs, sample size, and scanning time, an issue encountered in 

the present study. Regarding blocked designs, Desmond and Glover (2002) estimated that to 

achieve 80% statistical power using a liberal significance threshold (e.g., p = .05), approximately 

12 subjects per group were required; however, using conservative thresholds and correcting for 

multiple comparisons required approximately twice as many subjects.  Of note to the current 

study, Murphy and Garavan (2004) estimated that for event-related fMRI designs, approximately 
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20 participants per group were required for adequate statistical power.  Consequently, a potential 

limitation of this study arises primarily from our limited sample of controls (n = 12) and TBI 

patients (n = 10), which may have resulted in false positive and false negative activations in our 

data.  

Future Directions 

Despite its limitations, the current study supports the continued neurophysiological 

examination of regulative (e.g., top-down implementation of control) and evaluative (e.g., 

conflict-detection) processes of cognitive control. Future studies will aim to indentify specific 

component processes of control that are reflective of wide-spread cognitive impairments in TBI 

utilizing both electrophysiological (e.g., ERP) and hemodynamic-based (e.g., fMRI) 

neuroimaging methods.  Moreover, diffusion tensor imaging, an MRI technique that examines 

diffusion of water in tissue will be used to examine damage to white matter tracts, which is 

especially important given the prevalence of diffuse axonal injuries in TBI (Murray et al., 1996). 

Future studies will also build upon these results and examine additional evaluative processes of 

control such as performance-monitoring. Moreover, as electrophysiological differences have 

been observed during incorrect task performance in individuals with TBI (Larson et al., 2007), it 

will be useful to examine the magnitude and spatial distribution of error-related stimulus activity 

in controls and patients with TBI using fMRI.  

Regarding translation of laboratory research findings to clinically-practical use, we first 

plan to investigate how impairments of cognitive control component processes relate to measures 

of real-world functioning.  Specifically, relationships will be first formed between specific neural 

underpinnings of cognitive control impairments and measures of real-world functioning, 

including self-and significant other rating scales of TBI-related symptomatology including the 

Dysexecutive Questionnaire (DEX; Wilson, Alderman, Burgess, Emslie, & Evans, 1996) and a 
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modified version of the Neurobehavioral Rating Scale (NRS-R, Mathias & Coats, 1999). The 

DEX consists of a 20 Item self & significant-other ratings scales that assess cognitive, behavioral 

and affective changes that may occur after TBI in four main areas: emotion or personality, 

motivation, behavior, and cognition (Levin et al., 1987; Wilson et al., 1996). The NRS-R has 

strongly been advocated for use as a secondary outcome measure in clinical trials of TBI, as 

evidenced by its high completion rate, ease of administration, and clinical usefulness to obtain 

information in accordance with other measures of neurobehavioral and global functioning 

(McCauley et al., 2001). As demonstrated previously (e.g., Larson et al., 2006; Seignourel et al., 

2005), mean self- and significant-other ratings of overall cognitive, behavioral and emotional 

functioning on the NRS-R were significantly sensitive to TBI severity.  

Additionally, it may be possible to identify neuro-cognitive subtypes of TBI survivors on 

the basis of behavioral performance and brain activity reflecting component-process deficits in 

cognitive control that will aid in tailoring treatment strategies.  For example, classification on the 

basis of similarities or differences on variables between groups may result in a better 

understanding of the underlying etiology and treatment of a particular disorder (Morris & 

Fletcher, 1988).  Interestingly, most studies of neuro-cognitive sequelae of TBI have relied on 

group averaging of data to arrive at general conclusions regarding TBI-related cognitive 

impairments; however, the TBI population is quite heterogeneous. Consequently, it may be 

possible to meaningfully exploit the heterogeneity within the TBI population by identifying 

neuro-cognitive subtypes of patients to determine if differential treatment response be predicted 

from neural activity reflective of primary component process deficits in cognitive control. For 

example, a cognitive rehabilitation approach focused on improving successful attainment of 

goal-directed behavior is Goal Management Training (GMT), originally devised by Robertson 
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(1996). It is possible that neural activity reflective of a primary deficit in either regulative or 

evaluative component processes of cognitive control can be used to predict responsiveness to 

GMT, and subtypes of patients that differentially respond to treatment can be indentified.  

Summary 

The current study used fMRI to further assess the integrity and spatial dissociation of two 

important components of cognitive control: a regulative component supporting maintenance of 

task goals and implementation of control, and an evaluative component responsible for conflict 

processing, and signaling necessary strategic adjustments toward goal attainment. In addition, the 

present study sought to characterize and examine impairments of cognitive control in individuals 

with severe TBI.  

In conclusion, the results of our study suggest that:  

 Neural networks mediating regulative-component processes are altered after TBI. 
 
 Cortical evaluative-mediated conflict processing-related activity was not reduced 

in our sample of TBI patients; rather, this function was largely preserved.  
 
 In contrast, TBI patients demonstrated reductions in subcortical (e.g., fronto-

striatal) activity, a finding not previously reported.  
 
 Consequently, cognitive impairments following severe TBI may result from 

subcortical, rather than cortical dysfunction and may reflect impairment in a 
prefrontal-subcortical circuit that underlies dissociable components of cognitive 
control.  

 
These findings may have implications for the design of cognitive rehabilitation strategies, 

as our findings offer a framework for the study of the neural mechanisms responsible for the 

impairment of two dissociable components of cognitive control. 
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