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Abstract 
 

Controlled and automatic processing are broad categories, and how best to measure 

these constructs and their impact on functioning after mild traumatic brain injury (TBI) 

remains uncertain.  The purpose of this thesis was to examine automatic and controlled 

processing aspects of attention after mild TBI using the Paced Auditory Serial Addition 

Task (PASAT) and event-related potentials (ERPs).  The PASAT is one of the most 

frequently used tests to evaluate attentional functioning.  It has been demonstrated to be a 

measure sensitive to both acute and longer-term effects of mild TBI, presumably due to 

demands for rapid processing and executive attentional control.  ERPs provide a non-

invasive neurophysiological index of sensory processing and cognitive functions and have 

demonstrated sensitivity to even minor cognitive dysfunction.  The parameters provided by 

this functional technique may be those most likely to distinguish individuals with mild TBI 

from controls.   

Initially, it was hypothesized that successful novice PASAT performance requires 

the engagement of executive attention to establish novel controlled information processing 

strategies.   Ten individuals who had suffered a mild TBI an average of 15.20 months 

previously were therefore expected to demonstrate processing abnormalities on the 

PASAT, relative to 10 healthy matched controls.  Although the mild TBI group reported 

significant intensification of subjective symptoms since their injury, compared to controls, 

the mild TBI group provided a similar amount of correct PASAT responses.  The intensity, 

timing, and source of electrophysiological activation underlying task performance were 

also similar between groups.   

However, controlled processing does not just refer to the first attempt to solve a 

problem, but rather is required until the establishment of a set of permanent stimulus-
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response associations that can be automatically retrieved.  Two experiments investigating 

the development of automatic processing of the PASAT were subsequently conducted.  The 

first experiment successfully established dissociable profiles of behavioural and 

electrophysiological performance associated with controlled and automatic processing in a 

group of healthy adults.  The second experiment applied these findings to a cohort of 

individuals with mild TBI and matched controls.  Following consistent training over four 

sessions the control group demonstrated a significant improvement in the number of correct 

PASAT responses.  Furthermore, practiced performance was associated with a significant 

attenuation of the late processing negativity (PN) deflection of the ERP waveform, a 

marker of activity within frontally-mediated executive attention components.  The profile 

of performance was considered to reflect the development of automatic processes.  Over 

four sessions the mild TBI group demonstrated an equivalent level of improvement in the 

number of correct PASAT responses; however, extended training failed to produce a 

concurrent decrease in the amplitude of the late PN.  Decreased cognitive, and perhaps 

neural, efficiency was hypothesized to have produced a diminution in the capacity to 

benefit from practice.  As a result, the mild TBI group remained dependent on effortful, 

capacity-limited controlled processing following extended training.   

A final series of experiments was conducted to evaluate the functional impact of the 

information processing abnormalities observed in the mild TBI group.  In the first 

experiment a visual search task consisting of an automatic detection and a controlled search 

condition was developed.  In the second experiment the search task was performed 

concurrently with the PASAT task in a dual-task paradigm.  In the mild TBI group, prior 

failure to establish more efficient forms of information processing with practice was found 

to significantly interfere with simultaneous performance of the PASAT task and the 

attention demanding condition of the search task.  The pattern of impaired performance was 
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considered to reflect a reduction in processing resources rather than a deficit in resource 

allocation.  Dual-task performance in the control group was not associated with a large 

interference effect. 

In general, the results of this thesis suggest that individuals with mild TBI are 

impaired in their ability to progress from the stage of effortful controlled information 

processing to a stage of more efficient, automatic processing, and thus suffer a subtle 

attentional deficit.  Following mild TBI, performance levels equivalent to controls may 

only be achieved with an abnormal expenditure of cognitive effort.  As a result of the 

neuropathologic consequences of injury, individuals who have sustained a mild TBI are 

less able to benefit from practice, experience difficulty coping with simultaneous 

performance of secondary task, and are susceptible to distressing subjective 

symptomatology.    
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Chapter 1 - Mild Traumatic Brain Injury 
 

The vast majority of patients who are admitted to hospital after head trauma have 

mild traumatic brain injuries (Jennett, 1989; McAllister et al., 2001; Sosin, Sniezek, & 

Thurman, 1996; Tate, McDonald, & Lulham, 1998).  While mortalities from uncomplicated 

mild traumatic brain injury (TBI) are virtually unheard of, an episode of brief 

unconsciousness, the hallmark of mild TBI (Jane, Stewart, & Gennarelli, 1985), is often 

considered to be an incident necessitating medical attention.  However, individuals treated 

for mild TBI are typically given minimal or no instructions concerning the risk of 

neurobehavioral sequelae and their temporal course (Newcombe, Rabbitt, & Briggs, 1994), 

nor are the residual effects evaluated on any systematic basis (Levin, Gary et al., 1987).  

This is due, in part, to a lack of consensus regarding the extent of cognitive morbidity after 

mild TBI, particularly regarding the incidence of long-term sequelae (Levin, Gary et al., 

1987).  While the bulk of individuals who suffer a mild TBI appear to make a complete 

recovery within the first three months after injury (Iverson, Lovell, & Smith, 2000; Levin, 

Mattis et al., 1987; Parkinson, 1992), a significant subset continue to report affective, 

cognitive, sensory, and somatic symptoms up to and more than one year after injury (Alves, 

Macciocchi, & Barth, 1993; Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990).  

However, mild TBI patients with persistent symptoms have often been regarded as 

malingerers (van der Naalt, Hew, van Zomeren, Sluiter, & Minderhoud, 1999), although 

animal studies of induced mild TBI and recent advances in functional imaging 

measurement in humans both support an organic component to mild TBI (Alavi, Fazekas, 

& Alves, 1987; Gray, Inchise, Chung, Kirsh, & Franks, 1992; Jane, Stewart, & Gennarelli, 

1985; Jolles, Chapman, & Alavi, 1989; Povlishock, 1993; Richardson, 2000).  In an attempt 

to clarify key issues in mild TBI, this chapter will begin by discussing the diagnosis and 
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incidence of mild TBI, before reviewing the outcome following mild TBI, and possible 

etiological factors contributing to frequently reported acute and long-term cognitive and 

behavioral sequelae. 

 

1.1 Classification of Mild TBI 

Accurate and consistent classification of head injury severity is essential for 

neurobehavioral studies of head injury outcome.  The identification of several neurological 

factors that can be correlated with severity of head injury has subsequently enhanced injury 

classification and outcome prediction.  A diagnosis of mild TBI, alternatively and 

confusingly referred to as mild head injury, minor head injury, minor traumatic brain 

injury, or concussion, is routinely made on the basis of three acute measures of injury 

severity: duration of loss of consciousness (Richardson, 2000), Glasgow Coma Scale score 

(Teasdale & Jennett, 1974), and duration of posttraumatic amnesia (Haslam et al., 1994; 

Miller, Pentland, & Berrol, 1990; van der Naalt, van Zomeren, Sluiter, & Minderhoud, 

1999).   

Alteration or loss of consciousness is considered indicative of diffuse brain damage 

(Jennett, 1989) with injury to progressively deeper structures associated with an increasing 

duration of unconsciousness (Eisenberg & Levin, 1989; Wilson et al., 1988).  Originally, 

one hour or less of loss of consciousness was classified as a minor or mild injury (Smith, 

1961); however mild injury is now typically associated with a loss of consciousness not 

exceeding 20-30 minutes (Kay et al., 1993; Rimel, Giordani, Barth, Boll, & Jane, 1981).   

The Glasgow Coma Scale is a 15 point scale used to determine levels of 

consciousness and has gained wide acceptance as an indicator of the overall severity of 

head injury (Levin, Benton, & Grossman, 1982; Richardson, 2000).  The scale involves 

separate assessment of: motor responses, rated from (1) no motor response to pressure to 
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(6) following simple commands; verbal responses, rated from (1) makes no noise to (5) 

carries on a conversation correctly; and eye opening, rated from (1) does not open eyes to 

(4) opens eyes on own.  Commonly used categories are classified in terms of the following 

total scores:  13-15 mild head injury; 9-12 moderate head injury; 3-8 severe head injury 

(Richardson, 2000). 

Posttraumatic amnesia refers to the period of confusion and inability to form new 

memories experienced after head injury.  Posttraumatic amnesia is thought to reflect 

cognitive disturbance secondary to brain damage and duration of posttraumatic amnesia 

provides a retrospective means of assessing the severity of head injury (Zasler, 2000).  A 

commonly used classification of head injury severity based on the duration of PTA is: less 

than 5 minutes - very mild; 5 to 60 minutes - mild; 1 to 24 hours - moderate; 1 to 7 days - 

severe; 1 to 4 weeks - very severe; and more than 4 weeks - extremely severe (Richardson, 

2000). 

Based on these criteria, mild TBI has been variously defined over the years, as 

refinements in clinical observation have been made.  One of the most widely accepted 

definitions, provided by the Committee on Mild Traumatic Brain Injury of the American 

Congress of Rehabilitation Medicine, is composed of the following criteria: (1) evidence of 

an alteration of mental status owing to acceleration/deceleration or impact injury 

characterized by confusion, posttraumatic amnesia, or transient loss of consciousness; (2) 

loss of consciousness, when present, not exceeding 30 minutes; (3) posttraumatic amnesia, 

when present, not exceeding 24 hours; (4) after 30 minutes a Glasgow Coma Scale of 13-

15; and (5) no skull fracture on physical examination and a non-focal neurologic exam 

(Kay et al., 1993). 

According to this definition, an individual does not actually need to show any 

particular symptoms to fit a diagnosis of mild TBI.  An individual need not have lost 
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consciousness, have a reduced Glasgow Coma Scale score, or have experienced a period of 

posttraumatic amnesia.  Using these criteria, it is therefore very difficult to reliably 

distinguish between those who have experienced a mild TBI and those who have not (Lees-

Haley, Fox, & Courtney, 2001).  Furthermore, these criteria give no indication of the 

symptoms associated with the injury (Comerford, Geffen, May, Medland, & Geffen, 2002).   

Additionally, there are concerns regarding the specificity of these measures in mild 

TBI, as several instances of damage to the brain without loss of consciousness or abnormal 

Glasgow Coma Scale scores have been reported  (Dacey, Alves, Rimel, Winn, & Jane, 

1986; Fisher, Carlson, & Perry, 1981; Mendelow et al., 1983; Stein, Spettell, Young, & 

Ross, 1993), and measurements of the duration of disrupted consciousness and amnesia 

often rely on subjective report and can be unreliable and inaccurate (Esselman & Uomoto, 

1995; Gronwall & Wrightson, 1980; King et al., 1997).   

While the Glasgow Coma Scale provides a means of classifying more severe 

injuries, it was not designed to distinguish among different types of less severe head injury 

(Jennett, 1989; Kraus, McArthur, & Silberman, 1994) and the mild range on the Glasgow 

Coma Scale is composed of only three possible scores, prompting Kraus and Nourjah 

(1988) to suggest a more sensitive and differentiated scale would be more appropriate than 

the Glasgow Coma Scale for assessing patients with mild TBI.  Furthermore, the utility of 

recording length of posttraumatic amnesia as a measure of injury severity in less severe 

injuries is questionable, as the majority of mild TBI patients experience no, or only minimal 

periods of amnesia (Gronwall, 1977; Lidvall, Linderoth, & Norlin, 1974).  In general, a 

lack of sensitivity of all three measures in predicting injury severity and outcome following 

less severe head injury has been reported (Erlanger et al., 2003; Gronwall & Wrightson, 

1974; Hugenholtz, Stuss, Stetham, & Richard, 1988; Iverson, Lovell, & Smith, 2000; 

Karzmark, Hall, & Englander, 1995; Lovell, Iverson, Collins, McKeag, & Maroon, 1999; 
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Sherman, Strauss, & Spellacy, 1997; van der Naalt, van Zomeren, Sluiter, & Minderhoud, 

1999; Vilkki et al., 1994) (Vilkki et al., 1994).   

While these neurologic measures have provided a set of useful diagnostic criteria 

for the diagnosis of more severe brain injury, clearly the criteria for mild TBI could benefit 

from the identification of factors more sensitive to the effects of this type of injury.   

The protein S-100B belongs to a family of calcium-binding proteins implicated in 

intracellular and extracellular regulatory activities (Donato, 2001).  S-100B is found in 

particularly high concentrations in astrocytes, and is released when cells are damaged 

(Waterloo, Ingebrigtsen, & Romner, 1997).  Elevated serum levels have therefore recently 

been proposed as a diagnostic indicator of diffuse cellular pathology following mild TBI 

(Biberthaler et al., 2001; Ingebrigtsen & Romner, 1996; Ingebrigtsen, Waterloo, Eva, 

Langbakk, & Romner, 1999; Waterloo, Ingebrigtsen, & Romner, 1997).  For example, 

Biberthaler and colleagues (2001) investigated the increase in serum S-100B concentration 

in patients who had suffered a mild TBI and found a significant correlation between protein 

levels drawn approximately one hour post-injury and the extent of intracerebral damage 

(e.g. haematoma, oedema) as revealed by cranial computed tomography scan.  Patients with 

negative cranial computed tomography scan showed only minimal elevations in serum 

S100-B levels.  Furthermore, an association between elevated serum S-100B levels within 

the first few hours after mild TBI and specific dysfunction on neuropsychological tests of 

attention three months (Ingebrigtsen, Waterloo, Eva, Langbakk, & Romner, 1999) and one 

year (Waterloo, Ingebrigtsen, & Romner, 1997) after injury has been identified.     

Electrophysiological investigations, including recording the event-related potential 

(ERP), have also been identified as measures sensitive to the functional disturbance and 

organic disruption associated with mild TBI (Bernstein, 2002; Packard & Ham, 1996; 

Reinvang, 1999).  The use of ERPs in detecting cognitive dysfunction following mild TBI 
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will be discussed in detail in Chapter Three.  However, while the utility of ERPs in 

identifying dysfunction following TBI has been recognized, no system based upon ERP 

data has been devised to classify injury severity. 

 

1.2 Clinical Epidemiology of Mild TBI 

Mild TBI is the most common category of traumatic brain injury (Annegers, 

Grabow, Kurland, & Laws, 1980; Kraus & Nourjah, 1988; Mandel, 1989), and has become 

so prevalent that it was recently describe as an epidemic in the United States (Kushner, 

1998).  Depending on the diagnostic criteria employed, approximately 1.5 to 2 million mild 

TBIs are sustained each year in the United States alone, producing an estimated incidence 

rate of 175 to 300 per 100,000 (Annegers, Grabow, Kurland, & Laws, 1980; Cassidy et al., 

2004; Johnson & Gleave, 1987; Kraus & McArthur, 1996; Kraus & Nourjah, 1989; Sosin, 

Sniezek, & Thurman, 1996).  The risk of head injury is reportedly highest among male 

teens and young adults aged 15 to 24 (Annegers, Grabow, Kurland, & Laws, 1980; Cassidy 

et al., 2004; Kraus & Nourjah, 1989; Ryan, O'Jile, Gouvier, Parks-Levy, & Betz, 1996), 

with motor vehicle accidents accounting for nearly 50% of all mild TBIs.  Falls, assaults, 

and sporting injuries, in that order, account for the majority of the remainder (Annegers, 

Grabow, Kurland, & Laws, 1980; Bernstein, 1999; Kraus & Nourjah, 1989; Naugle, 1990; 

Povlishock, 1996; Sosin, Sniezek, & Thurman, 1996). 

The first study of incidence of mild TBI to apply clinical criteria of head injury 

severity to a sample was conducted in 1980 and reported the incidence per 100,000 was 274 

in males and 116 in females (Annegers, Grabow, Kurland, & Laws, 1980).  Motor vehicle 

accidents accounted for 47% of injuries, falls accounted for 29%, and sport activities 

accounted for 9%.  Incidence rates rose steeply from ages 15 to 24 and then declined 

steadily until a second peak after 70 years of age.     
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More recently, Kraus and Nourjah (1988) reported 130.8 per 100,000 individuals 

are hospitalized for a mild TBI each year.  Incidence rates were twice as high for males 

compared to females, with occurrence for males highest between 15-19 years of age.  

MVAs were found to be the leading cause of hospitalization for mild TBI, requiring a 

median length of hospital stay of two to three days. 

The discrepancy in incidence rates reported by Kraus and Nourjah (1988) and 

Annegers and colleagues (1980) may be related to trends in hospital practices rather than 

any actual change over time in the incidence of mild TBI.  Thurman and Guerrero (1999) 

found a decline in overall rates of hospitalization for mild TBI, from 130 to 51 admissions 

per 100,000 per year, over the period from 1980 to 1995.  Although the data suggested a 

substantial decline in the incidence of mild TBI, it appears the major factor in the declining 

rate of mild TBI-related hospitalization is related to a trend in hospital practice to exclude 

individuals with mild TBI from hospitalization, instead shifting their care to outpatient 

settings (Blostein & Jones, 2003; Thurman & Guerrero, 1999).  

Guerrero, Thurman, and Sniezek (2000) therefore examined the average overall rate 

of TBI-related emergency department visits not requiring hospitalization.  Similar to the 

rates reported twenty years earlier (Annegers, Grabow, Kurland, & Laws, 1980), they 

found an annual incidence rate of 392 per 100,000.  Consistent with previous literature, the 

highest incidence rate occurred among young adults, the rates were higher for males than 

females, and the primary reported causes of mild TBI were falls and motor vehicle 

accidents (Guerrero, Thurman, & Sniezek, 2000).  As such, many cases of mild TBI do not 

appear to receive formal medical attention and the prevalence of mild TBI may be much 

higher than hospital surveys would suggest (Bernstein, 1999; Bohnen & Jolles, 1992; 

Cassidy et al., 2004). 
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Finally, the findings of a recent critical review of the scientific literature estimating 

incidence of mild TBI are consistent with previous reports.  Cassidy and colleagues (2004) 

found that mild TBI continues to constitute the overwhelming majority of all brain injuries.  

Annual incidence of hospitalization for mild TBI ranged from 100-300 per 100,000; 

however they found many mild TBIs were not treated in hospitals and estimated the true 

incidence rate may be as high as 600 per 100,000 per anum.   Mild TBI was most common 

in teenaged and young adult males, and motor vehicle accidents and sporting incidents were 

the most common causes of mild TBI. 

 

1.3 Outcome Following Mild TBI 

Sarno (1980) maintains that when carefully evaluated, all significantly head-injured 

patients will demonstrate disruptions in a range of functions.  The brief loss or alteration of 

consciousness that characterizes mild TBI undoubtedly produces a transient disturbance of 

normal brain functioning.   However, whether the neuropathologic consequences of a mild 

TBI are sufficient to produce chronic disability or permanent cognitive impairment remains 

a point of contention. 

Mild TBI is almost always associated with reports of feeling dazed and disoriented, 

and followed by a characteristic group of early and late physical, cognitive, behavioural, 

and affective symptoms, collectively referred to as the post-concussion syndrome 

(Alexander, 1995; Kay, Newman, Cavallo, Ora, & Resnick, 1992).  However, the term 

post-concussion syndrome will generally be avoided here as it, intentionally or not, has 

traditionally been used to signify dysfunction out of proportion to injury.  Early symptoms 

are those reported immediately after the individual regains full consciousness, while late 

symptoms are regarded as those that are reported in the days and weeks following injury, as 

the individual attempts to resume normal functioning.  Early symptoms often include 
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headache, nausea, and drowsiness, while the most frequently reported late symptoms 

include impaired attention and concentration, poor memory, depression, emotional lability, 

lowered tolerance, and sleep disturbance (Alves, Macciocchi, & Barth, 1993; Binder, 1986; 

Bohnen & Jolles, 1992; Dikmen, McLean, & Temkin, 1986; Evans, 1992; Gasquoine, 

1997; Levin, Benton, & Grossman, 1982; Paniak et al., 2002; Rimel, Giordani, Barth, Boll, 

& Jane, 1981; Rutherford, 1989).  

Self-report questionnaires are commonly employed to quantify the extent of 

physical, cognitive, behavioral, and affective symptoms occurring after mild TBI, although 

as yet there is no agreed upon method for the measurement of these subjective complaints 

(Bernstein, 1999).  Levin and colleagues (1987) examined the symptoms occurring within 

one week of sustaining a mild TBI and identified five dissociable symptom factor loadings: 

cognitive-depressive symptoms, somatic symptoms, sensory-sleep symptoms, gustatory-

olfactory symptoms, and irritability-anxiety symptoms; and three distinct patient clusters: 

patients reporting minimal symptoms despite impaired neuropsychological test 

performance, patients reporting symptoms of cognitive impairment and depression, and 

patients reporting somatic symptoms. 

A second factor analysis of the subjective complaints of individuals at least three 

months post-injury generated four symptoms clusters: an affective factor consisting of 

symptoms of irritability, poor frustration tolerance, anxiety, and depression; a cognitive 

factor composed of symptoms of decreased concentration, forgetfulness, slowed thinking, 

disorganization, difficulty in decision making, and fatigue; a somatic factor made up of 

symptoms of dizziness, imbalance, poor coordination, nausea, and visual dysfunction; and, 

a sensory factor comprised of symptoms of hypersensitivity to noise and light (Cicerone & 

Kalmar, 1995).  Cluster analysis of self-reported symptoms applied to classify individuals 

identified distinct patient groups characterized by the presence of minimal symptoms, 
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primarily cognitive-affective symptoms, or prominent somatic symptoms, generally 

consistent with the sub-acute findings reported by Levin and colleagues (1987).   

It remains unclear whether individuals with mild TBI reporting subjective 

complaints manifest greater neuoropsychological deficits than individuals reporting few or 

no symptoms.  While persisting subjective complaints have been associated with impaired 

neuropsychological test performance (Arcia & Gualtieri, 1993; Bohnen, Jolles, & 

Twijnstra, 1992b; Bohnen, Jolles, Twijnstra, Mellink, & Wijnen, 1995; Gronwall & 

Wrightson, 1974) and improvement in neuropsychological test performance following mild 

TBI has been shown to coincide with the resolution of subjective complaints (Gronwall & 

Wrightson, 1974), the majority of research in the area has failed to demonstrate a reliable 

relationship between persistent subjective complaints and the presence of objective 

cognitive deficits (Binder, 1993; Cicerone & Kalmar, 1995; Dikmen, McLean, & Temkin, 

1986; Karzmark, Hall, & Englander, 1995; Klein, Houx, & Jolles, 1996; Levin, Mattis et 

al., 1987; McLean, Temkin, Dikmen, & Wyler, 1983; Segalowitz, Bernstein, & Lawson, 

2001).   

Cognitive and behavioural symptoms are common in the first weeks following mild 

TBI (Bazarian et al., 1999; Bohnen, Twijnstra, & Jolles, 1992; Hugenholtz, Stuss, Stetham, 

& Richard, 1988),  although the majority of individuals who suffer a mild TBI appear to 

make a good recovery from these acute symptoms and report no long-term consequences 

(Binder, Rohling, & Larrabee, 1997; Bohnen, Jolles, Twijnstra, Mellink, & Wijnen, 1995; 

Dikmen, McLean, & Temkin, 1986; Dikmen, Machamer, Winn, & Temkin, 1995; Gentilini 

et al., 1985; Iverson, Lovell, & Smith, 2000; Kashluba et al., 2004; Levin, Mattis et al., 

1987; Macciocchi, Barth, Alves, Rimel, & Jane, 1996; Newcombe, Rabbitt, & Briggs, 

1994; Ponsford et al., 2000; Schretlen & Shapiro, 2003; Vanderploeg, Curtiss, & Belanger, 
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2005). Thus, mild TBI, and any associated cognitive and behavioral symptoms, has 

historically been regarded as a transient state, involving no permanent organic damage.   

However, approximately 10-15% of individuals who have sustained a mild TBI 

continue to report subjective complaints more than six months following injury (Bohnen, 

Jolles, & Twijnstra, 1992b; Evans, 1992; Sherman, Strauss, & Spellacy, 1997), and a 

further 5-10% report symptoms persisting at one year (Alexander, 1995; Alves, 

Macciocchi, & Barth, 1993; Dikmen & Levin, 1993; Gualtieri, 1995; Leininger, Gramling, 

Farrel, Kreutzer, & Peck, 1990; Middelboe, Andersen, Birket-Smith, & Friis, 1992; 

Rutherford, Merrett, & McDonald, 1979) and up to five years post-injury (Masson et al., 

1996; Mazaux, Masson, & Levin, 1997).  Objective neuropsychological deficits have also 

been documented months (Alves, Macciocchi, & Barth, 1993; Dikmen, McLean, & 

Temkin, 1986; Hartlage, Durant-Wilson, & Patch, 2001; Powell, Collin, & Sutton, 1996) 

and years (Alexander, 1992; Bernstein, 2002; Deb, Lyons, & Koutzoukis, 1999; Leininger, 

Gramling, Farrel, Kreutzer, & Peck, 1990; Potter & Barrett, 1999; Segalowitz, Bernstein, & 

Lawson, 2001; van der Naalt, van Zomeren, Sluiter, & Minderhoud, 1999) after mild TBI.  

The prevalence of persistent cognitive deficits varies across studies, from 7-8% (Binder, 

Rohling, & Larrabee, 1997), to 10-20% (Alexander, 1995), to upwards of 30% (Rimel, 

Giordani, Barth, Boll, & Jane, 1981).  The persistence of these subjective complaints and 

objective deficits has led some to question the reversibility of mild TBI (Bernstein, 2002; 

Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990; Segalowitz, Bernstein, & Lawson, 

2001; Seymonds, 1962).   

These contrasting recovery profiles suggest different underlying mechanisms may 

contribute in individuals who recover early versus those whose recovery from mild TBI is 

much more prolonged or incomplete.  In individuals who fail to recover from mild TBI as 

expected, the degree of reported symptomatology is often inconsistent with findings from 
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routine neurological exams.  The often striking discrepancy between the subjective reports 

of the individual and objective findings has supported a non-organic explanation of 

persistent cognitive and behavioral symptoms (Zasler, 2000).  Furthermore, the emergence 

of new symptoms sometimes weeks or months after injury has been considered inconsistent 

with organic damage, and attributed to psychogenic factors. 

As such, several authors support the role of neurological factors in the acute stage of 

mild TBI, but implicate psychological factors in the long-term maintenance of symptoms, 

which are argued to interfere with the resolution of organically based symptoms and may 

produce new symptoms as well (Alexander, 1995; Hugenholtz, Stuss, Stetham, & Richard, 

1988; Kay, 1993; Lishman, 1988; Rutherford, Merrett, & McDonald, 1979; Zasler, 2000; 

Zasler, 1996).  A failure to recover as expected has historically been considered more likely 

a consequence of non-organic factors such as depression (Alexander, 1992; Levin, Mattis et 

al., 1987; Mathias & Coats, 1999; Mooney & Speed, 2001; Trahan, Ross, & Trahan, 2001), 

stress or posttraumatic stress disorder (Bryant & Harvey, 1999; Gouvier, Cubic, Jones, 

Brantley, & Cutlip, 1992; Kay, Newman, Cavallo, Ora, & Resnick, 1992; Mooney & 

Speed, 2001), insufficient motivation (Keller, Hiltbrunner, Dill, & Kesselring, 2000), 

subjective expectation and the misattribution of everyday symptoms (Alexander, 1992; 

Gunstad & Suhr, 2004; Mittenberg, DiGiulio, Perrin, & Bass, 1992; Uomoto & Fann, 2004; 

Williams, Levin, & Eisenberg, 1990), or litigation (Binder & Rohling, 1996; Hugenholtz, 

Stuss, Stetham, & Richard, 1988; Kay, 1992; Millis, 1994).   

Dikmen and colleagues (1989) were among the first to directly challenge this 

psychogenic explanation of persisting cognitive and behavioural symptoms, citing a lack of 

direct empirical evidence of an effect of non-organic factors on objective measures of 

functioning.  Similarly, Karzmark, Hall, and Englander (1995) demonstrated that the degree 

of post-injury cognitive and behavioral symptoms in a group of individuals who had 
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sustained a mild TBI was not related to pre-injury mental health variables, and Ruttan and 

Heinrichs (2003) argue that while the prevalence of emotional dysfunction may be higher 

following mild TBI, psychological disturbance in itself appears unlikely to mediate the 

deficits observed on objective measures of outcome.  In addition, the remarkable 

consistency of self-reported complaints across mild TBI populations and experimental 

studies has been argued to support an organic basis for persistent cognitive and behavioural 

symptoms (Alves, Colohan, O'Leary, Rimel, & Jane, 1986; Jacobson, 1995).    

Where a lack of agreement between subjective complaint and objective 

neuropsychological findings after mild TBI exists, the discrepancy may be related to the 

appropriateness of the assessment measures selected.  In general, tasks that are sufficiently 

cognitively demanding have been suggested to have increased sensitivity to mild TBI and 

the most likely to distinguish mild TBI individuals from healthy controls (Bernstein, 1999; 

Cicerone, 1997; Hugenholtz, Stuss, Stetham, & Richard, 1988; Raskin, Mateer, & Tweeten, 

1998; Segalowitz, Bernstein, & Lawson, 2001; Stuss et al., 1985).  However, most 

commonly administered neuropsychological tests do not create the demands deemed 

necessary for eliciting cognitive deficits.  Furthermore, standard neuropsychological 

measures were generally designed to detect specific higher-order cognitive impairment 

resulting from discrete brain damage, and these tests are not likely to be sensitive to the 

diffuse damage associated with mild TBI, which is more likely to produce generalized 

deficits in elementary cognitive processes which subserve higher-order functioning 

(Gronwall, 1989).   

Selection bias may also have contributed to the support for a non-organic 

explanation for persisting cognitive and behavioral symptoms.  Historically, study inclusion 

criteria have been based not only on the occurrence of a mild TBI, but on outcome as well, 

with many studies focusing only on symptomatic individuals (Dikmen, Machamer, & 
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Temkin, 2001).  As individuals with complicated results have been the basis in the majority 

of cases for determining the nature and frequency of cognitive impairment after mild TBI, 

it is not altogether unexpected that psychological factors have frequently been identified in 

those individuals who failed to recover as expected.   

The validity of classifying persistent or late-onset symptomatology as incongruent 

with an organic basis for impairment has also been questioned.  Symptoms may have been 

incorrectly classified as late-onset only because they were not formally evaluated early in 

the course of recovery, or because following injury the individual remained for some time 

in the care of others and was not exposed to the situations and activities which would elicit 

functional deficits (Gouvier, Cubic, Jones, Brantley, & Cutlip, 1992; Raskin & Mateer, 

2000; Rutherford, 1989).  

The contribution of compensation claims to the emergence and maintenance of 

cognitive and behavioral symptoms has also been highlighted (Bohnen et al., 1994; Rimel, 

Giordani, Barth, Boll, & Jane, 1981; Wrightson & Gronwall, 1981).  Rutherford (1989) 

argues that the negative effects of litigation which have been reported may arise from the 

fact that individuals with more severe functional disability are simply the ones most likely 

to be involved in compensation claims. 

However, seemingly most important, it is becoming increasingly accepted that 

failure to recover as expected following a mild TBI may be a result of the neuropathologic 

consequences of the trauma itself, for which standard assessment techniques have not 

achieved the level of resolution necessary for detection (Kant, Smith-Seemiller, Isaac, & 

Duffy, 1997; McAllister et al., 1999; Ruff et al., 1994).  Structural and functional 

abnormalities following mild TBI have been reported in neuropathological (Gennarelli, 

1996; Jane, Stewart, & Gennarelli, 1985; Jennet & Galbraith, 1983; Povlishock, 1993), 

neurophysiological (Bernstein, 2002; Gaetz & Bernstein, 2001; Potter & Barrett, 1999; 



 

 15

Solbakk, Reinvang, Nielsen, & Sundet, 1999), and neuroimaging studies (Alavi, Fazekas, 

& Alves, 1987; Gray, Inchise, Chung, Kirsh, & Franks, 1992; Jolles, Chapman, & Alavi, 

1989; Langfitt et al., 1986; Newton et al., 1992), and are reviewed in more detail below and 

in following chapters.  While damage can be widespread, the functional connectivity of the 

frontal lobes are particularly susceptible to injury  (Gentry, Godersky, & Thompson, 1988; 

Levin, Goldstein, Williams, & Eisenberg, 1987; Rieger & Gauggel, 2002; Robertson, 

Manly, Andrade, Baddeley, & Yiend, 1997).  Diffuse disruption of functional connectivity 

can manifest in a variety of neurologic and neuropsychological impairments, including 

cranial nerve dysfunction, visual system disturbance, balance disorders, sleep disturbance, 

coordination deficits, and cognitive dysfunction (Zasler, 2000).   

These neuropathologic and neurophysiological alterations may be present even in 

the case of those individuals who appear to make a good recovery from mild TBI.  Several 

authors have argued that as the organic consequences of a mild TBI are not likely readily 

reversible, recovery (i.e. a return to normal scores on outcome measures) may represent 

compensatory behavioural adaptation rather that a complete return to pre-morbid levels of 

functioning (Bernstein, 1999; Dikmen & Machamer, 1995; Gronwall, 1991; Gronwall, 

1977; Segalowitz, Bernstein, & Lawson, 2001).  As such, suitably demanding behavioural 

measures and appropriately sensitive functional techniques may reveal long-lasting, subtle 

cognitive deficits following mild TBI (Bernstein, 1999; Cicerone, 1996; Hugenholtz, Stuss, 

Stetham, & Richard, 1988; Packard & Ham, 1996; Raskin, Mateer, & Tweeten, 1998; Stuss 

et al., 1985), even in individuals with supposed good outcomes (Bernstein, 2002; Klein, 

Houx, & Jolles, 1996; Segalowitz, Bernstein, & Lawson, 2001).   

In an attempt to resolve the debate over the nature and validity of persistent 

cognitive and behavioral symptoms, a number of meta-analytic reviews examining the 

extent of neuropsychological impairment following mild TBI have been conducted.  Binder 
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and colleagues (1997) reviewed the neuropsychological sequelae of mild TBI in 

populations of asymptomatic subjects at least three months post-injury.  Using the more 

conservative g statistic, the authors found the overall effect size of mild TBI to be quite 

small (g = 0.07).  Results based upon the d statistic were somewhat larger and significantly 

different from zero (d = 0.18) However, when specific neuropsychological domains were 

examined, a significant effect size was found for attention/concentration measures such as 

digit span, Stroop task, Trail Making Test, and the Paced Auditory Serial Addition Test, 

regardless of the statistic employed (g = 0.17; d = 0.20).   

 A second meta-analysis, conducted by Zakzanis and colleagues (1999) found 

moderate to large effect sizes for all cognitive domains (0.44 < d < 0.72).  However, in 

contrast to the findings by Binder, Rohling, and Larrabee (1997), which suggested 

attention/concentration measures were most impaired in patients with mild TBI, Zakzanis, 

Leach, and Kaplan (1999) found tasks measuring frontal dysfunction, including phonemic 

fluency, design fluency, and perseveration on the WCST, may be most sensitive to the 

effects of mild TBI (d = 0.72).  The authors did not report an overall effect size of mild 

TBI.  Time since injury was also not reported, precluding any discussion of the moderating 

effect of time since injury on the observed impairments.   

 In a third meta-analysis conducted by Schretlen and Shapiro (2003), the authors 

calculated an overall effect size for mild TBI, but did not report effect sizes for individual 

cognitive domains.  The authors found a moderate overall effect size (d = 0.24); however, 

when the time since injury was examined, the neuropsychological effect size associated 

with mild TBI was not significantly different than zero by one month post-injury.   

 A fourth meta-analysis examined the effects of time since injury within slightly 

larger time-intervals.  Belanger et al. (2005) found moderate to large effect sizes (0.21 < d 

< 1.03) for the overall effect of mild TBI and individual cognitive domains within the first 
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90 days post-injury.   However, when reviewing patients greater than 90 days post-injury, 

the overall effect associated with mild TBI was nonsignificant (d = 0.04).  In those samples 

that demonstrated persisting impairment, litigation was identified as a significant 

moderating variable.   

A final meta-analysis conducted by Frencham, Fox, and Maybery (2005) found a 

moderate effect size for the overall acute effect of mild TBI upon cognitive functioning (g 

= 0.32).  Within individual cognitive domains, neuropsychological deficits were most 

prominent upon measures of speed of information processing (g = 0.47) and working 

memory/attention (g = 0.25).   There was no significant effect of time since injury on 

neuropsychological functioning within these cognitive domains, with post-acute outcome 

associated with persistent deficits.   

In summary, meta-analytic reviews of the literature have routinely revealed the 

overall effect of mild TBI on neuropsychological function typically recedes to 

nonsignificance by three months post-injury.  Thus, mild TBI is generally considered to 

have a good outcome.  However, upon closer examination, it appears that certain domains 

may demonstrate persisting impairment, not captured by the overall effect size.  Of these, 

attention and information processing measures, in particular cognitively demanding tasks 

which rely upon frontally-mediated processing, may be sensitive indicators of the persistent 

neuropsychological dysfunction which can arise following mild TBI (Binder, Rohling, & 

Larrabee, 1997; Frencham, Fox, & Maybery, 2005; Vanderploeg, Curtiss, & Belanger, 

2005).  While these studies cannot rule out the contribution of non-organic factors to a 

failure to recover as expected after mild TBI, deficits in attention and information 

processing speed appear to constitute a core problem following mild TBI. 
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1.4 Factors Influencing Outcome Following Mild TBI 

The individuals who have suffered a mild TBI do not comprise a homogeneous 

population and variation in the course of recovery from mild TBI should naturally be 

expected.  Age appears to moderate the effects of mild TBI, as older people appear to be 

more severely affected than younger people (Binder, 1986; Dikmen, Machamer, & Temkin, 

2001; Dikmen, McLean, & Temkin, 1986; Gaetz & Weinberg, 2000; Gronwall, 1989; 

Wrightson & Gronwall, 1981).  Due to the progressive loss of brain tissue over time, older 

individuals can be expected to have less available reserve resources to cope with injury.   

The adverse effects of mild TBI have been demonstrated to multiply with repeated 

head injury (Bohnen, Jolles, & Twijnstra, 1992b; Gronwall & Wrightson, 1974; 

Hugenholtz, Stuss, Stetham, & Richard, 1988; Ponsford et al., 2000).  Damage to the 

central nervous system is typically irreversible and accordingly the effect of multiple head 

injuries is cumulative.  Individuals who have sustained a head injury are at greater risk of 

incurring a second injury (Annegers, Grabow, Kurland, & Laws, 1980; Gronwall & 

Wrightson, 1975).  An incidence rate three times higher than that of the general population 

was reported in individuals who had sustained prior head injury; the incidence rate was 

eight times higher than that of the general population after a second head injury.   

In addition, the type of injury may affect outcome.  Ommaya and Gennarelli (1974) 

have postulated the direction of the forces generated in the head during injury is an 

important factor in injury severity, with rotational forces believed to cause the most severe 

injuries.  More specifically, cognitive deficits are reportedly most likely when head injury 

is secondary to marked acceleration/deceleration and rotational forces, which are associated 

with diffuse white matter damage, and typically occur with motor vehicle accidents.  In 

contrast, head injuries suffered as a result of falls, assaults, and sporting injuries typically 

result in focal insults to the brain, and are less likely to produce cognitive impairment 
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(Packard, 1999; Ponsford et al., 2000; Roman, Edwall, Buchanan, & Patton, 1991; Ryan, 

O'Jile, Gouvier, Parks-Levy, & Betz, 1996).   

Several effects of alcohol on mild TBI outcome have also been identified.  Alcohol 

consumption frequently occurs in association with mild TBI and can artificially lower the 

GCS score, negatively skewing the classification of injury severity and outcome based 

predictions (Dikmen & Levin, 1993).  Alcohol can also affect recall of events around the 

time of injury, rendering self-report estimates of the duration of disrupted consciousness 

and amnesia unreliable and inaccurate (Paniak, MacDonald, Toller-Lobe, Durand, & Nagy, 

1998).  Finally, a history of alcohol abuse is associated with more persistent impairment 

after mild TBI (Gronwall, 1991).   

Demographics including psychosocial and occupational status can also moderate the 

effect of mild TBI, with a trend for those individuals experiencing a poorer outcome to be 

somewhat less educated and to have lower job skills (Dikmen, Temkin, & Armsden, 1989; 

Gronwall, 1989; Rimel, Giordani, Barth, Boll, & Jane, 1981).  While some studies have 

identified an association between female gender and poorer outcome (Bazarian et al., 1999; 

Bohnen et al., 1994; Ponsford et al., 2000; Sawchyn, Brulot, & Strauss, 2000), other studies 

report no relationship (Cassidy, Carroll, Coté, Holm, & Nygren, 2004; Karzmark, Hall, & 

Englander, 1995; Paniak, MacDonald, Toller-Lobe, Durand, & Nagy, 1998; Thornhill et 

al., 2000; Wenden, Crawford, Wade, King, & Moss, 1998).     

While Raskin and colleagues (1998) found personality variables from the Minnesota 

Multiphasic Personality Inventory did not correspond with measures related to outcome, 

Kay (1992) has suggested that individuals with premorbid personality styles characterized 

by overachievement, dependency, grandiosity, and borderline personality traits are at 

increased risk for poorer long-term outcome.   
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1.5 Neuropathology of Mild TBI 

Closed head injury is likely to produce disturbances of consciousness and diffuse 

cerebral damage (Richardson, 2000).  In most instances, damage is the result of 

acceleration or deceleration forces or direct impact.  Rotational forces generated from 

acceleration/deceleration may cause microscopic tearing and other changes to the brain and 

produce both focal and diffuse lesions that are relatively independent of the original site of 

impact (Povlishock, 1996). 

However, head injury particularly affects the frontal lobes of the brain (Bigler, 

2004; Gentry, Godersky, & Thompson, 1988; Gowda et al., 2006; Levin, Goldstein, 

Williams, & Eisenberg, 1987; Rieger & Gauggel, 2002; Robertson, Manly, Andrade, 

Baddeley, & Yiend, 1997; Scheid, Preul, Gruber, Wiggins, & von Cramon, 2003).  This 

area of the brain is uniquely vulnerable in closed head injuries because of the manner in 

which the frontal lobes rest against the rough, bony projections and irregularities of the 

sphenoidal ridge (Richardson, 2000; Spikman, van Zomeren, & Deelman, 1996).  

Following impact, substantial pressure gradients are temporarily set-up within the brain as a 

result of its motion relative to the skull.  This internal loading induces shearing forces and 

gives rise to contusions of the anterior and inferior surfaces of the frontal lobes 

(Richardson, 2000). 

The prominence of executive dysfunction after head injury is perhaps due to the 

high prevalence of damage to this particular area.  However, the correlation between frontal 

dysfunction and frontal lobe pathology after head injury may not always be due to only 

localized frontal lobe damage.  One of the most common neuropathologic effects of head 

injury is generalized cortical atrophy and ventricular enlargement (Jane, Stewart, & 

Gennarelli, 1985; Rieger & Gauggel, 2002; Robertson, Manly, Andrade, Baddeley, & 

Yiend, 1997).  Executive dysfunction after head injury may therefore indicate non-specific 
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degeneration of not only the frontal lobes but also pathways connecting the frontal lobes 

with other cortical and subcortical areas (Potter, Jory, Bassett, Barrett, & Mychalkiw, 

2002). 

Animal studies and investigations with models of the human brain suggest mild 

TBI, including acceleration/deceleration injury without specific impact to the head, may be 

sufficient to give rise to rotational forces within the skull sufficient to produce a spectrum 

of damage referred to as diffuse axonal injury (Bigler, 2004; Blumbergs et al., 1994, 1995; 

Elson & Ward, 1994; Gennarelli, 1996; Goodman, 1994; Hayes & Dixon, 1994; Holbourn, 

1943; Jane, Stewart, & Gennarelli, 1985; Jennet & Galbraith, 1983; Povlishock, 1993).  

The resultant organic damage can be extensive, encompassing multiple brain areas and 

multiple functional systems, disrupting cerebral blood flow, and producing persistent 

changes in physiological activity (Gaetz, 2004; Gaetz & Bernstein, 2001; Packard & Ham, 

1996; Richardson, 2000; Taylor, 1969).  The frequent absence of pathology on computed 

tomography scans has been argued to be due to the limited resolution of this neuroimaging 

technique (Bigler, 2003; Gaetz, Goodman, & Weinberg, 2000; Huisman, Sorensen, Hergan, 

Gonzalez, & Schaefer, 2003; McAllister, Sparling, Flashman, & Saykin, 2001).  

Hayes and colleagues (1984) identified the reticular nuclei and pontine cholinergic 

neurons in the brainstem as the primary site of diffuse axonal injury and dysfunction related 

to mild TBI.  Their conclusion was partially motivated by findings that even mild 

acceleration/deceleration forces could cause loss of consciousness (Ward, 1958).  In 

contrast, Ommaya and Gennarelli (1974) proposed that acceleration/deceleration forces 

operate in a centripetal sequence beginning at the surface of the brain.  As forces become 

more severe, increasing amounts of damage occur as progressively deeper structures are 

affected.  Therefore, only the most severe mechanical strains were thought to reach the 
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reticular system. Additional factors, independent of the severity of acceleration/deceleration 

forces, were also identified which render neurons more susceptible to diffuse injury.  In 

particular, axons can be more easily damaged at points where they change direction, or 

when a change in tissue density occurs, particularly at grey-white matter junctions 

(Povlishock, 1993).   

The Ommaya and Gennarelli (1974) model reconciled loss of consciousness 

associated with only mild acceleration/deceleration forces by postulating that while the 

reticular system is an important component in modulating consciousness, it is only one 

element in a broader system of arousal and attention.  Cortical and subcortical white matter 

areas project to the reticular system and loss of afferent activity resulting from damage to 

cortical areas could suppress brainstem reticular cells, thereby producing the loss of 

consciousness that frequently accompanies even mild TBI. 

Thus, functional disconnection is a critical component of even mild TBI.  Based on 

the degree of disconnection, a classification system was derived to grade cerebral injury 

(Ommaya & Gennarelli, 1974).  Grades I and II involve cortical-subcortical disconnection, 

grades II and III involve cortical-subcortical and diencephalic disconnection, and grades IV 

and V involve cortical-subcortical, diencephalic, and mesencephalic disconnection.   

Furthermore, Gennarelli (1996) has proposed four stages of diffuse axonal injury 

resulting from shearing and stretching acceleration/deceleration forces in mild TBI.  Stage I 

damage follows stress to the nodal region of the axon and causes transient ionic imbalances 

which prevent the generation or propagation of an action potential.  However, ionic balance 

is restored within minutes.  Stage II damage occurs with 5-10% axonal stretch and is 

characterized by more severe ionic imbalances.  These exaggerated imbalances impair 

axoplasmic flow and initiate minimal cell death.  Stage III damage produces irreversible 
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ionic imbalances and Ca2+ influx, following 15-20% strain.  Stage IV damage results from 

axonal strains of over 20% and is associated with axonal death.  

Whilst acceleration/deceleration and rotational forces produce sheer strains within 

the skull which cause diffuse stretching and shearing of axons and blood vessels, not all 

injury occurs at the time of trauma as a direct result of the physical forces applied to the 

brain.  Secondary injury is initiated at the time of trauma, but involves pathophysiologic 

processes which evolve over the hours and days following injury within axons often 

initially exhibiting no apparent abnormality (Christman, Grady, Walker, Holloway, & 

Povlishock, 1994; Grady et al., 1993).   

Using in vivo and in vitro methods, in conjunction with immunolabeling techniques, 

the time course and pathophysiology of secondary diffuse axonal injury has been 

documented.  Within 30 minutes of a mild TBI, scattered axons begin showing 

neurofilament disarray, misalignment of the axon, and slight swelling, sometimes 

accompanied by blebbing (multiple axonal swellings) and axolemma (plasma membrane) 

infolding (Pettus, Christman, Giebel, & Povlishock, 1994).  Although the axon cylinder and 

myelin sheath appear to remain intact, deformation of the axolemma produces pores large 

enough to allow for the diffusion of small molecular ions into the axon (Gennarelli, 1996).  

In particular, abnormal influx of Na+ causes a reversal of Na+- Ca2+ pumps, resulting in an 

influx of Ca2+ (Wolf, Stys, Lusardi, Meaney, & Smith, 2001).  This Ca2+ influx triggers a 

cascade of catabolic events and is considered the primary factor responsible for initiating 

reactive axonal swelling and secondary axotomy (Gaetz, 2004).   

At one to two hours post-injury multiple axonal injury profiles begin to present.  

While some axons continue to demonstrate focal swelling, others begin a process of 

disconnection (Povlishock, Becker, Cheng, & Vaughan, 1983).  These progressive changes 

continue over the ensuing 24 hours.  At this time, further heterogeneity is observed among 



 

 24

the population of reactive axons.  Axons can now be differentiated into those demonstrating 

regenerative or degenerative changes (Grady et al., 1993).  Axons engaged in degenerative 

changes demonstrate macrophage accumulation and active phagocytosis of the damage 

swellings, a process that continues for days to weeks, and often ends with absolute 

separation of proximal and distal axon segments.  In contrast, neurons actively regenerating 

display reactive growth cone sprouting (Povlishock & Becker, 1985).   

According to most diagnostic criteria, mild TBI should not feature any focal 

neurologic sequelae (Jennett & Teasdale, 1981; Katz & DeLuca, 1992; Kay et al., 1993).  

As such the mechanisms of mild TBI have traditionally not been expected to yield 

radiological signs of injury (Elson & Ward, 1994).  However, a growing number of studies 

have proposed that a failure to recover as expected following mild TBI may be a result of 

the biomechanics and pathophysiologic consequences of the trauma itself (Bigler, 2004; 

Bigler & Snyder, 1995; Elson & Ward, 1994; Goodman, 1994; Kant, Smith-Seemiller, 

Isaac, & Duffy, 1997; McAllister et al., 1999; Ruff et al., 1994).  Several studies have 

relied upon advanced neuroimaging techniques including functional magnetic resonance 

imaging, positron emission tomography, and single-photon emission computerized 

tomography to demonstrate that cognitive deficits after mild TBI are associated with the 

presence of subtle cortical abnormalities which are not readily detectable with standard 

computed tomography and magnetic resonance imaging assessment techniques (Alavi, 

Fazekas, & Alves, 1987; Gray, Inchise, Chung, Kirsh, & Franks, 1992; Gross, Kling, 

Henry, Herndon, & Lavretsky, 1996; Hofman et al., 2001; Humayun et al., 1989; Jacobs, 

Put, Ingels, Put, & Bossuyt, 1996; Jolles, Chapman, & Alavi, 1989; Langfitt et al., 1986; 

Mase et al., 2004; Newton et al., 1992; Umile, Sandel, Alavi, Terry, & Plotkin, 2002).   

Most recently, Mase and colleagues (2004) found that in individuals an average of 

30.2 months post-mild TBI the extent of cognitive dysfunction, as assessed using the 
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Wechsler Adult Intelligence Scale-Revised, correlated with decreases in the cerebral 

metabolic rate of oxygen measured using positron emission tomography and with the 

severity of diffuse neuronal injury and loss detected on magnetic resonance imaging.  

Umile and colleagues (2002) conducted positron emission tomography or single-photon 

emission computerized tomography  studies and comprehensive neuropsychological testing 

on a group of individuals who had sustained a mild TBI an average of one-and-a-half years 

previously.  Abnormalities on positron emission tomography or single-photon emission 

computerized tomography were detected in 90% of the sample, and there was a high 

correspondence between brain injury and impaired neuropsychological test performance.   

Hofman and colleagues (2001) observed that in a study of 21 consecutive patients 

presenting to an emergency department with uncomplicated mild TBI, 77% demonstrated 

posttraumatic lesions, located predominantly in the frontal and temporal lobes, on either 

magnetic resonance imaging or single-photon emission computerized tomography 

performed within five days of injury.  Although all scores on a battery of 

neuropsychological tests fell within the normal range, at two months post-injury the group 

with abnormal neuroimaging findings performed less well on cognitive testing than the 

group with normal findings.  At six months post-mild TBI the group with abnormal 

neuroimaging findings demonstrated mild brain atrophy on follow-up MRI testing and 

continued to perform less well on a reaction time task.   

In summary, there is now ample and convincing evidence that mild TBI is capable 

of producing diffuse brain injury, the effects of which may not be readily and completely 

reversible. Acceleration/deceleration and rotational forces, even in the absence of actual 

trauma to the head, are sufficient to generate inertia loadings within the skull.  These 

loadings induce diffuse stretching and tearing of axons, beginning at the surface of the 

brain and damaging progressively deeper structures as forces become more severe.  
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However, primary shearing is not the only cause of axonal injury.  Post-injury influx of 

calcium triggers a cascade of catabolic events responsible for initiating reactive axonal 

swelling and secondary axotomy.  The resultant organic damage can be extensive, 

encompassing multiple functional systems and manifesting in a variety of neurologic and 

neuropsychological impairments.  While routine computed tomography does not appear to 

have the resolution required to detect these subtle injuries, it appears that given sufficient 

shearing injuries, sustained alterations in behavioural and cognitive functioning can 

develop in individuals who have suffered a mild TBI. 

 

1.6 Discussion  

Mild TBI is the most prevalent forms of traumatic brain injury, and affects millions 

of people worldwide annually.  A mild TBI can be suffered quite easily, occurring in a fall, 

a motor vehicle accident, or a sporting injury.  Over the last three decades the annual 

incidence of hospitalizations for mild TBI has been estimated at somewhere from 100-300 

per 100,000; however many mild TBIs are not treated in hospitals and the estimated true 

incidence rate may be as high as 600 per 100,000.   

Despite the high incidence and prevalence rates, there remains uncertainty about the 

essential characteristics of mild TBI and assessment of injury severity is often the result of 

negative, rather than positive clinical findings.  The Glasgow Coma Scale, and length of 

posttraumatic amnesia and loss of consciousness are commonly utilized indices to 

determine severity of injury, however, there are doubts regarding the specificity of these 

measures in mild TBI and the concerns that estimates often rely on subjective report which 

can be unreliable and inaccurate.  Clearly, classification could benefit from more direct 

physiologic or behavioural correlates of head injury severity.   
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The effects of mild TBI can have a substantial impact on cognitive, social, 

emotional, and occupational functioning.  In general, individuals experience a decline in 

neuropsychological test performance and an increase in subjective symptoms in the acute 

stage of recovery from mild TBI.  Historically, the most widely reported sequelae of mild 

TBI have been the constellation of subjective symptoms referred to as the postconcussion 

syndrome.  Poor concentration, including taking longer to complete tasks, and 

distractibility, are the most commonly reported of all postconcussion symptoms (Binder, 

1986) and attention and concentration appear particularly susceptible to the effects of mild 

TBI.   This suspicion has been confirmed by numerous meta-analytic studies which have 

demonstrated that attention and information processing deficits are among the most 

prevalent cognitive sequelae of mild TBI (Belanger, Curtiss, Demery, Lebowitz, & 

Vanderploeg, 2005; Binder, Rohling, & Larrabee, 1997; Frencham, Fox, & Maybery, 2005; 

Schretlen & Shapiro, 2003; Zakzanis, Leach, & Kaplan, 1999).  However, the effect sizes 

compared with healthy controls typically recede to nonsignificance within three months of 

injury.  As most individuals appear to experience significant global improvement in the 

ensuing weeks and months after injury, mild TBI has generally been viewed as a transient 

state, associated with a good recovery.   

However, a significant minority experience a poor outcome and suffer from 

sustained cognitive and behavioural symptoms.  The issue as to why symptoms sometimes 

persist is controversial.  Historically, enduring cognitive and behavioural symptoms have 

been viewed as disproportionate to the severity of the injury sustained, and the origin and 

maintenance of these symptoms attributed to a combination of non-organic factors 

including pre-morbid personality traits, post-injury psychological reactions, and 

compensation claims.   
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However, a number of challenges to a psychogenic explanation for persistent 

cognitive and behavioural symptoms have emerged.  First, while emotional disturbance is 

associated with mild TBI, there is a paucity of direct empirical evidence demonstrating a 

moderating effect on cognitive or functional outcome.   Second, a reliance on traditional 

classification indices, neuroimaging techniques, and neuropsychological measures which 

were developed to detect focal brain damage may not be sufficient for detection of the 

subtle deficits associated with mild TBI and may have allowed for the severity of injury to 

go unappreciated.  Third, there is a growing body of literature detailing evidence of 

neuropathologic and neurophysiological alterations following mild TBI, including diffuse 

neuronal damage and loss, altered cerebral blood flow, elevated S-100B blood serum 

levels, and abnormal evoked potentials.   Fourth, these pathological and physiological 

consequences have been linked to cognitive and behavioural change following mild TBI.  

Taken as a whole, these findings support the argument for an organic basis for the cognitive 

and behavioural symptomatology following mild TBI and suggest that these impairments 

and the underlying organic dysfunction may not be readily reversible.   

Newer diagnostic markers such as S-100B, improving imaging technologies with 

higher degrees of resolution, such as single-photon emission computerized tomography, 

and functional techniques such as positron emission tomography, functional magnetic 

resonance imaging, and ERPs are beginning to be recognized for their utility as 

neurodiagnostic measures in mild TBI.  Even in individuals who appear to make a good 

recovery, investigation with instruments addressing the functioning of the brain may be 

appropriate as there is debate as to whether individuals who have sustained a mild TBI with 

normal scores on outcome measures have fully recovered.  Given the evidence suggesting 

mild TBI is capable of producing long-lasting neuronal damage, the so called “good 

recovery” in these individuals may actually represent compensatory behavioural adaptation 
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rather than a true return to pre-morbid levels of functioning (Bernstein, 1999; Dikmen & 

Machamer, 1995; Gronwall, 1991; Gronwall, 1977; Potter & Barrett, 1999; Potter, Bassett, 

Jory, & Barrett, 2001; Rugg et al., 1993; Schmitter-Edgecombe, 1996; Segalowitz, 

Bernstein, & Lawson, 2001; Stuss et al., 1989).   

In summary, mild TBI remains the most common and controversial category of 

traumatic brain injury.  Although symptoms typically resolve within a few months, 

underlying damage is typically irreversible and persistent cognitive deficits may therefore 

emerge when the individual is subjected to sufficiently sensitive measures. 
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Chapter 2 - Attention 
 

The term attention is often used as if its definition were self-evident (James, 1890; 

Kinchla, 1980).  However, attention is a broadly defined psychological construct and there 

is no one single accepted definition of, or method of measuring, attention. It has been 

regarded as a filtering process (Broadbent, 1958), as a spotlight to enhance perception (van 

Zomeren & Brouwer, 1994), as a mechanism responsible for the selection of action 

(Schneider & Shiffrin, 1977), and as a process which allocates the application of mental 

effort (Baddeley, 1993).   

Attention has been linked with several different cognitive processes including 

focusing, vigilance, shifting, distractibility, modulating arousal, speed of information 

processing, and mnestic processes such as rehearsal and retrieval (Mirsky, Anthony, 

Duncan, Ahearn, & Sheppard, 1991).  However, one consistent feature of attention research 

appears to be a focus on the selectivity of information processing (Kinchla, 1980).  

Attention is commonly held to play the integral role in determining what stimuli (either 

external or internal) an individual will actively process, evaluate, and respond to, and which 

stimuli an individual will ignore.   

 

2.1 General theories of attention 

Not surprisingly, several models of attention have been proposed.  In each model 

attention is not viewed as a unitary aspect of cognition, but rather comprises a variety of 

interacting processes that can be measured separately.  However, which component 

processes to be included, and how those components are inter-related, has generated much 

controversy in the development of a comprehensive theory of attention.   
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Broadbent first operationalized attentional processes in terms of stages within a 

sequence of independent information processing events, and proposed that attention acts as 

a filter, selecting specific stimuli or events to the exclusion of others (Broadbent, 1958).  

Attentional selectivity was proposed to operate at the perceptual stage of information 

processing, acting to limit the amount of sensory input to the system.  Target stimuli were 

therefore proposed to be processed in full while non-target stimuli were fully suppressed.   

Early-selection theory was soon challenged by findings suggesting that concurrent 

target and non-target information was available for further processing (Moray, 1959).  To 

account for such findings a late-selection attention mechanism was proposed to be 

responsible for the preferential selection of target over non-target stimuli (Deutsch & 

Deutsch, 1963; Treisman, 1969).  Non-target information was held to be merely attenuated, 

rather than absolutely filtered, and thus still available for further processing. 

In contrast to these selection theories, Schneider and Shiffrin (1977) introduced a 

dual-process theory of information processing, in which selective attention was not located 

at a fixed stage, but rather that a higher-order attention director could select information 

from any sensory channel at any given stage between stimulus and response.  However, the 

model maintained the need for attentional selectivity on the basis of the limited capacity of 

central stages of information processing.  The first process, termed automatic processing, 

was held to play the paramount role in information processing, and was utilized in the 

performance of routine tasks.  Alternatively, information in novel or complex tasks was 

processed using a second mechanism, controlled processing.   

 Automatic processing was described as an effortless, parallel, fast process which 

directed behaviour which occurred without intention, without conscious awareness, and 

without interfering with ongoing activities.  The automatic processing of information 

therefore did not require the conscious allocation of attention or limited capacity resources.  
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Automaticity may have been inborn for the processing of basic perceptual features of 

stimuli (e.g. Hubel & Wiesel, 1979) but relied on the retrieval of stored instances, which 

were generated after practice in a consistent environment, for the remainder.  Practice was 

vital because it increased the amount of information retrieved and the speed of information 

retrieval.  Consistency was vital because it ensured that the retrieved information would be 

useful.  As automatic processing did not place a demand upon resources and was not 

sensitive to a task’s difficulty, it therefore permitted the simultaneous performance of a 

second task.   

Controlled processing is an effortful, serial, slow process that differed 

fundamentally from automatic processing as it required the conscious application of 

attentional resources.  Processing was considered controlled if it relied on acquiring new 

and complex information, which included processes such as memory search, learning, and 

decision making which were under the subject’s direct and active control.  Performance on 

tasks requiring controlled processing of information was affected by the specific demands 

of the task and dependent on the allocation of processing resources.   

The dual-process perspective suggested performance in a given task could be very 

different depending on whether a preponderance of controlled or automatic processing was 

involved (Kahneman & Treisman, 1984).  Although Schneider and Shiffrin (1977) stressed 

the paramount role of automatic processing in the performance of routine procedures, the 

demands of complex tasks were likely to consist of both automatic and controlled 

processing components (Cohen, 1993; Kahneman & Treisman, 1984).  For example, upon a 

novel task stimulus encoding may proceed automatically, while the response must be 

performed according to a nonroutine set of rules and therefore requires controlled 

processing (Spikman, Henk, Deelman, & van Zomeren, 2001).  The interaction of 

automatic and controlled processing therefore allows a limited capacity processing system 
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to accomplish very complex tasks (Kahneman & Treisman, 1984).    

Based on this dual-process model, Shiffrin and Schneider (Schneider & Shiffrin, 

1977; Shiffrin & Schneider, 1977) differentiated between two kinds of failures in attention: 

focused attention deficits and divided attention deficits.  Focused attention deficits could be 

described as attention controlled by enduring dispositions and occurred when ongoing 

controlled processing was interrupted by an inappropriate automatic response tendency.  In 

contrast, divided attention deficits occurred when the limited capacity of the controlled 

processing system was overwhelmed by the volume of stimuli and relevant signals were 

missed. 

Controlled and automatic processing were not viewed as solitary concepts, rather 

they represented the extremes of a single continuum (Cohen, 1993; Schneider & Shiffrin, 

1977).  As such, training could facilitate a transition from controlled to automatic 

processing.  Specifically, when task performance could be reduced to an invariant stimulus-

response relationship and the individual had sufficient opportunity to learn, automization of 

the controlled processing components of the task could occur (Schneider & Shiffrin, 1977).   

In summary, Schneider and Shiffrin (1977) proposed that at any stage from stimulus 

to response, when the higher order attention director allocated a representation controlled 

processing, it was attended.  For tasks that were overlearned or well-trained, processing 

could become automatic.   

However, Schneider and Shiffrin’s (1977) model did not include a discussion of the 

higher order attention director, or how it operated.  It was the development of the concepts 

of contention scheduling and supervisory attentional control (Shallice, 1982), later revised 

and renamed the supervisory attentional system (Norman & Shallice, 1986; Shallice & 

Burgess, 1993) which provide an explanation of the higher order aspects of attention, such 

as planning and regulation of goal-directed activity, underlying successful allocation of 
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limited controlled processing resources.  

Norman and Shallice (1986) proposed that a variety of attentional processes are 

utilized in action and thought processes and suggested that the control of their on-line 

operation involved two qualitatively different mechanisms.  At the lowest level, attentional 

control was held to utilize basic program-like units, or schemas, one for each distinct well 

learned action or cognitive operation.  Selection of the appropriate schema for a given 

situation, and the subsequent inhibition of alternative schema, was the role of contention 

scheduling.  Contention scheduling was an automatic selection process, acquired through 

experience, which biased the excitability of multiple alternative schemas competing for 

selection.  Contention scheduling was ideally suited for regulating routine behaviour in 

familiar circumstances.   

While the mechanism of contention scheduling was held to be involved in routine 

processing via selection between competing schema, coping with novel situations involved 

the operation of the higher-order supervisory attentional system.  This mechanism was 

proposed to modulate operation of contention scheduling, however, rather than selecting a 

learned associative relationship from long-term memory, the supervisory attentional system 

biased schema activation on the basis of task-specific strategies active in working memory.  

In their specification of the model, Norman and Shallice (1986) proposed the supervisory 

attentional system was necessary in two situations: a situation where an incorrect response 

had been or was liable to be generated by contention scheduling operating alone; and, in a 

situation where no well-learned course of action was available to contention scheduling to 

produce an appropriate response. 

In summary, the models of information processing provided by Schneider and 

Shiffrin (1977) and Shallice (1982) postulate that selectivity in information processing 

begins with automatic contention scheduling processes drawing upon stored associative 
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connections.  However, in novel, or poorly learned situations, controlled processing is 

utilized to direct top-down modulation of schemas.  Selectivity in these situations is guided 

by the supervisory attention system, which maintains a representation of goal directed 

behaviour. 

Both models incorporated features related to Baddeley and Hitch’s (1974) concept 

of working memory.  This model identified working memory as the process for holding 

information on-line during the performance of cognitive functions.  The model had three 

major components: a system responsible for temporarily storing verbal information; a 

system for non-verbal information storage; and, a central executive system.   

The central executive system regulated the distribution of limited attentional 

resources, and was more or less analogous to the supervisory attentional system (Baddeley, 

1986; Shallice & Burgess, 1993; van Zomeren & Brouwer, 1994).  In fact several authors 

have argued they form a unitary executive attention mechanism (Baddeley, 1993; Engle, 

2002; Kane & Engle, 2003).  The central executive system also coordinates information 

processing and controls cognitive functioning when complex or novel tasks are performed.  

During the performance of such tasks the central executive system is responsible for 

allocating attentional resources such that working memory can hold onto multiple pieces of 

information at once.  In other words, the relationship between working memory and 

attention can be explained by stating we attend with our working memory (Baddeley, 1986, 

1993). 

Incorporating these information processing models with behavioural observations 

and theoretical considerations, van Zomeren (van Zomeren & Brouwer, 1994; van 

Zomeren, Brouwer, & Deelman, 1984) has proposed that attention consist of at least three 

aspects: selectivity, composed of focused and divided attention; intensity, composed of 

alertness and sustained attention; and, supervisory attentional control. 
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Focused attention refers to selectivity in perceiving and responding while still 

maintaining goal-directed behaviour, usually in the presence of distraction.  Divided 

attention refers to attending simultaneously to multiple channels of information.  The 

ability to divide attention is determined by attentional resource capacity, the type of tasks to 

be performed, and attentional allocation strategies. 

Alertness refers to the general state of receptivity of the central nervous system to 

stimulation.  Unexpected events heighten arousal and can lead to phasic changes in 

alertness, while tonic changes are generally biologically based and observed in such 

phenomenon as the diurnal rhythm and post-lunch dip. Sustained attention is not a separate 

concept.  Rather, it refers to the ability to maintain focused or divided attention over an 

extended period of time for the processing of stimuli whose non-arousing qualities would 

otherwise lead to habituation and distraction to other stimuli. 

Supervisory attentional control is a higher level control mechanism of attention that 

modulates the aspects of focused, divided, and sustained attention.  Supervisory attentional 

control is analogous to the term first conceptualized by Shallice (Shallice, 1982) and is 

responsible for the planning, programming, regulation, and verification of an individual’s 

goal directed behaviour.  It is the mechanism which modulates the selectivity and intensity 

of an individual’s attention and the flexibility to switch between goal directed behaviours 

(Shallice, 1982).  Supervisory attentional control does not therefore appear to be a unitary 

construct, as it involves different components of planning, inhibition, coordination, and 

flexibility (Spikman, van Zomeren, & Deelman, 1996).   

Alternatively, Sohlberg and Mateer (Sohlberg & Mateer, 1987; Sohlberg & Mateer, 

1989) have proposed attention can be separated into two major areas: deployment and 

encoding.  Deployment refers to channelling and focusing attentional resources and 
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includes focused and sustained attention, and arousal.  Encoding refers to the process of 

holding and manipulating information in mind.   

 The model is further organized hierarchically, with each level reflecting an increase 

in complexity and requiring intact functioning of the previous level.  The first level is 

composed of focused attention, defined as the ability to respond discretely to specific 

stimuli.  Sustained attention composes the second level, and is the ability to maintain 

consistent behaviour.  The third level is selective attention, the ability to maintain a 

behavioural or cognitive set in the presence of distracting or competing stimuli.  Alternating 

attention makes up the fourth level, and refers to the ability to purposefully shift the focus 

of attention.  The fifth level is made up of divided attention, the ability to respond 

simultaneously to multiple demands. 

 Although both the van Zomeren (van Zomeren & Brouwer, 1994; van Zomeren, 

Brouwer, & Deelman, 1984) and Sohlberg and Mateer (Sohlberg & Mateer, 1987; Sohlberg 

& Mateer, 1989) models have face validity (Schmidt, Trueblood, Merwin, & Durham, 

1994) and have been successfully applied in cognitive remediation programs (Sohlberg & 

Mateer, 1987; Sohlberg & Mateer, 1989) they provide no direct evidence to support the 

proposed categories.  Other researchers have adopted a more empirical approach in 

formulating their model of attention.  Based on a principal components analysis of 12 

measures of attention, Mirsky (1991) provided a four factor theoretical model of attention, 

composed of: (1) efficiently focusing attention and executing a response; (2) sustaining 

attention over an extended time period; (3) shifting attention in an adaptive manner; and, 

(4) numerical encoding, involving the registration, recall, and manipulation of numeric 

information.  Anatomical correlates of the four factors were also provided.  However, 

concerns have been raised as the model appears derived from results which violate several 
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statistical assumptions underlying factor analysis (Schmidt, Trueblood, Merwin, & 

Durham, 1994). 

  Shum (Shum, McFarland, & Bain, 1990) found a principal components analysis of 

eight measures of attention administered to normal and head-injured subjects yielded a 

three factor solution.  The model contained a factor related to visual-motor scanning, a 

sustained selective attention factor, and an attention span factor.  Visual-motor scanning 

referred to the process of complex scanning and tracking for particular stimulus features.  

Selection and manipulation of particular stimulus and response features, while ignoring 

others, defined the sustained selective attention factor.   The attention span factor was 

defined by the ability to retain and reproduce key stimulus features.  These factors have 

been partially replicated by Schmidt and colleagues (Schmidt, Trueblood, Merwin, & 

Durham, 1994), who nevertheless contend the results are difficult to reconcile with 

accepted cognitive models of attention.   

Schmidt and colleagues (Schmidt, Trueblood, Merwin, & Durham, 1994) conducted 

a second factor analysis of 13 measures of attention in a sample of individuals referred for 

neuropsychological assessment.  The results did not support the conceptual organization of 

attention into separate components, but rather loaded onto a single, ambiguous factor.   

Finally, upon factor analysing the construct validity of seven common tests of 

attention, Spikman, Henk, Deelman, and van Zomeren (2001) found tasks did not tend to 

cluster according to the traditional components of focused attention, divided attention, and 

supervisory attentional control. Results were also not in accord with previous factor 

analytic studies.  Rather, only two components were demonstrated, which the researchers 

interpreted as analogous to the dual process theory of information processing (Cohen, 1993; 

Norman & Shallice, 1986; Schneider & Shiffrin, 1977). 

The first component was defined by tasks in which there was a variable and 
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ambiguous relationship between the stimulus and the required response (Spikman, Henk, 

Deelman, & van Zomeren, 2001).  These tasks did not offer much structure and therefore 

required the conscious allocation of attentional resources to integrate novel mental 

principals into new response strategies. The main characteristic of this component was 

attentional control.   

The second component was defined by tasks in which the relationship between the 

stimulus and response was invariable.  The high degree of structure in these tasks allowed 

learning to proceed quickly and responses to be generated automatically.  The main 

characteristic of this component was speed of reaction (Spikman, Henk, Deelman, & van 

Zomeren, 2001).   

In summary the van Zomeren, Sohlberg and Mateer, and Mirsky models have 

several features in common.  Each model views attention as multidimensional, rather than 

as a unitary function.  The models recognize a focused attention component responsible for 

selectivity, a divided attention component involved in shifting attention, and a sustained 

attention component responsible for vigilance over time.  The models also contain a 

component similar to working memory, involved in the on-line manipulation of information 

held in mind.   

However, other models have struggled to find evidence of distinct components of 

attention (Schmidt, Trueblood, Merwin, & Durham, 1994) or failed to identify factors 

corresponding to the traditional components of focused, divided, or supervisory attention 

(Spikman, Henk, Deelman, & van Zomeren, 2001).  Additional factor analysis studies by 

Stankov (1983; , 1988) and De Jong (1991) have also not been supportive of separate 

factors of divided, focused, and sustained attention.  Where scores on different tests of 

attention were highly correlated, it was most often based on task similarities such as 

stimulus modality and skill areas, and not related to the attentional requirements. 
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As such Spikman and colleagues (Spikman, Henk, Deelman, & van Zomeren, 2001) 

argue the traditional constructs of attention exist only in “a phenomenological context” and 

cannot be identified in clinical or research practice.  They share the emerging view that 

attentional performance should rather be discussed in terms of speed and control 

(Birnboim, 2003; Cicerone, 1996; Mateer, 2000; Spikman, Henk, Deelman, & van 

Zomeren, 2001), constructs seemingly analogous with Schneider and Shiffrin’s (Schneider 

& Shiffrin, 1977) theory of controlled and automatic processing. 

In conclusion, the intuitive appeal of theoretical constructs such as focused, divided, 

and sustained attention have seemingly propagated their use in a framework for the 

examination of attentional processes, despite the failure of empirically based studies to 

identify these concepts as valid and reliable components of attention.  While 

methodological differences in participant and test selection, and the fact that most tests of 

attention were not developed with reference to any particular model of attention or 

component of such a model, are likely to contribute to the heterogeneous results of factor 

analytic studies, the data do suggest that these traditional components may not be 

representative of key attentional processes. On the other hand, the concepts of speed of 

information processing and supervisory attentional control, while empirically validated, are 

still very broad categories which require further elaboration before they can provide a 

meaningful account of attentional functioning.   

 

2.2 Capacity and resource theories of attention 

Capacity theories of attention are based on the assumption that information 

processing requires dedicated cognitive structures.  Functional cerebral space is therefore a 

limiting factor, in that the neural mechanisms required to carry out a cognitive process are 

finite in nature.   
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 Attentional capacity is also constrained by the allocation of information processing 

resources (Schmitter-Edgecombe, 1996).  Processing resources, or mental effort, are 

limited, but may vary somewhat with an individual’s level of arousal (Kahneman, 1973).  

Because attentional processing resources are limited, the number of cognitive operations an 

individual can perform at any one time is likewise limited.  The phenomenon of attentional 

selectivity arises precisely because of the limited availability of processing resources (van 

Zomeren & Brouwer, 1994).   

 However, some concurrent cognitive operations can be performed more efficiently 

than others, depending upon the demands each operation places on the limited supply of 

information processing resources.  As discussed earlier, automatic processes can be 

performed without the conscious allocation of attentional resources.  Information is 

generally processed automatically up to the highest level possible, without placing much 

demand on an individual’s attentional resources (Shiffrin & Schneider, 1977).  However, 

when a cognitive operation demands active attention and conscious awareness, as is typical 

in novel situations, controlled processing is activated.  Because controlled processing 

places demands upon a capacity-limited processing resource, the individual will experience 

a reduction in processing efficiency when simultaneously carrying out multiple attention-

demanding operations.  In contrast, automatic processing allows for the concurrent 

performance of multiple tasks without the associated decrement in processing efficiency; 

however, it is also possible for some effortful cognitive operations to become automatized 

with experience or extensive practice (Schneider & Shiffrin, 1977; Shiffrin & Schneider, 

1977). 

Processing speed and memory are not considered aspects of attention, but they 

either directly or indirectly affect attentional performance and capacity (Cohen, 1993).  

Boundaries on attention are created by the time required to perform a particular cognitive 
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event, however, an individual cannot usually control the rate at which information is 

presented in the environment.  The speed at which such operations can be performed in the 

brain is therefore a rate-limiting factor on attentional performance.  Processing speed is 

especially critical on tasks that require the manipulation of information within working 

memory.  If new information is presented before the contents of working memory have 

been encoded in long-term memory, capacity will be exceeded and either the new or the old 

information will be lost.  As such, the time required to execute a controlled process can 

therefore provide a direct estimate of an individual’s attentional capacity.   

Likewise, the characteristics of memory encoding, storage, and retrieval have great 

bearing on attention.  As discussed above, the short-term storage of information in working 

memory interacts with attention by establishing parameters for the flow of information 

through the system.  Aspects of attention determine how much information can be handled 

at a given stage of processing as well as how long information can be held before it must be 

either encoded in a more durable form or further processed in an active manner (Cohen, 

1993).  Long-term storages may interact with incoming perceptual information to produce 

automatic attentional selections.  Long-term memory may also facilitate the production of 

an executive program, which can direct attention in a more efficient manner (Cohen, 1993). 

 

2.3 Neuroanatomy of attention 

There is general agreement that attention is comprised of multiple components, 

subserved by different regions of the brain (Mirsky, Anthony, Duncan, Ahearn, & 

Sheppard, 1991; Posner & Petersen, 1990; Shum, McFarland, Bain, & Humphreys, 1990; 

Sohlberg & Mateer, 1989; van Zomeren & Brouwer, 1994). Lesion studies in animal 

models, investigations into the effect of head injury in human subjects, and functional 

neuroimaging studies all suggest the neural basis for attention should be viewed in terms of 
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the coordinated operation of local neural networks associated with specific functions.   

Computational modelling of neural networks has routinely demonstrated that serial 

processing of information through a hierarchy of cognitive components cannot sustain the 

plethora of rapid computations required for successful task performance.  Rather, a parallel, 

distributed computational strategy capable of simultaneously executing multiple operations 

is necessary (McClelland, Rumelhart, & Hinton, 1986). 

 Parallel, distributed processing networks vary in magnitude, from local networks 

subserving individual cognitive functions, to large-scale neural networks which underlie 

complex behavioural domains.  In his review, Mesulam (1990) proposed such a large-scale 

network for attention, composed of widely separated, but interconnected local networks. 

Based on studies of attentional neglect in both humans and monkeys, Mesulam 

(1990) identified several key anatomical substrates, comprising three local cortical 

networks: the posterior parietal cortex; the dorsolateral premotor-prefrontal cortex; and, the 

cingulate gyrus.  Lesions within any one of these networks or the pathways interconnecting 

them could result in hemi-spatial neglect.   

Mesulam (1990) postulated that the posterior parietal network provided a sensory 

representation of external space, the frontal network directed orienting and exploratory 

movements, and the cingulate network assigned priority values to locations in external 

space.  Additional subcortical regions were hypothesized to be involved in modifying the 

activation levels of the three local cortical networks. 

 These anatomical substrates and their precise role in attentional processes have been 

revised in subsequent investigations of the neuroanatomical basis of attentional functioning.  

However, Mesulam’s (1990) hypothesis that the functioning of a complex cognitive domain 

such as attention is supported by parallel, distributed processing operating within a 

collection of interconnected local networks has formed the basis of subsequent models.  To 
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date, the most widely accepted general neurocognitive model of attention is provided by 

Posner and Petersen (1990). 

As we search for objects in space, our focus of attention must disengage from the 

current object, move to a new object, and engage it.  Concurrently, a separate system must 

inhibit or filter out irrelevant information as the focus of attention shifts from one location 

to another.  A posterior attentional network, comprised of the posterior parietal lobes, 

lateral pulvinar nucleus of the thalamus, and the superior colliculi has been implicated in 

this process of orienting to sensory stimuli in space (Posner & Petersen, 1990).  

Specifically, the posterior parietal lobe is thought to disengage the attentional focus, the 

superior colliculus has been proposed to shift attention from one location in space to 

another, and the pulvinar has been suggested to re-engage attention to a stimulus, whilst 

filtering out irrelevant sensory input.   

Lesions studies have suggested hemispheric specializations in shifting attention, 

such that the right hemisphere is biased toward processing global aspects and the left 

hemisphere toward local processing (Robertson & Delis, 1986; Robertson, Lamb, & 

Knight, 1998; Sergent, 1982).  To this end, Posner and Raichle (1994) revised the model of 

the posterior attentional network to include two attentional spotlights, a metaphor first put 

forward by Treisman (1982).  The first spotlight illuminates a portion of the visual field for 

higher processing, and the second selects specific features for analysis.  Stimuli which lie 

outside the spotlights are filtered out. 

In addition to the posterior spotlights, Posner and Peterson (1990) suggested an 

anterior attentional system, located in the frontal lobes.  This controlled search system is 

closely related to the short-term memory functions of the frontal lobe, and is responsible for 

the moment to moment selection of mental operations, inhibiting responses to irrelevant 

stimuli, and coordinating the functions of the posterior systems.  As such, this supervisory 
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attentional system is responsible for regulating and inter-relating the content of incoming 

perceptual stimuli and ongoing mental operations. The anterior cingulate gyrus, dorsolateral 

prefrontal cortex, and supplementary motor area have been implicated in the anterior 

attention network. 

Posner and Peterson’s (1990) model also contained a vigilance network comprised 

of norepinephrine circuits from the locus coeruleus and brainstem reticular formations to 

connections in the right hemisphere of the cortex, particularly areas related to the posterior 

attentional system.  The vigilance network is involved in preparing and sustaining alertness 

for processing high priority signals. 

 

2.4 Attentional Deficits Following Mild TBI 

One of the most common neuropsychological impairments after mild traumatic 

brain injury (TBI) involves alterations in attention and information processing (Belanger, 

Curtiss, Demery, Lebowitz, & Vanderploeg, 2005; Binder, Rohling, & Larrabee, 1997; 

Cicerone, 1996; Frencham, Fox, & Maybery, 2005; Gronwall, 1991; Schretlen & Shapiro, 

2003; Zakzanis, Leach, & Kaplan, 1999).  After mild TBI, individuals frequently report 

symptoms of slowed thinking, poor concentration, distractibility, and difficulty attending to 

more than one task at a time (Binder, 1986; Cicerone, 1996).   

As discussed earlier, attention is conceptualized as being composed of independent 

cognitive elements whose neuroanatomical bases are distributed throughout multiple local 

neural networks.  Whilst individual structural components comprise these networks, 

specific attentional processes do not appear to be supported by any single local network 

operating in isolation.  Rather, successful behavioural performance requires coordination of 

these local operations into a unified system. Selective deficits in attention and information 

processing following mild TBI are therefore consistent with what would be expected to 
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occur as a result of disruption of diffuse white matter tracts interconnecting widespread 

cortical and subcortical regions (Gentilini, Nichelli, & Schoenhuber, 1989; Mathias, Beall, 

& Bigler, 2004; Stuss, Stethem, Picton, Leech, & Pelchat, 1989).   

The effects of mild TBI have traditionally been viewed as rapidly resolving.  In 

support of such a view, deficits in attentional functioning have been reported to resolve 

within the first three months of injury (Dikmen, McLean, & Temkin, 1986; Gentilini, 

Nichelli, & Schoenhuber, 1989; Gronwall & Wrightson, 1974; Levin, Gary et al., 1987).  

The results of these early studies have gained widespread acceptance and individuals 

reporting chronic deficits, in attention or otherwise, following mild TBI have typically been 

regarded as neurotics and malingerers (Gronwall, 1989).  However, there is a growing body 

of evidence to suggest that attentional impairment may persist well beyond three months 

(Bigler & Snyder, 1995; Bohnen, Jolles, & Twijnstra, 1992b; Cicerone, 1996; Leininger, 

Gramling, Farrel, Kreutzer, & Peck, 1990; Sherman, Strauss, & Spellacy, 1997; Stablum, 

Mogentale, & Umiltà, 1996).  The cause of persistent attentional deficits, and whether or 

not they are able to explain chronic disability remains contentious (Dikmen, Machamer, & 

Temkin, 2001). 

Current neuropsychological models reflect the view that attention can be subdivided 

into dissociable processes, and measured separately with neuropsychological tasks. This 

multifactorial view of attention has subsequently been used as a framework for the study of 

attentional disorders following mild TBI.  However, a test never taps one but always a 

whole range of cognitive functions.  Every attentional test requires a certain extent of 

focusing attention to a stimulus, dividing attention between different channels of 

information, sustaining attention over a period of time, and supervising control of attention 

to the test rules and demands (Spikman, Henk, Deelman, & van Zomeren, 2001).  Because 

of the multifaceted nature of the attentional network, the precise impact of injury on 
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impairments in attention and information processing has proven difficult to define and 

measure.   

Assessment of attention is most frequently carried out using reaction time tests 

(Cossa & Fabiani, 1999).  The selection of reaction time tests is based on the assumption 

that because these tests have to be carried out as quickly as possible and involve time 

pressure, attention must operate selectively.  However, as postulated in Schneider and 

Shiffrin’s (1977) dual-process theory of information processing, automatic processing 

proceeds rapidly and effortlessly as it does not place any demands on the individual’s 

limited capacity of processing resources.  Controlled processing, in contrast, is a slow, 

effortful process.  When information is presented more rapidly than controlled processing 

can accommodate, divided attention deficits will occur as the demands of the task exceed 

the individual’s processing capacity.  Time is therefore a limiting factor only in the 

examination of controlled information processing capacity.  Extending this concept, 

Salthouse (1988) has proposed that the time required to execute a controlled process gives a 

direct estimate of an individual’s attentional capacity.  However, when applied as a 

neuropsychological measure of attentional functioning after head injury, the validity of this 

estimate relies upon the assumption that the cognitive abilities are intact, whereas it is the 

efficiency or speed of information processing which is impaired (Stablum, Mogentale, & 

Umiltà, 1996).  A second criticism of reaction time tests is that reaction time is determined 

by several factors, and these tests often do not allow for a distinction between attentional, 

perceptual, cognitive, motor, and response components.  Measures of a physiological 

nature, which can provide an index of processing resources independent of task 

performance, may provide a purer and more accurate measure of attentional capacity and 

information processing resources. 
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As predicted by Schneider and Shiffrin’s (1977) dual-processes model, simple 

reaction time tests routinely fail to differentiate individuals with mild TBI from healthy 

controls (Gronwall & Sampson, 1974; Hugenholtz, Stuss, Stetham, & Richard, 1988; Levin 

& Grossman, 1978; Stuss et al., 1989; Stuss, Stethem, Picton, Leech, & Pelchat, 1989).  

However, slowed responding on complex choice reaction time tasks is one of the most 

frequently reported findings in individuals who have sustained a mild TBI (Arcia & 

Gualtieri, 1994; Comerford, Geffen, May, Medland, & Geffen, 2002; Gronwall & 

Wrightson, 1974; Hinton-Bayre, Geffen, & McFarland, 1997; Leininger, Gramling, Farrel, 

Kreutzer, & Peck, 1990; Levin, Gary et al., 1987; Mathias, Beall, & Bigler, 2004; Spikman, 

van Zomeren, & Deelman, 1996; van Zomeren & Brouwer, 1994) and a generalized 

reduction in speed of information processing, rather than a component specific deficit in 

attention, has been argued to provide a satisfactory explanation for the performance deficits 

observed after injury upon tests of attention.   

In contrast, over a series of studies Stuss and colleagues (Stuss et al., 1989; Stuss, 

Stethem, Hugenholtz, & Richard, 1989; Stuss, Stethem, & Pelchat, 1988; Stuss, Stethem, 

Picton, Leech, & Pelchat, 1989; Stuss, Stethem, & Poirier, 1987) investigated the effects of 

mild TBI on choice reaction time task performance and found: (1) the performance over a 

longer period of time was worse in mild TBI patients than controls (sustained attention 

deficit); (2) mild TBI patients demonstrated an inability to process multiple bits of 

information rapidly and easily (divided attention deficit); and (3) mild TBI patients were 

unable to suppress an automatic response (focused attention deficit).  The researchers 

concluded that the attentional deficits in mild TBI patients seemed to be due to the sum of 

impairments in several qualitative aspects of attention. 

Further attempts to identify specific components of attention which are impaired in 

individuals with mild TBI have produced inconsistent results.  Simple vigilance tasks have 
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failed to discriminate mild TBI subjects from healthy controls (Gentilini, Nichelli, & 

Schoenhuber, 1989; Parasuramen, Mutter, & Molloy, 1991).  However, upon more 

complex and demanding tasks which require the sustained allocation of controlled 

information processing resources, deficits in sustained attention have been reported (Chan, 

2005; Dikmen, McLean, & Temkin, 1986; Mathias, Beall, & Bigler, 2004; Parasuramen, 

Mutter, & Molloy, 1991; Stuss et al., 1989).  It appears that following mild TBI, sustained 

demands upon higher order control systems cannot be maintained and performance often 

deteriorates within any given period of time (Parasuramen, Mutter, & Molloy, 1991; Stuss 

et al., 1989; Stuss, Stethem, Picton, Leech, & Pelchat, 1989). 

Following mild TBI, the ability to focus attention appears to remain intact and head 

injured subjects do not appear to be more susceptible to interference than healthy controls 

(Bohnen, Jolles, & Twijnstra, 1992a; Gronwall & Wrightson, 1974; McLean, Temkin, 

Dikmen, & Wyler, 1983; Miller & Cruzat, 1980; Stablum, Mogentale, & Umiltà, 1996; van 

Zomeren & Brouwer, 1994; van Zomeren, Brouwer, & Deelman, 1984).   Where poor 

performance has been reported on tasks of focused attention, the effect has been small 

(Stuss et al., 1989) and perhaps better explained by a general reduction in information 

processing speed (Gentilini, Nichelli, & Schoenhuber, 1989; Mathias, Beall, & Bigler, 

2004). 

The complex demands of dual-task paradigms have been successful in eliciting 

impaired performances following mild TBI (Bohnen, Jolles, & Twijnstra, 1992b; Cicerone, 

1996; Stablum, Mogentale, & Umiltà, 1996; Stuss et al., 1989; Stuss, Stethem, Hugenholtz, 

& Richard, 1989).  Performance deficits are characterized by an inability to efficiently 

coordinate and control the processing of multiple streams of information (Stablum, 

Mogentale, & Umiltà, 1996; Stuss et al., 1989).  However the results with regard to this 

specific component of attention are not entirely consistent as studies by Gentilini and 
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colleagues (1989) and Mathias and colleagues  (2004) both report intact divided attention 

skills following mild TBI.   

The most consistent findings have come from studies investigating the integrity of 

executive attentional control processes following injury.  Complex choice reaction time 

tasks which cannot be performed through the routine execution of overlearned schema have 

regularly revealed performance deficits (Hugenholtz, Stuss, Stetham, & Richard, 1988; 

Stuss et al., 1989).  Specifically, the amount of structure and degree of uncertainty a task 

affords can have a significant impact upon a mild TBI patient’s ability to perform that task.  

The degree of impairment in attention in individuals with mild TBI may therefore depend 

upon the degree to which the task being performed involves controlled processing 

(Cicerone, 1996; Stuss, Stethem, Picton, Leech, & Pelchat, 1989).  As predicted, the Paced 

Auditory Serial Addition Test (PASAT), and other tests which require the conscious 

allocation of capacity-limited controlled attention resources to regulate information 

processing have also been found to be particularly sensitive to subtle attention deficits 

following mild TBI (Cicerone, 1997; Cicerone & Azulay, 2002). The capacity for strategic 

control over attentional resources required for the coordination and execution of complex 

task requirements therefore appears to be disrupted following mild TBI (Parasuramen, 

Mutter, & Molloy, 1991; Stablum, Mogentale, & Umiltà, 1996).  These deficits appear 

most closely related to the functioning of the anterior attention network, involving the 

anterior cingulate gyrus and dorsolateral prefrontal cortex (Cicerone, 1997; Posner & 

Petersen, 1990; Stablum, Mogentale, & Umiltà, 1996).  Unfortunately, executive attention 

is still a very broad category and to speak of impairment in this component of attention 

does not provide a very precise explanation of the functional deficit.   

The differing results of studies investigating the effects of mild TBI on attention 

have been attributed to varying methodologies and subject characteristics.  However, 
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variations in how attention was operationally defined and characteristics of the measures 

selected appear to have played an underappreciated role in the results obtained.  Different 

tests of attention have different degrees of sensitivity to detecting the presence of cognitive 

dysfunction following mild TBI.  Variability across studies may therefore reflect 

characteristics of the tests more than characteristics of the individual’s level of functioning 

within a specific component of attention (Cicerone, 1997; Cicerone & Azulay, 2002; Stuss, 

Stethem, Hugenholtz, & Richard, 1989).  In particular, the need for suitably demanding 

tasks to discriminate healthy controls from individuals with mild TBI has been repeatedly 

identified (Bernstein, 1999; Bohnen, Jolles, & Twijnstra, 1992a; Cicerone, 1996; 

Hugenholtz, Stuss, Stetham, & Richard, 1988; Kahneman, 1973; Packard & Ham, 1996; 

Raskin, Mateer, & Tweeten, 1998; Stuss et al., 1985).  Tasks which place few demands on 

attentional resources are less likely to be sensitive to the subtle deficits associated with mild 

TBI because such tasks do not adequately tax the limits of one’s available processing 

capacity (Bernstein, 2002).  In contrast, effortful processes may be disproportionately 

impaired following mild TBI, as the task demands require more processing resources than 

are available.   

In summary there is significant evidence to support a generalized slowing of 

cognitive processes following mild TBI and several authors have argued against the 

presence of a specific attention deficit following mild TBI on the grounds that when speed 

of processing is controlled for, tests of attention fail to differentiate head injured individuals 

from healthy controls (Ponsford & Kinsella, 1992; Spikman, van Zomeren, & Deelman, 

1996).  Support for deficits in specific components of attention is less clear.  Across a 

variety of operational definitions and experimental paradigms, deficits in focused, divided, 

and sustained attention have been inconsistently reported.  However, the degree of 

impairment consistently appears to be directly related to the level of task structure or 
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difficulty, regardless of the component of attention the task is alleged to be tapping.  These 

results suggest that when task demands exceed the capacity of available processing 

resources, individuals with mild TBI are susceptible to higher order deficits in complex 

aspects of attentional control, rather than specific impairment at the lower levels of focused, 

divided, or sustained attention (Mateer, 2000).  These deficits may represent dysfunction of 

the anterior attention network system (Posner & Petersen, 1990) involved in the central 

executive (Baddeley & Hitch, 1974) or supervisory (Norman & Shallice, 1986; Shallice & 

Burgess, 1993; van Zomeren & Brouwer, 1994) component of attention, and may be 

exhibited as a generalized slowing of information processing and impaired performance 

upon tasks of focused, divided, or sustained attention.   

Speed of processing and executive attentional control of information processing 

have subsequently been identified in both general theory and clinical populations as key 

components of attentional functioning and impairment of these processes appear to account 

for many of the attention deficits observed following mild TBI (Cicerone, 1997; Cicerone 

& Azulay, 2002; Spikman, Henk, Deelman, & van Zomeren, 2001).  For instance, 

Gronwall (Gronwall, 1989) has proposed that following mild TBI, individuals appear slow 

because of reduced processing speeds, appear distractible because they no longer possess 

the strategic processing control to simultaneously monitor irrelevant streams of information 

while attending to a relevant stimulus, appear inattentive because the pace of externally 

generated stimuli often exceeds their rate of information processing and therefore goes 

unnoticed, and appear easily fatigued because they are now reliant upon effortful controlled 

processing strategies to achieve normal levels of performance.   
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2.5 Discussion  

In conclusion, attention appears to almost have two definitions, one theoretical and 

one more empirical.  Theoretically, attention is the mechanism which selectively allocates 

the application of limited capacity processing resources.  Attention therefore determines 

what stimuli (either external or internal) will be actively processed, evaluated, and 

responded to, and which channels of information will be ignored.  General theories of 

attention generally recognized specific components of focused, divided, and sustained 

attention, and supervisory control, hypothesized to be mediated by separate but 

interconnected regions of the brain.   

Attention in an empirical sense gets blurred with the theory of working memory, 

and together refers to our ability to hold and manipulate information in mind.  Within this 

framework the relevant aspects appear to be executive attentional control, mediated by 

prefrontal regions, and speed of processing, dependent upon the integrity of widespread 

cortical and subcortical networks and the functioning of executive attentional control 

mechanisms.  This executive attention mechanism maintains goal-directed behaviour and 

mediates the commitment of controlled processing resources for the performance of 

complex or novel tasks.  As the situation becomes more familiar, attentional demands will 

be eased and automatic processing can develop.   

The most commonly reported sequela of mild TBI have been related to attention 

and information processing.  In the majority of cases these deficits appear to resolve within 

three to six months following injury.  However, there continues to be debate over whether 

mild TBI results in persistent neuropsychological deficits, in at least a subset of patients, 

and whether these deficits can be linked to objective evidence of structural brain damage.  

There is also contention in how precisely to delineate the nature of a deficit observed on a 
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neuropsychological test of attention following mild TBI, leading several authors to 

conclude that while the distinction between factors such as focused, divided, and sustained 

attention provide a useful heuristic for the discussion of normal attentional functioning, 

results upon common measures of attention cannot be reliably dissociated into these 

traditional components.  Recent evidence reflects such a paradigm shift and suggests mild 

TBI produces a specific impairment on tasks requiring controlled processing resources, 

which in turn may be exhibited as a generalized slowing of information processing and 

impaired performance on tasks of focused, divided, or sustained attention.   
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Chapter 3 - The Event-Related Potential  
 

A growing number of studies report instances where traditional imaging procedures 

(e.g. computed tomography and magnetic resonance imagine) in individuals with mild TBI 

are normal, but positron emission tomography and single-photon emission computerized 

tomography techniques have been able to detect subtle organic abnormalities (Alavi, 

Fazekas, & Alves, 1987; Gray, Inchise, Chung, Kirsh, & Franks, 1992; Jolles, Chapman, & 

Alavi, 1989; Langfitt et al., 1986; Newton et al., 1992). Unfortunately, both of these 

advanced imaging techniques are generally disadvantageous as a tool for routine 

assessment, as they are expensive and of generally limited access (Packard & Ham, 1996).  

ERPs, which have demonstrated sensitivity to even minor cognitive dysfunction, are easily 

administered and are relatively inexpensive, and may therefore be a valuable tool in 

detecting subtle abnormalities in brain functioning following mild TBI.  This chapter 

provides an overview of the relations between psychological manipulations and resulting 

physiological responses measured with the ERP, beginning with a description of the ERP 

and its utility in understanding the relationship between brain and behaviour, followed by a 

review of how the ERP has been applied to the study of attentional process, with particular 

emphasis on the utility of the ERP in the assessment of mild TBI.   

 

3.1 The Electroencephalograph 

The electroencephalograph (EEG) is a continuous recording, by means of electrodes 

attached to the scalp, of the electrical activity generated by neurons in the underlying brain 

tissue.  The recording reflects the electrical currents which flow in the extracellular space, 

which are a product of the summation of numerous excitatory and inhibitory synaptic 

potentials occurring in individual neurons (Barlow, 1993; Gaetz & Bernstein, 2001; 
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Hankey & Wardlaw, 2002). The EEG records the electrical difference between pairs or 

combinations of electrodes, which can then amplified and displayed as a continuous 

waveform, and digitized for subsequent analysis. 

Electroencephalography and magnetoencephalography are at present the only non-

invasive tools capable of temporal accuracy down to the millisecond.  Furthermore, the 

EEG directly reflects the electrical activity in neurons, rather than associated hemodynamic 

or metabolic effects.  As such, the temporal resolution of the EEG is far superior to the 

resolution of metabolic techniques, such as functional magnetic resonance imaging or 

positron emission tomography (Fallgatter, Bartsch, & Herrmann, 2002). 

In contrast, the spatial resolution of imaging techniques such as magnetic resonance 

imaging and positron emission tomography is clearly superior to electrophysiological 

methods.   However, multi-channel recordings allow researchers to approximate the 

intracerebral location in which an electrical potential was generated (Picton et al., 2000).  

Given a potential distribution recorded at the scalp, intracerebral current sources can be 

mathematically modelled because the ionic currents obey biophysical laws (Lopes da Silva 

& van Rotterdam, 2005). 

 

3.2 The Event-Related Potential 

Time locking the continuous EEG waveform to specific temporal events creates 

ERPs.   By detecting minute changes in cerebral electrical activity in response to various 

stimuli, ERPs provide a non-invasive neurophysiological index of sensory processing and 

cognitive functions (Connolly, D'Arcy, Newman, & Kemps, 2002; Gaetz & Bernstein, 

2001; Picton, Lins, & Sherg, 1995; Solbakk, Reinvang, Nielsen, & Sundet, 1999).  In 

particular, ERPs can provide information on the chronology of neural processes that 

mediate a given cognitive operation, and are of particular value for the study of information 
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processing mechanisms that are fundamental to a wide range of cognitive tasks (Solbakk, 

Reinvang, Nielsen, & Sundet, 1999).   

The ERP waveform is composed of a succession of positive and negative 

deflections.  These peaks of the ERP waveform are marked according to both the time 

measurement and the polarity of the electrical potential.  Therefore, the N100 is a negative-

going deflection that typically peaks at 100 ms and the P300 is a positive deflection that 

peaks approximately 300 ms after stimulus onset.  The latency of an ERP deflection is 

generally regarded as an index of the time required to activate a particular operation; peak 

amplitude is considered a measure of the intensity of the activated operation (Donchin, 

Karis, Bashore, Coles, & Gratton, 1986; Kok, 1990).  

The early deflections of the ERP are thought to reflect exogenous operations and are 

affected by the physical attributes of the stimulus, such as intensity and sensory modality.  

Later ERP deflections reflect endogenous operations and are generally most sensitive to the 

psychological aspects of the experimental paradigm (Birnboim, 2003; Picton et al., 2000; 

Sutton, Braren, Zubin, & John, 1965). 

 

3.3 ERP Assessment of Attention 

Over the last 20 to 30 years, studies of the brain mechanisms of attention have 

extensively and successfully utilized ERPs as fast-scale indices of information processing 

(e.g. Andreassi, 1995; Herrmann & Knight, 2001; Rugg & Coles, 1995).  During this time, 

various modifications of the stimulus-response paradigm have been employed, and the 

allocation of processing resources has been investigated in both focused and divided 

attention paradigms.  These clinical ERP studies of attention have identified multiple 

electrophysiological markers reflecting dissociable aspects of information processing.  

Identification and characterization of these individual deflections of the ERP waveform has 
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challenged the traditional view that attentional processes rely upon a unitary processing 

resource (e.g. Kahneman, 1973), rather suggesting the sequence of operations executed as 

information passes through various processing stages from stimulus to response relies upon 

a series of functionally specific, capacity-limited resources, which can be separated along a 

number of separate dimensions.  This review will concentrate on ERPs generated within the 

auditory modality. 

 

3.3.1 ERP Studies of Focused Attention 

Focused attention tasks require selectivity in perceiving and responding, usually in 

the presence of distraction.  In a classic focused attention paradigm, the dichotic listening 

task, subjects are instructed to attend to one of several incoming sensory channels and 

differentiate between rare (target) and standard (non-target) stimuli (Hillyard, Hink, 

Schwent, & Picton, 1973).  Stimuli belonging to the attended channel generate an enlarged 

amplitude N100, maximal at central electrode sites.  However, only the attended targets 

elicit a P300, wherein the amplitude is inversely proportional to the probability of the 

stimulus (Donchin, Karis, Bashore, Coles, & Gratton, 1986).  The P300 is maximal over 

posterior scalp sites and minimal at frontal electrodes.   

On the basis of these results, the P300 is held to reflect the conscious allocation of 

both perceptual and central processing (perceptual-central) resources required to carry out 

detailed, higher-level comparisons of sensory information against stored templates or 

internal models (Birnboim, 2003; Parasuraman, 1990; Picton, 1992).  The generation of a 

P300 may also serve to alert central executive components of information processing of the 

need to further evaluate the stimulus event (Donchin, Spencer, & Dien, 1997).  As such, 

P300 latency is primarily determined by stimulus evaluation time, and is largely 

independent of response selection and execution processes (Kutas, McCarthy, & Donchin, 
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1977; Magliero, Bashore, Coles, & Donchin, 1984).  The amplitude of the P300 component 

has been related to a variety of cognitive processes and it seems unlikely that a single 

interpretation of what the P300 is reflecting will be agreed upon; rather the deflection 

should be considered within the context of the specific demands of the task during which it 

is elicited.   

In contrast, the enlarged N100 is often interpreted as reflecting automatic stimulus 

detection (Parasuraman, Richer, & Beatty, 1982) and the effects of attention on specific 

cortical areas which encode elementary stimulus features  (Hillyard, Mangun, Woldorff, & 

Luck, 1995; Hillyard, Picton, & Regan, 1978).  

However, following further study, enhancement of the N100 was regarded to be 

primarily due to overlap with a separate endogenous negative deflection, alternatively 

termed negative difference (Hansen & Hillyard, 1980) or processing negativity (PN`;` 

Näätänen, Gaillard, & Mäntysalo, 1978; Näätänen & Mitchie, 1979).  PN is a slow, 

negative wave, composed of separate early and late deflections that are both 

topographically and functionally independent.  The early PN deflection is generated in 

modality-specific sensory areas and appears to reflect functions for selection of specific, 

relevant stimuli by comparing each sensory input against an attentional trace (Hillyard, 

Picton, & Regan, 1978; Solbakk, Reinvang, Nielsen, & Sundet, 1999).  The attentional 

trace is an actively generated and consciously maintained mental representation of the 

physical, temporal, and spatial features of the stimulus to be attended to (Näätänen, 1985).  

The stronger the match between an incoming stimulus and the attentional trace, the longer 

and larger the early PN elicited by that stimulus (Näätänen, 1982). Näätänen (1982) has 

argued that the N100 effect described in auditory selective attention tasks actually reflects 

an overlap with processing negativity.  Specifically, at fast presentation rates, the early PN 

overlaps with N100, giving the impression of an enhanced N100.   
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The late PN deflection has a frontal distribution and is generally maximal between 

500 to 1000 msec after stimulus onset  (Hansen & Hillyard, 1980; Näätänen, 1985).  The 

late PN is believed to reflect voluntary, limited-capacity activity within higher-order 

attentional and working memory components, responsible for maintaining the attentional 

trace and coordinating goal-directed processing of target stimuli (Näätänen, 1985, 1992).  

As such, the late PN is associated with implementation of the central executive component 

of working memory (Baddeley, 1993; Baddeley & Hitch, 1974, 1994; Singal & Fowler, 

2005) and the energizing/monitoring sub-processes of the supervisory attentional system 

(Norman & Shallice, 1986). Consistent with this hypothesis, late PN amplitude increases 

with slower stimulus delivery rates (Hansen & Hillyard, 1984; Näätänen, Gaillard, & 

Varey, 1981), as larger time intervals place increased demand on rehearsal processes, and 

late PN amplitude decreases with practice (Hansen & Hillyard, 1988; Shelley et al., 1991; 

Woods, 1990), as task proficiency develops. 

Historically, the PN has been investigated using a dichotic listening task, by 

subtracting the ERP waveform of the unattended channel from the ERP waveform of the 

attended channel.  However, Näätänen (1982) has argued that such a subtraction method is 

not necessarily ideal for obtaining the PN, as the unattended stimuli in a selective attention 

task will often elicit some PN.  Alternatively, Potter and Barrett (Potter & Barrett, 1999) 

have speculated that the PN can be directly observed in the waveform elicited by a single-

channel of attended stimuli. 

Early PN is probably generated in the auditory cortex (Arthur, Lewis, Medvick, & 

Flynn, 1991; Giard, Perrin, Pernier, & Peronnet, 1988; Hari et al., 1989).  Frontal lobe 

activity has regularly been implicated in generation of the late PN (Jemel, Oades, Oknina, 

Achenbach, & Röpcke, 2003; Kasai et al., 1999; Markela-Lerenc et al., 2004; Näätänen, 
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1992), and prefrontal lesions, particularly right hemisphere damage, have been shown to 

disrupt the deflection  (Knight, Hillyard, Woods, & Neville, 1981).    

Alternatively, analysing the difference between waveforms generated when a 

repeating auditory stimulus changes in some manner reveals a mismatch negativity 

deflection (Näätänen, 1992).  The mismatch negativity amplitude peaks from 150-300 msec 

after stimulus presentation and is maximal at supratemporal electrode sites bilaterally 

(Alho, 1995).  In contrast to PN, the mismatch negativity is elicited by unattended stimuli, 

and as such it is generally interpreted to reflect pre-conscious, automatic processing, 

unaffected by the direction of attention (Näätänen, 1985; Picton, Alain, Otten, Ritter, & 

Achim, 2000).  Each presentation of a stimulus imprints a temporary neural representation 

within the sensory system involved in processing the physical features of the stimulus 

(Näätänen, 1985), not to be confused with the consciously maintained attentional trace 

discussed above.  The mismatch negativity is held to reflect an automatic auditory change 

detection process, comparing incoming stimuli against the mental representation of a 

standard stimulus (Näätänen, 1992; Winkler, Karmos, & Näätänen, 1996).  While the 

amplitude of the mismatch negativity is directly related to the degree of stimulus 

discrepancy, the latency and duration of the mismatch negativity is inversely related to the 

magnitude of stimulus deviation, such that both become shorter with increasing deviance of 

the stimulus relative to the standard (Näätänen & Gaillard, 1983).  Stimulus information in 

this automatic sensory register generally remains unattended.  However, when some 

internal threshold is exceeded, the preconscious mismatch negativity generator process 

appears capable of alerting the limited capacity attentional system of a stimulus deviance 

and activating a conscious attentional shift (Näätänen, 1985; Öhman, 1979).   

In a second type of focused attention task, termed the odd-ball paradigm, a single 

channel of rare, target stimuli are randomly presented amongst frequent, non-target stimuli.  
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Attended target stimuli elicit a stimulus discrimination and categorization N200-P300 

complex (Desmedt & Debecker, 1979; Dien, Spencer, & Donchin, 2004).  The N200 is a 

negative deflection with a fronto-central distribution, peaking approximately 200 ms 

following stimulus onset (Rugg et al., 1988).  The N200 is argued to be a correlate of 

controlled attentional operations, reflecting the initial allocation of attentional resources for 

perceptual classification of a stimulus (Näätänen & Picton, 1986; Novak, Ritter, Vaughan 

Jr., & Wiznitzer, 1990).  

Similar to the results from dichotic listening tasks, the amplitude of the P300 

elicited by target stimuli in an oddball paradigm is inversely related to the probability of the 

target stimulus and P300 latency is again held to reflect stimulus categorization and 

evaluation time (Dien, Spencer, & Donchin, 2004).  The responsiveness of P300 amplitude 

and latency to stimulus probability and stimulus meaning support the argument that the 

deflection should be regarded as reflecting conscious allocation of attentional resources for 

task specific cognitive processing, including orientation, attention, stimulus evaluation, and 

memory retrieval (Birnboim, 2003; Davies, Segalowitz, Dywan, & Pailing, 2001; Picton, 

1992). 

In a third type of focused attention task, target and non-target behavioural stimuli 

are presented following a warning stimulus.  In this task, an ERP deflection termed 

contingent negative variation (Walter, 1964; Walter, Cooper, Aldridge, McCallum, & 

Winter, 1964) is elicited.   The amplitude of the contingent negative variation is positively 

associated with response accuracy (Hohnsbein, Flakenstein, & Hoorman, 1998; Stamm, 

1987) and contingent negative variation is implicated in attention monitoring processes 

linked to the prefrontal cortex, including orienting to stimuli and response anticipation 

(Rosahl & Knight, 1995; Segalowitz, Unsal, & Dywan, 1992).  In addition, at longer inter-

stimulus intervals the contingent negative variation waveform appears to be made up of two 
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different deflections, an early orienting wave and a late expectancy wave (E-wave).  The 

orienting wave is proposed to be negatively correlated with arousal level (Tecce & 

Cattanach, 1993) while the expectancy wave is believed to reflect processes related to 

motor preparation (Tecce, 1972). 

 

3.3.2 ERP Studies of Divided Attention 

 In divided attention tasks, subjects are required to simultaneously attend to a 

number of tasks, or an increased number of stimuli within one task (Kok, 1997).  Cognitive 

ERPs have been investigated in a number of types of divided attention tasks.  The first type 

is a modified focused attention task, in which the subject must divide attention between 

different modalities of stimuli that are presented rapidly and in successive order.  The 

results of such studies have suggested that successful performance requires allocation of 

both common and modality-specific processing resources (Parasuraman, 1985, 1990).  The 

N100, N200-P300 complex, and PN again emerge as crucial to successful task 

performance, wherein the N100 is identified as reflecting the modality specific utilization 

of resources required for perceptual processing of elementary stimulus features, while the 

N200-P300 complex and PN are held to reflect allocation of non-specific perceptual-central 

information processing resources (Parasuraman, 1985, 1990). 

 In a second type of divided attention task, subjects must divide attention between 

stimuli that are stored in memory or are visually displayed.  Such visual search tasks allow 

for manipulations of both the perceptual load (by varying the number of non-target stimuli 

in the display set) and the memory load (by varying the number of target stimuli).  Studies 

of automatic and controlled processing have frequently utilized this paradigm as varying 

the consistency of the targets and distractors presumably requires the utilization of distinct 

information processing resources (Schneider & Shiffrin, 1977).   In a varied mapping 
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condition, the target stimulus on one trial becomes a distractor stimulus on the next trial; 

the inconsistent stimulus-response relationship requires on-going controlled processing.  In 

contrast, automatic processing develops after training in a consistent mapping condition, in 

which the set of target stimuli is constant throughout the experiment.   

 In varied mapping conditions, P300 amplitude has been demonstrated to be 

inversely related to the memory processing load (Okita, Mijers, Mulder, & Mulder, 1985; 

Pelosi, Hayward, & Blumhardt, 1995; Strayer & Kramer, 1990; Wijers, Otten, Feenstra, 

Mulder, & Mulder, 1989).  The decrease in amplitude has frequently been explained in 

terms of capacity limited processing resources.  In order to cope with the increasing 

memory load, resources dedicated to target identification processes must be re-allocated to 

the task of memory rehearsal, thereby decreasing the P300 amplitude (Houlihan, Stelmack, 

& Cambell, 1998; Strayer & Kramer, 1990).   

 Alternatively, P300 amplitude reduction has been explained in terms of an overlap 

of the P300 and negative slow waves.  Manipulating the difficulty of the underlying 

conceptual operations, including increasing the memory set size, has been found to 

correspond with increases in the late PN, believed to reflect controlled search processes 

(Okita, Mijers, Mulder, & Mulder, 1985; Ruchkin, Johnson Jr, Mahaffey, & Sutton, 1988; 

Wijers, Otten, Feenstra, Mulder, & Mulder, 1989).  Although functionally distinct, with a 

different onset latency and scalp distribution, the increase in PN gives the appearance of a 

reduction in the positive-going P300.   

 Extensive practice in a consistent mapping condition reduces the slope of accuracy 

and reaction time data, when plotted as a function of the memory load (Kok, 1997).  Such 

behavioural results suggest the development of task proficiency and a reduction in reliance 

upon effortful, controlled search processes.  As consistent practice facilitates the 

development of automatic processing, concurrent increases in the amplitude and decreases 
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in the latency of the P300 have both been reported (Hoffman, Simons, & Houck, 1983; 

Kramer & Spinks, 1991).   A preserved P300 in automatic processing conditions has been 

suggested to reflect less overlap from controlled search related processing negativity 

(Wijers, Otten, Feenstra, Mulder, & Mulder, 1989) or a non-specific attentional response 

(Kramer & Spinks, 1991).  

 In summary, manipulations of the memory set size have demonstrated that the P300 

is sensitive to the demands of both automatic and controlled attentional processes.   In 

varied mapping conditions, P300 amplitude reductions in association with increasing 

memory load have been explained as reflecting either resource re-allocation or increased 

overlap with late PN controlled processing waves.  Preserved P300 amplitude in automatic 

processing consistent mapping conditions is held to reflect either a reduction in the 

overlapping late PN or the allocation of non-specific processing resources.  As such, 

conceptualizing the allocation of attention in terms of P300 amplitude cannot reliably 

differentiate between automatic and controlled processing. 

 Manipulations of the perceptual load have produced less consistent results.  

Generally, this manipulation is assumed to affect the encoding stages of processing 

(Sanders, 1980) with minimal impact upon P300 amplitude or latency (Kok, 1986; 

Magliero, Bashore, Coles, & Donchin, 1984; McCarthy & Donchin, 1981; Scheffers, 

Johnson Jr, & Ruchkin, 1991). 

In a third type of divided attention task, subjects are required to simultaneously 

perform two qualitatively different tasks.  The dual-task paradigm allows for manipulations 

in the difficulty and priority of the two tasks, and both manipulations have proven useful in 

demonstrating the trade-offs in performance predicted by theories which conceptualize 

attention as a capacity limited resource (e.g. Schmitter-Edgecombe, 1996; Wickens, 1984).  

Briefly, information processing appears to be composed of a series of functionally specific 
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resources, which can be separated along a number of separate dimensions.   Wickens (1980; 

, 1984) differentiated between three dichotomous dimensions: stage of information 

processing (perceptual/central versus response); modality of processing (input: visual 

versus auditory, output: motor versus speech); and, code of processing (verbal versus 

spatial).  Wickens’ multiple resources model proposes that capacity within a specific 

dimension is limited, therefore tasks which rely upon the same processing resources within 

a dimension will interfere with one another, while tasks with heterogeneous processing 

demands may be executed simultaneously with little decrement in performance. 

 Dual task studies have utilized a variety of visual tasks as the primary task, as well 

as both visual and auditory discrimination tasks as the secondary task, and manipulations in 

task difficulty have been highly effective in demonstrating resource trade-offs at the 

behavioural level (i.e. reaction time and accuracy data).  However, as many of these tasks 

were designed to mimic aspects of real-world operations, their complexity does not allow a 

clear dissociation between the perceptual, central, and response-based demands (Kok, 

1997).  Nevertheless, by manipulating the task difficulty during dual task performance, a 

number of these studies have found the amplitude of the P300 provides a reliable measure 

of the capacity limited perceptual-central processing resource demands of the primary task 

(Isreal, Wickens, Chesney, & Donchin, 1980; Kramer, Sirevaag, & Braune, 1987; Kramer, 

Wickens, & Donchin, 1983).  Specifically, the amplitude of the P300 in the secondary task 

decreases as a function of the difficulty of the primary task, suggesting that limited 

perceptual-central resources are shared by these tasks.  

Furthermore, the P300 elicited by the primary task has been reported to show a 

concurrent increase in amplitude with an increase in task difficulty of the primary task 

(Sirevaag, Kramer, Coles, & Donchin, 1989; Wickens, Kramer, Vanasse, & Donchin, 

1983).  While such findings provide further support for the conceptualization of P300 
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amplitude as a measure of limited-capacity attentional resources, they are at odds with the 

results of single-task studies, which have reported the P300 amplitude is clearly reduced 

with an increase in the processing demands of a task.  This discrepancy between single and 

dual-task results suggests the existence of qualitatively different types of task difficulty, 

which have contrasting effects on P300 amplitude (Kok, 1997).  An investigation using the 

same type of tasks in both a single and dual-task study of the relationship between P300 

amplitude and task difficulty would therefore be of considerable interest in providing an 

explanation of these conflicting results. 

Manipulating task priority in dual-task paradigms has also demonstrated the 

sensitivity of the P300 to trade-offs in processing performance.   An increase in priority 

implies that more resources will be allocated to task performance. Task relevance has long 

been regarded as one of the major determinants of P300 amplitude (Kok, 1997) and as task 

priority is manipulated to produce graded changes in a subject’s attention to the primary 

task, the amplitude of the P300 elicited by the primary task expectedly decreases as priority 

is reduced (Hoffman, Houck, MacMillan, Simons, & Oatman, 1985; Strayer & Kramer, 

1990).  This electrophysiological trade-off effect is closely related to the behavioural data 

and together suggests that both tasks are drawing upon the same pool of limited capacity 

perceptual-central processing resources.  However, a disadvantage of these manipulations is 

that the experimenter has no precise control over the subject’s allocation of processing 

priority and the subsequent distribution of processing resources. 

In summary, the results from dual-tasks studies, and divided attention tasks in 

general, have identified P300 amplitude as sensitive to the voluntary, as well as automatic, 

attentional processes involved in the allocation of perceptual-central processing resources.  

Dual-task performance elicits a degree of mutual interference, consistent with the view 

there is a reciprocal relationship between the perceptual-central resources allocated to one 
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task and the residual resources left available for a concurrently performed task.  The trade-

off in performance appears to depend upon whether response selection operations can be 

made on the basis of early perceptual processes (reflected in the P100 and N100) or 

requires later selection mechanisms (reflected in the P300).   

 

3.3.3 Summary  

 In summary, processing resources have been described as energetical systems which 

modulate the operations underlying data processing systems (Kahneman, 1973; Sanders, 

1983; Sternberg, 1969; Wickens, 1980).  The high temporal resolution of ERPs allows for 

investigations into phasic shifts in processing demands and has supported the contention 

that stages of information processing can be selectively activated and should be treated as 

differentiated processes.  In particular, the early-latency N100 and P100, middle-latency 

N200-P300 complex, and late PN have provided reliable indices of the differential 

perceptual and central information processing resources originally specified in resource 

models of information processing. 

 Focused attention tasks require highly selective controlled processing of stimuli, 

while divided attention tasks require limited capacity processing resources be shared 

between operations which must be executed simultaneously. The amplitude of both early 

and late-latency deflections are influenced in specific ways by the attention capacity 

allocated to the eliciting stimuli and task operations.  The pattern of enhancement of the 

sensory P100 and N100 has been interpreted in terms of filtering, or a stimulus set 

mechanism.  These deflections appear to reflect a capacity limited, modality specific 

allocation of perceptual resources invested in early sensory processes such as stimulus 

registration and feature analysis.  In turn, the process of comparing incoming stimuli 

against stored representations of the relevant features of the stimulus target elicits the early 
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PN.  P300 amplitude appears to index activation of a limited capacity central processing 

system involved in stimulus categorization and target identification.  Activation is greatest 

for a stimulus within an attended processing channel, and possessing maximal target 

features.  Increasing task difficulty degrades the strength of P300 activation, by drawing 

limited resources away from the perceptual-central target identification processes and 

reallocating them for controlled processing and activation of working memory through 

long-term memory rehearsal and retrieval processes.  This redistribution of processing 

resources is evidenced by an enhanced late PN indexing the allocation of executive 

attentional resources. 

 

3.4 ERP Assessment of Mild TBI 

While the majority of individuals who have suffered a mild TBI appear to make a 

good recovery, a significant minority report a constellation of persistent physical, cognitive, 

behavioural, and affective symptoms.  Traditionally, these individuals have been regarded 

either as malingerers, or as suffering from psychological, rather than organic, dysfunction.  

However, a growing body of evidence indicates the acceleration/deceleration and rotational 

forces typically generated in mild TBI are sufficient to induce structural damage within the 

central nervous system, and a failure to recover as expected after mild TBI may be the 

result of the neuropathologic consequences of the injury itself.  Unfortunately, standard 

structural imaging techniques may lack the sensitivity to detect diffuse damage suffered as 

a result of mild TBI, perpetuating the view mild TBI does not result in overt neurological 

damage or neuropsychological dysfunction.   

The most common persistent neuropsychological impairments reported after mild 

TBI involve deficits in attention and concentration (Binder, Rohling, & Larrabee, 1997; 

Bohnen, Jolles, Twijnstra, Mellink, & Wijnen, 1995; Gronwall & Wrightson, 1975; 
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Hugenholtz, Stuss, Stetham, & Richard, 1988; King, 1997).  Reduced information 

processing speed, in the form of longer reaction times, is often held to account for these 

attentional deficits (Ponsford & Kinsella, 1992; Spikman, van Zomeren, & Deelman, 1996; 

van Zomeren, Brouwer, & Deelman, 1984).  However, Solbakk, Reinvang, and Nielsen 

(2000) stress that reaction time is an ambiguous outcome measure, reflecting a combination 

of underlying sensory, cognitive, and motor processes.  The causative mechanism is 

therefore difficult to distinguish with behavioural data alone, and caution should be taken 

when interpreting reaction time within an information processing framework.    

As the most frequent cognitive deficits after mild TBI are those involving 

information processing, functional techniques such as ERP assessment may therefore be 

particularly valuable in detecting whether changes in brain function occur following mild 

TBI (Gaetz & Bernstein, 2001).  Even in individuals who appear to have made a good 

recovery from mild TBI, the sensitivity of ERP measures to the ongoing information 

processing demands of a task may reveal subtle deficits in attention, which the individual is 

able to compensate for on behavioural measures by increasing their reliance upon 

remaining cognitive resources (Bernstein, 1999; Cudmore, Segalowitz, & Dywan, 2000; 

Potter, Bassett, Jory, & Barrett, 2001; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002; 

Segalowitz, Bernstein, & Lawson, 2001).  Furthermore, the high temporal resolution of the 

ERP provides a temporally continuous record of cortical activity and can be used to 

distinguish at which specific stage of processing abnormalities in information processing 

occur.   

The following sections review the results of those studies which have assessed mild 

TBI outcome with ERPs and auditory tasks.  These studies have identified multiple 

electrophysiological markers of disrupted attentional processes, and together contribute to 

the perspective that a combination of suitably demanding behavioural measures and ERPs 
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are highly sensitive to the subtle cognitive deficits associated with mild TBI, and among the 

most likely experimental paradigms to distinguish head-injured individuals from healthy 

controls (Bernstein, 2002; Gaetz & Bernstein, 2001; Segalowitz, Bernstein, & Lawson, 

2001).   

 

3.4.1 The P300  

 In a group of individuals evaluated fours days after having sustained a mild TBI,  

Pratap-Chand, Sinniah, and Salem (1988) found longer latency and decreased amplitude of 

the P300 on an auditory oddball task, relative to healthy controls.  However, upon retesting 

at 30 days post-injury, the abnormalities in P300 amplitude and latency had resolved. 

Ford and Khalil (1996) administered an auditory three-stimulus oddball task to a 

group of symptomatic mild TBI subjects less than one year post-injury and found N200-

P300 complex amplitude attenuation, even in the absence of a direct blow to the head.  

Reduced amplitude was considered consistent with impaired allocation of attentional 

resources following mild TBI.   

Solbakk and colleagues (2000) administered an auditory three-stimulus oddball task 

to a group of mild TBI individuals who were at least one year post-injury, a group of 

individuals who had suffered frontal brain injury at least one year prior, and a group of 

matched controls.  Relative to healthy controls and the frontal brain injury group, the group 

with mild TBI responded more slowly and less accurately to target stimuli and 

demonstrated a reduced amplitude P300 to target stimuli.  However, as the group with mild 

TBI showed no ERP waveform latency abnormalities, slower reaction times could not be 

explained in terms of impaired stimulus evaluation speeds.  Rather, the researchers 

interpreted the findings as evidence of substandard processing of stimuli, due to either a 

reduced availability or deficient allocation of the attentional resources required for 
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successful task performance.     

Packard and Ham (1996) recorded ERPs during administration of an auditory 

oddball paradigm in 50 individuals suffering from post-traumatic headache and cognitive 

symptoms (primarily memory and attention difficulties) following mild TBI.  The patient 

group was tested on average 14 months post-injury.  Over half the mild TBI group 

demonstrated abnormal P300, with either amplitude or latency greater than two standard 

deviations from the normal limit.   

Reinvang, Nordby, and Nielsen (2000) recorded ERPs during administration of a 

standard auditory oddball paradigm to individuals who had sustained a mild TBI an average 

of three years previously.  The mild TBI group demonstrated reduced amplitude and 

increased latency P300 to target stimuli.  The abnormal P300 elicited by target stimuli was 

linked to impairments in the allocation of task- specific attentional resources.    

Segalowitz, Bernstein, and Lawson (2001) administered a series of increasingly 

difficult auditory oddball tasks to 10 university students who had suffered a mild TBI an 

average of 6.4 years earlier, and 12 matched healthy controls.  The mild TBI group was 

indistinguishable from the control group on self-report questionnaires of memory and 

attention functioning and behaviourally there was no difference between the mild TBI and 

control group across the three least demanding tasks.  However, on the fourth and most 

difficult task, the mild TBI group performed more slowly and less accurately, relative to the 

healthy controls.  Furthermore, across all four tasks, the mild TBI group demonstrated 

significantly reduced P300 amplitude.  There was no difference in P300 latency.  The 

attenuated P300 was interpreted to reflect a reduction in overall information processing 

capacity following mild TBI, in the face of preserved general information processing speed.  

Despite near normal self-report and behavioural performance, the mild TBI group appeared 

to be suffering from long-term decrements in attention function and information processing 
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capacity.  The authors argued that on basic behavioural tasks mild TBI individuals may be 

able to compensate for the reduced capacity; however, with the combination of ERPs and 

more demanding measures, impoverished attentional allocation can become apparent. 

Bernstein (2002) repeated the Segalowitz, Bernstein, and Lawson (2001) study in an 

independent sample of high-functioning university students an average of eight years 

(range 1-16.5 years) post-mild TBI.   Using a larger electrode montage and a more 

thorough battery of questionnaires and cognitive tasks, ERPs were recorded while 

participants performed oddball tasks of increasing levels of difficulty.  Consistent with the 

previous study, the mild TBI participants and a group of matched controls did not differ 

upon self-report measures of functioning.  As expected, behavioural differences arose only 

on the most cognitively demanding task, in which the controls outperformed the mild TBI 

group.  However, across both easy and difficult tasks, the mild TBI group again 

demonstrated a reduced amplitude P300, relative to controls.  These findings were 

consistent with those reported by Segalowitz and colleagues in suggesting that mild TBI is 

associated with enduring impairments in information processing capacity, the accurate 

identification of which requires the use of sensitive measures which thoroughly tax the 

resource capacity of the individual.   

However, a number of studies investigating the P300 elicited during an auditory 

oddball task after mild TBI have failed to detect psychophysiological abnormalities relative 

to healthy controls.  This includes studies which examined performance in the acute stage 

(less than three months) of recovery (von Bierbrauer & Weissenborn, 1998; Werner & 

Vanderzant, 1991), six months post-injury (Rugg et al., 1988), and more than two years 

after having sustained a mild TBI (Gaetz & Weinberg, 2000).  These authors concluded 

that, in general, the cognitive processes reflected in the P300 are not significantly affected 

by mild TBI.  While it is difficult to reconcile these negative findings with the previously 
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reported results, a general concern with these studies is that the auditory two-stimulus odd-

ball tasks administered may not have been of a sufficient level of difficulty to tax the 

resource capacity of individuals with mild TBI.   

In summary, the P300 is the most widely studied endogenous ERP deflection, and 

this pertains to the mild TBI literature as well.  Reductions in P300 amplitude have been 

frequently reported.  While there is a suggestion that in some individuals these 

abnormalities may resolve within the first few months following injury, suitably demanding 

behavioural measures have been found to elicit persisting P300 amplitude attenuations, 

even in individuals who appeared to have made a good recovery.  These ERP waveform 

abnormalities have regularly been interpreted as related to long-term post-injury reductions 

in processing capacity.  Alterations in P300 latency have been less consistently reported, 

and the P300 literature is generally not supportive of a reduction in stimulus evaluation 

speed following mild TBI. 

 

3.4.2 Processing Negativity 

Solbakk and colleagues (1999) administered a dichotic listening task to 15 patients 

with mild TBI (mean time since injury 6.2 years) and 13 matched healthy controls.  

Behaviourally, the mild TBI group responded slower and detected fewer targets, and ERP 

analysis indicated that following mild TBI, target stimuli elicited an attenuated late PN, 

relative to healthy controls.  The reduction in late PN amplitude was interpreted by the 

researchers to indicate less efficient operation of the supervisory attentional system, 

resulting in distractibility to non-target stimuli, due to abnormal allocation of attentional 

resources. 

Potter and Barrett (1999) administered the PASAT to a group of individuals who 

had suffered a mild TBI an average of 16 months prior.  They found the performance of 
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mild TBI subjects on the demanding PASAT was characterized by a reduced amplitude 

frontally distributed negative deflection, in the context of normal behavioural results.  The 

authors concluded the findings were consistent with the findings of Solbakk and colleagues 

(1999) of reduced late PN following mild TBI, and suggestive of impairment in the 

allocation of attentional resources. 

In contrast, in a study of Stroop task (Stroop, 1935) performance, Potter and 

colleagues (2002) reported evidence of a significantly enhanced late PN in a mild TBI 

group an average of 10 months post-injury, relative to healthy controls.  The authors argued 

that the enhanced ERP waveform activation was evidence of increased allocation of 

attentional resources, which enabled the mild TBI group to achieve performance levels 

equivalent to that of the healthy controls.  These results were considered consistent with the 

theory that individuals with mild TBI may be able to perform as well as control groups, but 

have to expend an abnormal amount of effort in order to achieve normal levels of 

performance (Gronwall, 1991; McAllister et al., 2001; Rieger & Gauggel, 2002; Solbakk, 

Reinvang, Nielsen, & Sundet, 1999; van Zomeren, Brouwer, & Deelman, 1984).   

In summary, the effects of mild TBI have been associated with an abnormal late PN, 

although, somewhat paradoxically, injury has been associated with both amplitude 

augmentation and attenuation.  Reductions in late PN amplitude have been linked to 

impairments in the allocation of attentional resources, and are generally consistent with the 

findings reported in the P300 literature of a decline in information processing capacity 

following mild TBI.  In contrast, there is some evidence that individuals who have 

sustained a mild TBI retain the capability to direct the allocation of processing resources, 

and can in fact modify their resource allocation strategies.  Specifically, examination of the 

late PN can reveal how the enhanced allocation of attentional resources may allow 

individuals who have sustained a mild TBI to achieve normal levels of performance.   
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3.4.3 Miscellaneous Results 

Relatively few studies of mild TBI have reported on abnormalities in early-latency 

deflections of the ERP.  Ford and Khalil (1996) administered an auditory three-stimulus 

oddball task to a group of symptomatic mild TBI subjects less than one year post-injury and 

found N100 and P200 amplitude augmentation.  The observed waveform augmentation was 

interpreted as reflecting a release from frontal inhibition over activity in primary sensory 

and secondary association areas of the cortex.   

Reinvang, Nordby, and Nielsen (2000) recorded ERPs during administration of a 

standard auditory oddball paradigm to a group of mild TBI participants an average of three 

years post-injury.  Relative to healthy controls, the head-injury sample demonstrated 

reduced amplitude P200 in response to neutral and non-target stimuli, suggestive of 

insufficient processing and a decreased state of vigilance.  The authors speculated that the 

reduced processing of task irrelevant material could lead to increased distractibility 

following mild TBI.  

To date, only one study has examined the effects of mild TBI on contingent 

negative variation.  Potter, Bassett, Jory, and Barrett (2001) evaluated a group of 

individuals who had suffered a mild TBI within the last five years on a three-stimulus 

auditory odd-ball task.  The mild TBI group demonstrated an enhanced orienting wave in 

response to novel stimuli, suggesting task irrelevant stimuli attracted an abnormal degree of 

attention following injury.  Such abnormalities in the orienting of attention were attributed 

to a disruption in frontal inhibition mechanisms, and speculated to result in a minor 

increase in distractibility to non-target stimuli following mild TBI.   

In summary, these studies, which investigated a range of electrophysiological 

indices after mild TBI, have arrived at strikingly similar conclusions.  These studies all 

report on what appears to be a disruption in the processing of task irrelevant material, 
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resulting in a generalized susceptibility to potentially distractible stimuli following mild 

TBI.   

 
3.5 Discussion 

Functional techniques such as ERPs provide a high temporal resolution method for 

investigating the timing and integrity of a variety of cognitive processes. In particular, 

ERPs can provide information on the chronology of neural processes that mediate a given 

cognitive operation, and are of particular value for the study of information processing 

mechanisms that are fundamental to a wide range of cognitive tasks.  ERP investigations 

have supported the contention that stages of information processing can be selectively 

activated and should be treated as differentiated processes.  Specifically, the early-latency 

N100 and P200, middle-latency N200-P300 complex, and early and late PN have provided 

reliable indices of differential perceptual and central information processing resources. 

The amplitude of both the early- and late-latency deflections of the ERP waveform 

are influenced in specific ways by the attentional resources allocated to the eliciting stimuli 

and task operations.  The pattern of enhancement of the N100 and P200 has been 

interpreted in terms of filtering, or a stimulus set mechanism, based on elementary stimulus 

features.  N200-P300 complex amplitude appears to index activation of limited capacity 

central processing involved in stimulus evaluation and target identification, with activation 

greatest for stimuli within an attended processing channel, possessing maximal target 

features.  The N200 is interpreted as reflecting the initial allocation of attentional resources 

for perceptual classification of a stimulus, and the P300 is linked to detailed, task-specific 

evaluation and categorization of stimuli.  Increasing task difficulty degrades the amplitude 

of the P300, presumably by drawing limited resources away from perceptual-central target 

identification processes and re-allocating them for controlled processing within working 
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memory.  Activation of these processing resources is held to be reflected in the late PN 

wave.   

 In addition to studying normal cognitive processing, the utility of an ERP protocol 

in assessing the integrity of cognitive functioning has been repeatedly demonstrated in a 

variety of clinical populations, including Alzheimer’s diseases (Katada, Sato, Ojika, & 

Ueda, 2004; Olichney & Hillert, 2004), schizophrenia (Jeon & Polish, 2003; Pritchard, 

1986), HIV-AIDS (Baldeweg  et al., 1993; Tartar et al., 2004), Parkinson’s disease 

(Bokura, Yamaguchi, & Kobayashi, 2005; Wang et al., 2002), alcohol abuse (Cohen et al., 

2002; Porjesz et al., 2005), and moderate to severe TBI (Lew et al., 2003; Rugg et al., 1993; 

Rugg et al., 1988; Solbakk, Reinvang, & Andersson, 2002).  ERP analysis of task 

performance has only recently been applied to the study of mild TBI, but has been 

repeatedly shown to reliably differentiate healthy controls from mild TBI patients, 

providing evidence that mild TBI produces brain dysfunction that can be measured 

objectively. 

However, while group differences are regularly reported, the pattern of deviant ERP 

deflections varies from study to study.  Abnormalities in the P300 are the most commonly 

reported findings in ERP studies of the effects of mild TBI, and have been linked to long-

term post-injury reductions in processing capacity.  The late PN has also been reported to 

be disrupted by mild TBI, and alternatively interpreted as evidence of impaired allocation 

of attentional resources, or compensatory information processing strategies.  Finally, 

abnormalities in ERP indices reflecting early sensory processing and stimulus 

discrimination have been reported after mild TBI.  In functional terms these abnormalities 

have been attributed to deficits in inhibitory mechanisms involved in selective attention.   

Possible factors contributing to the disparate findings include variations in the 

severity and acuteness of injury of participants, and variations in the behavioural measures 
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selected. Different studies utilized different definitions of mild TBI, allowing for a less than 

ideal classification of injury severity across studies.  Variable definitions result in studies 

recruiting subjects with varying lengths of unconsciousness or disrupted consciousness 

(from none to one hour) and varying lengths of posttraumatic amnesia (from none to 

several days).  Furthermore, time since injury varies from a few hours to several years.  

Testing of an acute population is not likely to generate the same results as those participants 

assessed in the post-acute or long-term stages.  Likewise, presenting data as a whole from a 

group composed of individuals assessed following a highly variable time since injury 

interval may not be appropriate.   

 The lack of significant results reported in some studies suggest the sensitivity of 

ERP tasks to the psychophysiological consequences of mild TBI is reliant upon the 

selection of tasks which trigger a certain attentional load and are suitably difficult (Lavoie, 

Dupuis, Johnston, Leclerc, & Lassonde, 2004).  Results for studies that employ the more 

difficult three-stimulus oddball task generally report significant findings relative to those 

studies utilizing a standard oddball paradigm.  van Zomeren and Van den Berg (1985) have 

proposed that following head injury, an individual may compensate for functional loss by 

increasing their demands upon remaining limited-capacity cognitive resources.  In such 

cases, while the individual initially is able to cope with task demands and produce a 

“normal” level of performance, the disproportionate allocation of cognitive resources 

rapidly exhausts their processing capacity and often precludes them from coping with any 

further increase in task difficulty.  Due to such coping strategies, the evidence for subtle, 

long-term impairment following mild TBI may only become apparent upon more 

demanding behavioural measures capable of identifying an individual’s maximal operating 

capacity.  Thus, variable levels of task difficulty may be contributing to some of the 

inconsistency reported in the mild TBI literature (Bernstein, 1999; 2002) 
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 In conclusion, following a mild TBI, examination of the integrity of neural 

structures is often inconclusive and the cost of functional imaging procedures remains 

prohibitively high and is thus generally unavailable.  Neuropsychological testing has 

become a standard technique for the assessment of cognitive functioning and the 

determination of brain damage.  However neuropsychological tests are often multifactorial 

in nature and provide little insight into real-time processes.  Therefore, impaired 

performance cannot be attributed to any specific stage of information processing.  ERPs 

provide an affordable, non-invasive technique for providing a time-locked record of mental 

activity over the course of stimulus processing.  This high temporal specificity allows for a 

dissociation of component processes for identification of abnormalities following injury in 

terms of specific stages of information processing.  Clinical ERP studies of information 

processing have identified multiple electrophysiological markers of attentional aspects, and 

combined with suitably demanding behavioural measures, this methodology appears to be 

highly sensitive to the subtle information processing deficits associated with mild TBI, and 

the most likely to distinguish head injured individuals from healthy controls. 
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Chapter 4 - The Paced Auditory Serial Addition Test 
 

The Paced Auditory Serial Addition Task (PASAT) is one of the most frequently 

used tests to evaluate attentional functioning (Tombaugh, 2006).  The task was first 

developed by Gronwall and Sampson (1974) to examine the effects of head injury on 

information processing and assist in the management of patients with mild TBI.  The Paced 

Auditory Serial Addition Test (also PASAT`,` The Psychological Corporation, 1998) is a 

computerized format of the traditional Paced Auditory Serial Addition Task.  The acronym 

PASAT is used in this thesis to refer to the general task procedure, regardless of whether a 

computerized format is used or not.   

 

4.1 Task description 

Administration of the test typically involves auditory presentation of a random 

sequence of 61 digits from one through nine.  The PASAT requires the examinee to 

calculate the sum of the most recently presented digit and the digit presented immediately 

prior, while simultaneously attending to the next digit in the series.  Thus, the second 

number is added to the first, the third to the second, and so on.  Each trial of the task 

therefore requires the examinee to register sensory input, retrieve a stored stimulus, perform 

a mental calculation, respond verbally, and inhibit encoding of their response while 

attending to the next stimulus in the series, all at an externally determined pace.   

In the computerized version, duration of each digit is approximately 0.4 seconds 

(The Psychological Corporation, 1998).  The rate at which numbers are presented can be 

adjusted by manipulating the inter-stimulus interval (ISI).  Progressively shorter ISIs (e.g. 

2.4-, 2.0-, 1.6-., or 1.2-seconds) are assumed to place greater demands on information 

processing and increase task difficulty (Gronwall & Wrightson, 1974; van Zomeren & 
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Brouwer, 1994).  As such, adjusting the rate at which digits are presented was originally 

conceived to provide an index of information processing speed, and impaired performance 

on the PASAT following mild TBI was considered to reflect an inability to process 

information as efficiently as normal (Gronwall & Sampson, 1974).  However, subsequent 

study has routinely failed to identify a reliable relationship between ISI and task sensitivity 

to between-groups differences (Tombaugh, 2006), contributing to a re-evaluation of the 

PASAT as a measure of attention, rather than solely an index of processing speed. 

In the computerized version, the testing period is preceded by an approximately six-

minute long practice session.  The practice session provides standardized instruction to 

familiarize the subject with task demands and requires five consecutive correct responses at 

the 2.4-second presentation rate before the examinee can proceed to actual testing (The 

Psychological Corporation, 1998). 

Participants’ responses are recorded to hard disk via an external microphone and 

scored manually following completion of a test session.  Responses are coded as either 

correct, incorrect, or no response.  Once a trial has been scored, the PASAT program 

automatically computes summary scores for a number of performances indices.  

Performance on the PASAT can then be evaluated in terms of the number of correct 

response per presentation rate, as well as the number of no responses, incorrect responses, 

suppression failures (adding to the sum of the last addition rather that the last number 

presented), correct response strings (minimum of three correct responses), and the longest 

string.  The number of correct responses is regarded as providing a straightforward and 

meaningful indicator of performance (Tombaugh, 2006; Wigenfeld, Holdwick, Davis, & 

Hunter, 1999), although a variety of scoring procedures and performance indices have been 

devised (Fisk & Archibald, 2001; Gronwall, 1977; The Psychological Corporation, 1998). 
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In particular, in order to reduce the cognitive demands of the PASAT and avoid the 

difficult task of performing several cognitive operations simultaneously, examinees may 

chunk their responses into more manageable portions (Snyder, Aniskiewicz, & Snyder, 

1993; Wigenfeld, Holdwick, Davis, & Hunter, 1999).  Specifically, examinees may add two 

numbers, skip one, add two numbers, skip one, and so on, generally failing to make a 

satisfactory attempt to add strings of consecutive digits.  This strategy may produce an 

artificially inflated score on the PASAT, but can be detected by examining the pattern of 

responses, the number of no responses, and the number of correct strings (Fisk & 

Archibald, 2001).   

Computer administration allows the examiner to select a standard or random 

presentation of digits, adjust the number of digit pairs presented (29, 50, or 60), and restrict 

sums to less than 10 (child version).  The computerized version of the PASAT also includes 

an expanded range of presentation rates (4.0-, 3.0-, 2.8-, 2.4-, 2.0-, 1.6-, and 1.2-seconds).  

In addition, computer administration of the PASAT ensures timing of stimulus presentation 

is exact, and allows digital recordings of the examinees responses to be made, reportedly 

providing precise reaction time data (The Psychological Corporation, 1998).   

However, concerns regarding the validity of the reaction time data obtained by the 

PASAT program have been raised.  Wigenfeld, Holdwick, Davis, and Hunter (1999) 

contend that although the program allows the examiner to calibrate scoring of the subject’s 

response by adjusting the response threshold, the calculated reaction time may still not 

coincide with the onset of the vocal response.  Rather, throat clearing, sighs, or slips of the 

tongue which precede the scorable response may be recorded.   
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4.2 Utility of the PASAT 

The duration of disrupted consciousness and posttraumatic amnesia are often used 

as an index of head injury severity (Dikmen & Machamer, 1995; Haslam et al., 1994; 

Richardson, 2000; van der Naalt, van Zomeren, Sluiter, & Minderhoud, 1999).  However, 

as the majority of patients who have suffered a mild TBI have experienced only brief or no 

period of either loss of consciousness or posttraumatic amnesia these medical indices can 

be difficult to quantify and of limited utility in classifying the severity of injury (Gronwall, 

1977; Hugenholtz, Stuss, Stetham, & Richard, 1988; Karzmark, Hall, & Englander, 1995; 

Lidvall, Linderoth, & Norlin, 1974; Vilkki et al., 1994).  Due to the limited utility of 

standard measures of injury severity and the frequent lack of objective neurological 

evidence of impairment following mild TBI, it can be difficult to differentiate between 

subjective complaints associated with psychogenic or environmental factors and cognitive 

impairment due to organic damage suffered in mild TBI.  The PASAT was therefore 

designed to provide an objective measure of severity of injury and recovery progress after 

mild TBI (Gronwall, 1977).   

Mild TBI has been hypothesized to cause impairments in attention and speed of 

processing (e.g.`,` Binder, Rohling, & Larrabee, 1997; e.g.`,` Cicerone, 1996; Gentilini, 

Nichelli, & Schoenhuber, 1989; Levin, Mattis et al., 1987; Stuss, Stethem, Hugenholtz, & 

Richard, 1989) and administration of the PASAT can provide an index of the current status 

of information processing speed and capacity (Gronwall & Wrightson, 1974) and document 

changes in performance during recovery (Gronwall & Sampson, 1974).  PASAT 

performance has been demonstrated to be a measure uniquely sensitive to both acute 

(Gronwall & Wrightson, 1974; Gronwall & Sampson, 1974; Levin, Mattis et al., 1987; 

McMillan & Glucksman, 1987; Stuss, Stethem, Hugenholtz, & Richard, 1989) and longer-

term (Cicerone, 1996; Cicerone & Azulay, 2002; Leininger, Gramling, Farrel, Kreutzer, & 
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Peck, 1990; Sherman, Strauss, & Spellacy, 1997) effects of mild TBI.  Furthermore, 

application of the task in rehabilitation settings has demonstrated that serial improvement 

on the PASAT following mild TBI corresponds with the resolution of post-concussive 

symptomatology, increased attentional ability, and is predictive of a successful return to 

work and independent living (Cicerone, 2002; Gronwall & Wrightson, 1974; Gronwall, 

1977; Schmidt, Trueblood, Merwin, & Durham, 1994; Serino, Ciaramelli, Di Santantonio, 

& Ládavas, 2006; Sohlberg & Mateer, 1987). 

Given these results, the PASAT has regularly been recommended for use in the 

clinical and experimental assessment of cognitive functioning following mild TBI 

(Bernstein, 1999; Gronwall & Wrightson, 1974; Gronwall, 1977; Leininger, Gramling, 

Farrel, Kreutzer, & Peck, 1990; Levin, Benton, & Grossman, 1982) and Lezak (1995) has 

suggested that it may be a valuable instrument for the detection of subtle attentional deficits 

following head injury.   

While originally presented as a measure of recovery from mild TBI, the PASAT has 

subsequently become a popular tool in discriminating clinical populations from healthy 

individuals. Over time the test has been employed in the evaluation of a disparate range of 

conditions, including mercury exposure (Uzzell & Oler, 1986), adaptation to altitude 

(White, 1984), narcolepsy (Valley & Broughton, 1981), lupus (Shucard et al., 2004) and 

multiple sclerosis (Rudick et al., 1997). 

 

4.3 Construct Validity 

Increasing the stimulus presentation rate on the PASAT leads to a corresponding 

increase in task difficulty (van Zomeren & Brouwer, 1994).  At the briefest inter-stimulus 

intervals even healthy controls begin to make errors and fail, making the test highly 

sensitive.  However, the specificity of the test is disputable.  The PASAT is generally 
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interpreted as an index of attention, concentration, and information processing ability 

(Diehr, Heaton, Miller, & Grant, 1998; Mathias, Stanford, & Houston, 2004; Spreen & 

Strauss, 1998).  However, these are nonspecific and wide ranging abilities, and 

discrepancies with respect to the interpretation of what cognitive abilities the PASAT is 

specifically assessing continue to be reported.   

As discussed earlier, the PASAT was originally developed as a test of information 

processing speed (Gronwall & Wrightson, 1974; Gronwall & Sampson, 1974; Gronwall, 

1977).  An interpretation of the PASAT as a measure of information processing speed may 

be accurate, yet limited (The Psychological Corporation, 1998).  PASAT performance has 

not been shown to correlate with measures of simple reaction time (Sherman, Strauss, & 

Spellacy, 1997), and is therefore often suggested to be tapping higher-order levels of 

attentional functioning.   

Attention is not a unitary concept and the PASAT has alternately been interpreted as 

a measure of sustained attention (Cohen, 1993; Parasuramen, Mutter, & Molloy, 1991), 

divided attention (Brittain, La Marche, Reeder, Roth, & Boll, 1991; Spreen & Strauss, 

1998; van Zomeren & Brouwer, 1994), selective attention (The Psychological Corporation, 

1998), concentration (Roman, Edwall, Buchanan, & Patton, 1991), mental tracking (Lezak, 

1995), and supervisory attention (Cicerone, 1997; Diehr, Heaton, Miller, & Grant, 1998).   

In addition to rapidly registering and processing information, the PASAT 

simultaneously requires retrieval of the previously presented stimulus, and preparation and 

execution of a response.  The PASAT has been argued to provide an index of an 

individual’s susceptibility to interference effects, as the examinee must concurrently 

articulate a response and register the next digit.  As the ISI becomes shorter, the more these 

two processes overlap, and the more the spoken response may interfere with processing of 

target stimuli (Royan, Tombaugh, Rees, & Francis, 2004).  Working memory, planning, 
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and mental flexibility have thus been proposed to also be necessary for successful task 

performance (Diehr, Heaton, Miller, & Grant, 1998; Fisk & Archibald, 2001; The 

Psychological Corporation, 1998).   

Clearly with tests such as the PASAT, which make complex demands upon the 

examinee, it can be difficult to determine the cognitive correlates of performance.  

Therefore a number of correlational and factor analytic studies have been conducted to 

examine the construct validity of the test.   

Sherman, Strauss, and Spellacy (1997) found that PASAT performance positively 

correlated with results from measures of selective attention, including the Stroop Task, the 

Digit Symbol and Arithmetic subtests from the Wechsler Adult Intelligence Scale-Revised  

and the D2 cancellation test.  However, performance was also highly correlated with a 

number of additional constructs, including numerical ability and general intelligence.  The 

authors concluded that although the PASAT appears to measure attentional ability, such 

findings suggest that the PASAT should not be interpreted as a measure of attention when 

mathematical skills are poor or general intelligence is limited. 

O'Donnell and colleagues (1994) found the test correlated strongest with other tests 

of attention, such as the Trail Making Test-Part B and the Visual Search and Attention 

Task, and together loaded on a factor reflecting psychomotor speed and focused attention.  

The findings were argued to support the interpretation of the PASAT as a measure of 

attention, in line with Mirsky’s (1989; , 1991) “focus execute” component of attention.   

Deary and colleagues (1991) investigated performance on the PASAT and found 

scores loaded highest on a factor which resembled the freedom from distraction factor 

identified in previous factor analyses of the Wechsler Adult Intelligence Scale-Revised 

(Crawford, Jack, Morrison, Allan, & Nelson, 1990).  A similar attention and information 

processing factor, composed of the PASAT, Wechsler Memory Scale Mental Control, and 
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Wechsler Adult Intelligence Scale-Revised Digit Span was identified by Larrabee & 

Curtiss (1995). 

Spikman and colleagues (2001) conducted a factor analytic study of a number of 

tests routinely administered as measures of attention, including the PASAT, and found no 

evidence to support classifying the tasks as measures of either focused, divided, or 

sustained attention.  Rather, only two components were demonstrated, defined by tasks 

which did not offer much structure and therefore required the conscious allocation of 

attentional resources or tasks which allowed learning to proceed quickly and responses to 

be generated automatically.  The PASAT loaded onto the former factor, prompting the 

researcher to conclude the task was a sensitive measure of executive attentional control. 

Finally, positron emission tomography and functional magnetic resonance imaging 

has been used to map the brain regions which mediate performance on the PASAT (Au 

Duong et al., 2005; Audoin et al., 2005; Forn et al., 2006; Lockwood, Linn, Szymanski, 

Coad, & Wack, 2004).  Performance has been shown to be dependent upon activation 

within the anterior cingulate gyrus, left pre-frontal, superior temporal, and parietal lobes, 

and the cerebellum.   

The sheer scope of the requisite neural substrates, including the white matter tracts 

connecting them, reveals why the PASAT appears to be both a sensitive, yet nonspecific 

instrument.  Activation of the cingulate cortex has been regarded as representing 

involvement of the anterior attention network (Posner & Petersen, 1990) mediating higher-

order attentional functioning (Au Duong et al., 2005; Audoin et al., 2005; Lockwood, Linn, 

Szymanski, Coad, & Wack, 2004).  Superior temporal lobe activation was associated with 

auditory perceptual and mnestic processes (Au Duong et al., 2005; Audoin et al., 2005; 

Lockwood, Linn, Szymanski, Coad, & Wack, 2004) while frontal and parietal lobe 

activation was associated with working memory and executive attention (Au Duong et al., 
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2005; Audoin et al., 2005; Forn et al., 2006; Lockwood, Linn, Szymanski, Coad, & Wack, 

2004).  Interestingly, analysis of the activation patterns failed to identify a specific math-

related neural site, suggesting that the addition of two one-digit numbers is a fairly simple 

task that proceeds relatively automatically (Lockwood, Linn, Szymanski, Coad, & Wack, 

2004).   

In summary, the PASAT was originally conceived of as a measure of speed of 

information processing.  This interpretation has been expanded such that while performance 

is recognized to be related to a number of cognitive abilities, the PASAT is most commonly 

considered a test of attention and concentration.  It seems that while the multi-factorial 

nature of the task makes it sensitive to deficits in a number of lower-order attentional 

processes, including focused, divided, and sustained attention, successful performance 

ultimately lies in the efficient coordination of the various sub-tasks into one single 

integrated activity.  These higher-order operations are the responsibility of executive 

control processes, alternatively referred to as controlled processing (Schneider, Dumais, & 

Shiffrin, 1984; Schneider & Shiffrin, 1977), the central executive (Baddeley, 1993; 

Baddeley, 1996; Baddeley & Hitch, 1974), or supervisory attentional (Norman & Shallice, 

1986; Shallice & Burgess, 1993).  It is therefore hypothesized that successful PASAT 

performance is most critically related to intact executive attention (Cicerone, 1996, 2002; 

Diehr, Heaton, Miller, & Grant, 1998; Serino, Ciaramelli, Di Santantonio, & Ládavas, 

2006; Spikman, Henk, Deelman, & van Zomeren, 2001).   

 

4.4 Challenges to Conceptualizations 

The results from validity studies generally support interpretation of the PASAT as 

an index of attention and concentration (Deary, Langan, Hepburn, & Frier, 1991; Larrabee 

& Curtiss, 1995; O'Donnell, MacGregor, Dabrowski, Oestriecher, & Romero, 1994; 
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Sherman, Strauss, & Spellacy, 1997).  However, performance appears to be moderated by 

additional variables including intelligence, mathematical ability, age, mood, memory 

ability, and injury type. 

Higher IQ scores consistently corresponded with better PASAT performance 

(Brittain, La Marche, Reeder, Roth, & Boll, 1991; Crawford, Obonsawin, & Allan, 1998; 

Egan, 1988; Roman, Edwall, Buchanan, & Patton, 1991; Sherman, Strauss, & Spellacy, 

1997).  This stands in contrast to original reports that PASAT performance was not 

moderated by level of intelligence (Gronwall & Sampson, 1974). 

Although Gronwall (1981; , 1974) contends performance on the PASAT is only 

weakly related to mathematical ability there is considerable evidence to suggest otherwise 

(Chronicle & MacGregor, 1998; Egan, 1988; Royan, Tombaugh, Rees, & Francis, 2004; 

Sherman, Strauss, & Spellacy, 1997).  However, the skill that appears most directly related 

to serial addition is basic arithmetic ability.  Johnson, Roethig-Johnston, and Middleton 

(1988) therefore created a children’s version of the PASAT, in which they attempted to 

reduced the mathematical demands of the task by restricting sums to less than 10 (in the 

adult version sums range from two to 18).   

Younger adult examinees outperform older adult examinees (Brittain, La Marche, 

Reeder, Roth, & Boll, 1991; Crawford, Obonsawin, & Allan, 1998; Diehr, Heaton, Miller, 

& Grant, 1998), and the decline in performance may be apparent as early as age 35 

(Gronwall & Wrightson, 1981).  However, Roman et al. (1991) found a more delayed effect 

of age, as both young (18-27 years old) and middle aged (33-50 years old) adults performed 

significantly better than older (60-75 years old) adults. 

Examinees may react with aversion to the PASAT (Gouvier, Cubic, Jones, Brantley, 

& Cutlip, 1992; Gow & Deary, 2004; Lezak, 1995; Roman, Edwall, Buchanan, & Patton, 

1991; Spreen & Strauss, 1998) and concerns that subjective mood state may be impacting 
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negatively upon test performance independent of any attentional deficits have been raised 

(Roman, Edwall, Buchanan, & Patton, 1991). Holdwick & Wigenfeld (1999) specifically 

examined the effect of both positive and negative mood states upon PASAT performance 

and found that a significant difference in PASAT performance was only observed at the 

fastest presentation rate in individuals with an induced negative mood, suggesting the 

PASAT is relatively robust against interference from a participant’s negative mood state.   

PASAT performance has also been found to induce arousal changes, including 

increased heart rate and blood pressure (Mathias, Stanford, & Houston, 2004).  While 

physiological arousal was not significantly related to performance levels, the observed 

changes raise concerns about the validity of testing in more sensitive populations, who may 

be less able to regulate affect (Mathias, Stanford, & Houston, 2004). 

Deary and colleagues (1991) found scores from the 4.0-second PASAT trial 

correlated with indices of short- and long-term memory.  A 2.0-second presentation of the 

PASAT was not correlated with memory ability.  These findings are somewhat consistent 

with the results reported by Sherman, Strauss, & Spellacy (1997) who concluded different 

PASAT speeds index different cognitive domains.  A slower rate of presentation (2.0- 

seconds) was shown to correlate with scores from the Rey Auditory Verbal Learning Test, 

whereas a faster rate of presentation (1.6-seconds) showed little correlation with measures 

of memory.  In contrast, Egan (1988) contends the PASAT places few demands on 

memory, and following mild TBI, deficits in memory consolidation and retrieval have not 

correlated with PASAT performance (Gronwall & Wrightson, 1981).   

The sensitivity of the PASAT to head injury may depend upon the type of injury 

sustained.  It has been argued that the sensitivity of the PASAT is highest when head injury 

is secondary to marked acceleration/deceleration and rotational forces, which are associated 

with diffuse white matter damage (Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990; 
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Roman, Edwall, Buchanan, & Patton, 1991).  Such injuries are more likely to occur in the 

course of motor vehicle accidents, as opposed to falls, sports injuries, or assaults.  Head 

injuries resulting in focal insults to the brain are less likely to produce impairment 

detectable upon the PASAT (Roman, Edwall, Buchanan, & Patton, 1991).   

 Other demographic variables including race and gender appear to exert little or no 

significant effect on PASAT performance (Brittain, La Marche, Reeder, Roth, & Boll, 

1991; Roman, Edwall, Buchanan, & Patton, 1991; Wigenfeld, Holdwick, Davis, & Hunter, 

1999). 

 

4.5 Practice Effects  

Serial administration of neuropsychological tests is a common method in research 

and clinical practice for assessing disease and injury progression or recovery.  A number of 

processes can contribute to changes over time in neuropsychological test performance, 

including progression of an underlying disease, recovery from neurological insult, or 

manipulation of an independent variable.  However, a practice effect, the learning which 

results from repeated task exposure, can also contribute and frequently confounds the 

validity of assessing change over time.   

Initial reports (Gronwall & Sampson, 1974; Gronwall, 1977) indicated that although 

healthy controls significantly improve their performance on the PASAT from the first to the 

second administration, subsequent administrations produce minimal further improvement 

and the PASAT is an appropriate measure to be administered serially to document changes 

in performance during recovery from head injury.  

Contrary to earlier reports (Gronwall & Sampson, 1974; Gronwall, 1977), 

prolonged practice effects have been reported with the PASAT.  Stuss, Stethem, 

Hugenholtz, & Richard (1989) found steady improvements in PASAT performance in 



 

 93

healthy control participants over four administrations.  However, similar to the findings of 

Gronwall and Sampson, the most significant gains were made between the first and second 

administrations. 

Beglinger and colleagues (2005) examined practice effects on the PASAT at the 

2.0- and 3.0-second ISI trials over six weeks and found that healthy participants 

demonstrated significant learning over time.  Learning plateaued after the third session for 

the 2.0-second trial and after the fourth session for the 3.0-second ISI trial, at which time 

most participants demonstrated a ceiling effect.  Consistent with previous research, the 

greatest improvements in performance occurred from the first to second administration 

(Gronwall & Sampson, 1974; Stuss, Stethem, Hugenholtz, & Richard, 1989), with rates of 

improvement diminishing over following sessions (Gronwall, 1977). 

Feinstein and colleagues (1994) demonstrated extended practice effects on the 

PASAT (4.0- and 2.0-second ISIs), with participants showing continual improvement over 

eight testing sessions at two to four week testing intervals.  However, age was noted to 

influence the magnitude of the practice effect.  Despite the two age groups being matched 

for years of education and IQ, the younger group (25-33 years old) showed greater 

improvements over time than the older group (41-57).   

Age has routinely been shown to moderate practice effects.  Stuss, Stethem, and 

Pelchat (1988) administered the PASAT to three age groups of healthy controls two times, 

one week apart.  All three age groups demonstrated substantial improvement upon the 

second administration of the test.  However, at both time points, the 16-29 year age group 

substantially outperformed the older age groups.   

No association has been reported between the length of the test-retest interval and 

magnitude of the practice effect on the PASAT.   Baird (2004) reports comparable 
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improvement in performance between groups retested after either 20-minutes, one week, or 

three months.   

While the computerized version of the PASAT utilizes fully randomized sequences 

of digits for each ISI series, the original audio cassette version of the PASAT presented the 

same sequence of pseudo-random digits over the four ISI intervals.  A concern has been 

raised that initial reports of practice effects following repeated administration of the 

original PASAT may therefore have been due to familiarity with the stimuli, rather than an 

underlying change in information processing of the task demands (Wigenfeld, Holdwick, 

Davis, & Hunter, 1999).  However, performance in healthy individuals on the computerized 

version of the PASAT has been found to be consistent with published norms for the 

audiocassette version of the PASAT, suggesting that the computerized and audio-cassette 

versions of the PASAT are generally equivalent and that practice effects cannot be 

attributed to stimulus familiarity (Wigenfeld, Holdwick, Davis, & Hunter, 1999). 

Rather, improvement in performance over repeated administration of the PASAT 

may be due to an active learning process directing the strategic processing of target stimuli 

and suppression of distracting stimuli (Feinstein, Brown, & Ron, 1994; Spikman, 

Timmerman, van Zomeren, & Deelman, 1999; Tombaugh, 2006).  Due to the complexity of 

the task, participants are likely to require extended training to develop an effective strategy 

to perform the PASAT.    

 

4.6 Conclusions  

 The PASAT is an externally paced task which requires the examinee to 

simultaneously engage in sensory registration, retention of digits, mental arithmetic, and 

response production, while avoiding interference (van Zomeren & Brouwer, 1994).  Speed 

of information processing is clearly an important factor in task performance, however faster 
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presentation rates fail to increase the sensitivity of the PASAT to mild TBI (Tombaugh, 

2006).  A number of additional cognitive processes have subsequently been proposed to 

mediate successful task performance, which appear to merge with abilities that are often 

referred to under the heading of executive attention.   

Executive attention refers to the capacity-limited active attention and control which 

is required when the routine selection of an action is inadequate to cope with task demands 

(Baddeley & Hitch, 1974; Norman & Shallice, 1986; Schneider & Shiffrin, 1977).  The 

reliance upon consciously directed attention appears to diminish with repeated 

administration of the PASAT, as implicit strategies are developed to automatically cope 

with task demands.  Formation of such strategies likely underlies the significant practice 

effect commonly reported, which appears to persist for three to four test administrations. 

In summary, the PASAT is a useful tool in measuring attention and information 

processing, evaluating impairments, and quantifying changes in performance over time 

following mild TBI.  The sensitivity of the PASAT to subtle processing deficits after mild 

TBI appears to be a result of the interaction between a dual set of demands, namely the 

need for rapid information processing, and the needs for controlled processing (Cicerone, 

1996, 1997; Mateer, 2000).  Suitably demanding behavioural measures  such as the PASAT 

may reveal long lasting, subtle information processing deficits following mild TBI 

(Bernstein, 1999; Cicerone, 1996; Packard & Ham, 1996; Raskin, Mateer, & Tweeten, 

1998; Stuss et al., 1985).  Combined with ERPs, this methodology may be highly sensitive 

to the subtle deficits in attention associated with mild TBI and most likely to distinguish 

mild TBI individuals from healthy controls (Bernstein, 2002). 
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Chapter 5 - ERP Analysis of Novice PASAT Performance Following Mild TBI 
 

Clinical descriptions of individuals who have sustained a mild TBI frequently 

involve a constellation of physical, emotional, and cognitive complaints.  Common 

symptoms include headache, dizziness, depression, anxiety, irritability, memory deficits, 

and impaired attention and concentration (Alves, Macciocchi, & Barth, 1993; Binder, 1986; 

Dikmen, McLean, & Temkin, 1986; Rimel, Giordani, Barth, Boll, & Jane, 1981).  

Persisting symptoms have often been considered inconsistent with the severity of the injury 

and attributed to pre-injury personality factors (Alexander, 1992; Kay, Newman, Cavallo, 

Ora, & Resnick, 1992), maladaptive post-injury psychological processes (Bryant & Harvey, 

1999; Levin, Mattis et al., 1987; Marsh & Smith, 1995; Mooney & Speed, 2001), or 

litigation effects (Belanger, Curtiss, Demery, Lebowitz, & Vanderploeg, 2005; Carroll et 

al., 2004; Varney, 1990), rather than a neuropathologic consequence of brain injury itself.  

However, there is growing evidence to suggest that persistent cognitive and behavioural 

symptomatology may reflect subtle neurologic dysfunction previously beneath the 

detection threshold of standard diagnostic procedures (Kant, Smith-Seemiller, Isaac, & 

Duffy, 1997; McAllister et al., 1999; Richardson, 2000; Ruff et al., 1994).   

In an attempt to resolve the debate over the nature and validity of persistent 

cognitive and behavioural symptomatology, a number of meta-analytic reviews examining 

the extent of neuropsychological impairment following mild TBI have been conducted 

(Belanger, Curtiss, Demery, Lebowitz, & Vanderploeg, 2005; Binder, Rohling, & Larrabee, 

1997; Frencham, Fox, & Maybery, 2005; Schretlen & Shapiro, 2003; Zakzanis, Leach, & 

Kaplan, 1999).  These reviews of the literature have routinely revealed the overall effect of 

mild TBI on neuropsychological function typically recedes to nonsignificance within three 

months post-injury.  Thus, mild TBI is generally considered to have a good outcome.  
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However, upon closer examination, it appears that certain domains may demonstrate 

persisting impairment, not captured by the overall effect size.  Of these, attention and 

information processing measures, in particular cognitively demanding tasks which rely 

upon frontally-mediated processing, may be particularly sensitive indicators of the 

persistent neuropsychological dysfunction which can arise following mild TBI (Binder, 

Rohling, & Larrabee, 1997; Frencham, Fox, & Maybery, 2005; Zakzanis, Leach, & Kaplan, 

1999).   

However, every neuropsychological test of attention requires a certain extent of 

focusing attention to a stimulus, dividing attention between different channels of 

information, sustaining attention over a period of time, and supervising control of attention 

to the task rules and demands, all of which must be performed within time constraints 

(Robertson et al., 1997; Spikman et al., 2001).  Hence, it is not always possible to delineate 

precisely the nature of the deficit observed on a neuropsychological test of attention, and 

attempts to identify specific components of attention that are impaired in individuals with 

mild TBI have produced inconsistent results.   

Rather than discuss results in terms of more specific attentional processes, many 

authors are now prone to interpret impaired clinical performance on such tests after mild 

TBI as the consequence of a generalized slowing of perceptual, motor, and cognitive 

functioning (Gronwall & Wrightson, 1974; Ponsford & Kinsella, 1992; Robertson, Manly, 

Andrade, Baddeley, & Yiend, 1997; Schmidt, Brouwer, Vanier, & Kemp, 1996; van 

Zomeren, Brouwer, & Deelman, 1984; Whyte, M., Polansky, Cavallucci, & Coslett, 1997).  

According to this slowed processing theory, performance on an attentional task deteriorates 

because the relevant cognitive operations are executed too slowly to be completed 

successfully in the available time.  Consistent with this view, slowed responding on choice 

reaction time tasks is one of the most frequently reported findings in individuals who have 
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sustained a mild TBI (Arcia & Gualtieri, 1994; Comerford, Geffen, May, Medland, & 

Geffen, 2002; Gronwall & Wrightson, 1974; Hinton-Bayre, Geffen, & McFarland, 1997; 

Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990; Levin, Gary et al., 1987; Mathias, 

Beall, & Bigler, 2004; Spikman, van Zomeren, & Deelman, 1996; van Zomeren & 

Brouwer, 1994). 

Alternatively, it has been put forth that following mild TBI the degree of 

impairment on a neuropsychological test of attention is directly related to the degree to 

which the task being performed involves controlled processing (Cicerone, 1996, 1997; 

Hugenholtz, Stuss, Stetham, & Richard, 1988; Mateer, 2000; Parasuramen, Mutter, & 

Molloy, 1991; Stuss et al., 1989; Stuss, Stethem, Picton, Leech, & Pelchat, 1989).  This 

controlled processing hypothesis is based on findings that complex choice reaction time 

tasks which cannot be performed through the routine execution of overlearned schema, but 

rather require the establishment of novel patterns of integration between long-term 

memory, perceptual, evaluative, and attentional systems have regularly elicited 

performance deficits (Bernstein, 2002; Hugenholtz, Stuss, Stetham, & Richard, 1988; 

Segalowitz, Bernstein, & Lawson, 2001; Stuss et al., 1989).  The PASAT, and other tests 

which require the conscious allocation of capacity-limited supervisory attention resources 

to regulate information processing have also been found to be particularly sensitive to 

subtle attention deficits following mild TBI (Cicerone, 1997; Cicerone & Azulay, 2002; 

Gronwall, 1989).  The capability for strategic control over attentional resources required for 

the coordination and execution of complex task requirements has therefore been argued to 

be disrupted in mild TBI (Cicerone & Azulay, 2002; Hugenholtz, Stuss, Stetham, & 

Richard, 1988; Parasuramen, Mutter, & Molloy, 1991; Stablum, Mogentale, & Umiltà, 

1996).   
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Such a disruption in executive attention may require individuals who have suffered 

a mild TBI to process information in a qualitatively different way from healthy controls.  

This phenomenon was initially described by van Zomeren and van den Berg (1985), who 

coined the term the coping hypothesis.  It was postulated that after head injury, individuals 

may be capable of coping with functional loss and achieving “normal” levels of 

performance through the allocation of maximal cognitive resources.  As such, recovery 

after mild TBI may represent behavioural adaptation rather than a return to pre-morbid 

levels of functioning (Bernstein, 1999; Dikmen & Machamer, 1995; Gronwall, 1977; 

Segalowitz, Bernstein, & Lawson, 2001). However, while such adaptive strategies may 

minimize or altogether mask the presence of cognitive deficits on behavioural measures, 

they would likely manifest as abnormal patterns and sources of activation on functional 

measures.   

As predicted, Rugg et al. (1993) found evidence of a sustained increase in the late 

negativity of cognitive ERPs after severe TBI, in association with intact behavioural results.  

These findings were interpreted as evidence of an increased level of cognitive effort needed 

to achieve a normal level of performance.   

Similarly, Potter et al. (2002) reported that after a mild TBI, cognitive ERP 

deflections elicited during Stroop task performance were significantly more negative 

relative to a control group.  Given the intact behavioural performance of the mild TBI 

group, the enhanced negativity was interpreted as reflecting the conscious allocation of 

additional attentional resources to achieve a normal level of performance.  

However, if an individual is already operating at or near maximal capacity to 

perform at standard cognitive loads, they may have little or no cognitive reserves left 

beyond that to cope with an increase in task demand.  For example, McAllister et al. (2001) 

used functional magnetic resonance imaging to demonstrate that individuals who had 
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sustained a mild TBI expended maximal processing resources at moderate cognitive loads 

and were unable to increase activation in areas of working memory circuitry as the 

processing load further increased.   Healthy controls, in contrast, demonstrated activation 

patterns in proportion to the processing demands of each task condition.   

In summary, according to the slowed processing hypothesis, performance deficits 

arise because of the number of cognitive operations that must be performed, while the 

controlled processing hypothesis contends deficits are moderated by the type of cognitive 

operations to be executed.  Although slowness of information processing appears to 

account for many of the attentional deficits observed following mild TBI, simple reaction 

time is generally preserved after mild TBI (Gronwall & Sampson, 1974; Hugenholtz, Stuss, 

Stetham, & Richard, 1988; Levin & Grossman, 1978; Stuss et al., 1989; Stuss, Stethem, 

Picton, Leech, & Pelchat, 1989), suggesting slowness alone cannot account for the pattern 

of performance on neuropsychological tests of attention following mild TBI. In addition, 

the degree of controlled processing which is required to perform the task may be an 

important factor in determining performance.  Specifically, the amount of structure and 

degree of uncertainty a task affords may have a significant impact upon the ability of an 

individual with mild TBI to perform that task.  However, individuals with mild TBI may be 

able to compensate for functional loss by increasing their demands upon remaining limited-

capacity resources.  Such compensatory strategies may allow the individual with mild TBI 

to produce a normal level of performance on behavioural measures, but would be likely to 

generate an abnormal pattern or location of activation on functional measures. 

 

5.1.1 The PASAT 

The PASAT is considered one of the best established measures of attentional 

functioning following mild TBI (Cicerone, 1997; Leininger, Gramling, Farrel, Kreutzer, & 



 

 101

Peck, 1990; Levin, Benton, & Grossman, 1982; Mateer, 2000; Robertson, Manly, Andrade, 

Baddeley, & Yiend, 1997).  The sensitivity of the PASAT in discriminating individuals 

who have sustained a mild TBI from healthy controls has been demonstrated repeatedly; 

however there is a lack of consensus regarding the specific factors which contribute to the 

sensitivity of the task.  In her original conceptualization, Gronwall identified the demand 

for a rapid rate of processing as the key component of the PASAT (Gronwall & Wrightson, 

1974; Gronwall & Sampson, 1974; Gronwall, 1977).  Ongoing investigations with the 

PASAT have revealed this characterization to be accurate, yet incomplete.  In particular, 

Cicerone has proposed that the sensitivity of the PASAT to mild TBI lies in a dual-set of 

task demands, namely the need for rapid processing, and the need for controlled processing 

(Cicerone, 1997; Cicerone & Azulay, 2002).   The contention the PASAT places demands 

on limited-capacity controlled processing resources to develop novel patterns of integration 

between long-term memory, perceptual, evaluative, and attentional systems has been 

repeatedly endorsed (Diehr, Heaton, Miller, & Grant, 1998; Serino, Ciaramelli, Di 

Santantonio, & Ládavas, 2006; Spikman, Henk, Deelman, & van Zomeren, 2001). 

The dual demands of the PASAT therefore appear to make the instrument an ideal 

task for evaluating the merits of the two competing hypothesis regarding attentional 

functioning after mild TBI, the slowed processing hypothesis and the controlled processing 

hypothesis.  If impaired results on the PASAT are the result of slowness only, one would 

expect normal scores on indices reflecting the intensity of executive attentional control 

required, but abnormal scores on indices reflecting the rate of information processing.  

Alternatively, if impaired results on the PASAT are the result of deficits in controlled 

processing, one would expect abnormal scores on indices reflecting the intensity of 

executive attentional control required, but normal scores on indices reflecting the rate of 

information processing.  Finally, if impaired results on the PASAT are the result of a 
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combination of cognitive slowing and deficits in controlled processing, one would expect 

abnormal scores on indices of both processing speed and intensity. 

Unfortunately, the PASAT itself has no direct measure of information processing 

intensity.  This information is particularly important if an individual is operating at or near 

maximum capacity to achieve a normal level of performance (Potter & Barrett, 1999).  

Reducing the ISI on the PASAT is presumed to increase the task load and thereby increase 

the demands on processing resources (Gronwall & Wrightson, 1974; Spikman, Henk, 

Deelman, & van Zomeren, 2001; van Zomeren & Brouwer, 1994); however, the PASAT 

provides no objective measure of the effects of this manipulation on specific aspects of 

brain function.   

Furthermore, the reaction time data provided on the PASAT reflects the end-stage 

of processing, and gives no insight into the real-time processing at individual stages from 

stimulus to response.  Behavioural analysis of PASAT performance therefore does not 

allow one to discriminate at which stage of information processing slowness may be 

occurring.   

 

5.1.2 ERPs 

Functional techniques such as ERPs can provide such information on the timing and 

integrity of the neural processes that mediate a given cognitive operation.  ERPs possess the 

high temporal resolution necessary to identify at which particular stage of information 

processing any abnormality is occurring, and can also provide an index of the intensity of 

activation in the neural generators underlying elicited ERP deflections.   

To date, a single study has recorded cognitive ERPs during PASAT performance in 

individuals who have sustained a mild TBI (Potter & Barrett, 1999).  Relative to healthy 

controls, the mild TBI group achieved equivalent behavioural results on the PASAT.  
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Analysis of the ERP results revealed that increasing task demand generated a concurrent 

increase in frontal negativity in the healthy controls.   However, the mild TBI group failed 

to demonstrate any such change in amplitude in response to increasing task demand.   There 

was no evidence of cognitive slowing in either the behavioural or ERP data, as predicted by 

a slowed processing hypothesis.  Potter and Barrett concluded the lack of an increase in 

frontal negativity as the processing load increased represented a mild reduction in 

processing capacity, which impaired the allocation of controlled processing resources, a 

finding consistent with the controlled processing hypothesis. 

However, the significance of these results is difficult to judge in light of the intact 

behavioural performance demonstrated by the mild TBI group.  Furthermore, the static 

amplitude of the late negative deflection in response to increases in task demand in the mild 

TBI group was the opposite pattern of results the researchers expected; who originally 

predicted the late ERP deflection of the mild TBI group would be relatively more negative 

at each level of task difficulty compared to the control group, representative of a 

behavioural coping mechanism (Potter & Barrett, 1999).    

 

5.1.3 Aims of the Current Study  

The Potter and Barrett (1999) study reaffirmed Gronwall’s (1991) prediction that 

normal scores on the PASAT after mild TBI may not reflect a return to pre-morbid levels of 

functioning.  However, it is not clear from the ERP results of the Potter and Barrett study 

how those individuals with mild TBI achieved a normal level of behavioural performance. 

The purpose of the current study was therefore to record cognitive ERPs during novice 

PASAT performance in a group of individuals who had sustained a mild TBI and matched 

healthy controls.  Consistent with the controlled processing hypothesis, it was hypothesized 

that the mild TBI group would have to allocate an abnormal amount of attentional resources 
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to achieve levels of performance on the PASAT equivalent to healthy controls.  As a result, 

while both experimental groups were expected to produce intact behavioural results, ERP 

indices reflecting the enhanced allocation of controlled processing resources were expected 

to differentiate the mild TBI group from healthy controls.  In particular, group differences 

in the late PN, which has been linked to the central executive component of working 

memory and executive attentional systems implementing controlled processing (Hansen & 

Hillyard, 1988; Michie, Fox, Ward, Catts, & McConaghy, 1990; Näätänen, 1985, 1992; 

Potter & Barrett, 1999; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002; Singal & Fowler, 

2005) were predicted.  Indices of mental processing speed, including latencies of ERP 

deflections and behavioural reaction time, were not expected to differentiate individuals 

with mild TBI from a healthy control group.   

 

5.2 Methods 

 
5.2.1 Participants 

Ten healthy individuals and 10 individuals who self-reported having suffered a mild 

TBI were drawn from a university community to participate in this experiment.  All 

participants had normal hearing and normal or corrected to normal vision. The definition of 

mild TBI used in the current study followed the criteria established by Kay and colleagues 

(1993).  Included within this definition were injuries resulting in an alteration in mental 

state associated with loss of consciousness, when present, not exceeding 30 minutes and a 

period of posttraumatic amnesia, when present, no longer than 24 hours.   

The mild TBI group consisted of six males and four females, all right-handed, 

without any self-reported history of psychiatric disorder, neurological disorder, epilepsy, 

drug abuse, or prior head injury.  None of the individuals in the mild TBI group had been 
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hospitalized for their injuries.  The mean age of the group was 21.10 years (SD = 5.55 

years, range 17-34 years) and the mean level of education was 14.20 years (SD = 2.29 

years).  Causes of injury were sporting accidents (7), motor vehicle accidents (1), and falls 

(2).  Unconsciousness was self-reported by all the mild TBI participants, with six 

participants reporting duration of less than one minute, three participants reporting duration 

of two to three minutes, and one participant reporting duration of 10 to 15 minutes.  Three 

of the participants reported a duration of posttraumatic amnesia lasting less than one hour, 

four participants self-reported duration of less than one day, and three participants reported 

experiencing no period of posttraumatic amnesia.  Average length of time since injury was 

15.20 months (SD = 18.07 months, range 2-60 months).  Individual details of the mild TBI 

group are given in Table 1. 

The control group consisted of five right-handed and one left-handed male and four 

right-handed females individually matched for age, gender, and education. There was no 

self-reported history of head injury, psychiatric disorder, neurological disorder, epilepsy, or 

drug abuse.  The mean age of the control group was 21.0 years (SD = 4.52, range 18-30).  

The mean level of education was 13.9 years (SD = 2.38 years).  Statistical analysis 

indicated there were no significant differences between the mild TBI and control groups in 

terms of age at testing [t(18) = 0.04,  p = .97] or years of education [t(18) = 0.29, p = .78].   
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Table 1                    

Mild TBI Participant Details 

Age 
(years) 

Gender Time Since 
Injury (months) 

Nature of 
Injury 

Time 
Unconscious 

Length of 
PTA 

 
17.08 

 
male 

 
2.00 

 
recreation 

 
less than one 

minute 
 

 
less than 
one hour 

17.42 male 2.00 recreation less than one 
minute 

 

less than 
one day 

18.17 male 16.00 recreation less than five 
minutes 

 

less than 
one hour 

18.83 male 4.00 recreation less than one 
minute 

 

less than 
one hour 

21.42 male 10.00 recreation less than one 
minute 

 

none 

34.25 male 60.00 fall less than one 
minute 

 

none 

18.50 female 6.00 MVA-
passenger 

less than one 
minute 

 

less than 
one day 

18.83 female 8.00 fall ten to 15 
 minutes 

 

less than 
one day 

23.08 female 12.00 recreation less than five 
minutes 

 

none 

27.25 female 32.00 recreation less than five 
minutes 

less than 
one day 
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5.2.2 Task 

Participants were administered a computerized version of the PASAT, ensuring a 

highly standardized administration.   After completing computer-administered instructions 

and practice sessions, the child version of the task was administered (The Psychological 

Corporation, 1998).  The child version of the task reduces the complexity of answers by 

restricting sums to less than 10, rather than between 2 and 18 as occurs in the adult version.  

This step was taken to minimize the impact of mathematical ability on performance 

(Royan, Tombaugh, Rees, & Francis, 2004).  Responses to consecutive presentations of 61 

digits (a trial) presented via headphones at rates of 2.4-, 2.0-, 1.6-, and 1.2-seconds were 

registered on a microphone.   Accuracy and reaction time data were automatically digitized 

and recorded for off-line analysis. 

 

5.2.3 Procedure 

To maximize the amount of data available for analysis, participants were 

administered two blocks of the PASAT, with a short break in between.  Each block 

consisted of a randomized order of presentation of PASAT trials at the 2.4-, 2.0-, 1.6-, and 

1.2-second ISI rates.  Presentation of the trials was randomized to minimize any effects of 

the order of administration.  The total number of correct responses on each trial was 

selected for analysis of performance accuracy.  Participants were instructed to minimize 

eye and body movements and speak quietly when responding.  Repeated measures analysis 

of variance (ANOVA) with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and experimental block 

(A and B) as within-subjects factors and group (mild TBI and control) as a between-

subjects factor were then conducted on the accuracy data.  During the PASAT 

administration continuous EEG activity was simultaneously recorded (see below).   

Participants also completed a control version of the PASAT task.  In this version, 
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referred to as the speech task, participants were administered a single trial at the 1.6-second 

ISI and requested to overtly repeat each presented digit, rather than perform the standard 

task.  Responses were registered on a microphone and reaction time data were 

automatically digitized and recorded for off-line analysis.  During the speech task 

administration continuous EEG activity was simultaneously recorded (see below).   

A concern in studies of neuropsychological outcome is the possibility of a 

premorbid history of cognitive or behavioural activity that is only marginally or not at all 

different from any abnormalities present post-injury.  To address this issue, all participants 

were administered the Wechsler Test of Adult Reading (The Psychological Corporation, 

2001b) to provide an estimate of their premorbid level of intellectual functioning. 

Non-organic factors including insufficient motivation (Keller, Hiltbrunner, Dill, & 

Kesselring, 2000) and incentive for financial gain (Binder & Rohling, 1996) have been 

implicated in the case of persisting cognitive and behavioural complaints following mild 

TBI.   To address these issues, individuals involved in litigation were excluded from the 

current study, and the Rey 15 Item Memory Test (Rey, 1964) was administered to provide a 

rapid screen of each participants’ level of effort and propensity to exaggerate complaints.  

Sherman, Strauss, and Spellacy (1997) have reported that PASAT performance is 

consistently related to mathematical ability and the PASAT should not be interpreted as a 

measure of attentional processes when mathematical skills are poor.  The Numerical 

Operations subtest of the Wechsler Individual Achievement Test-Second Edition (The 

Psychological Corporation, 2001a) was therefore administered to assess mathematical 

ability.  

Examinees may react with aversion to the PASAT (Lezak, 1995; Roman, Edwall, 

Buchanan, & Patton, 1991; Spreen & Strauss, 1998) and concerns that subjective mood 

state can impact negatively upon test performance independent of the level of attentional 
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functioning have been raised (Roman, Edwall, Buchanan, & Patton, 1991).  Emotionally 

sensitive populations may be particularly at risk for less than optimal performance 

(Mathias, Stanford, & Houston, 2004).  Furthermore, affective disturbance, in particular 

depression and anxiety, have often been implicated in the generation and maintenance of 

cognitive and behavioural symptomatology following a mild TBI (Alexander, 1992; Kay, 

1992; Levin, Mattis et al., 1987; Mathias & Coats, 1999; Mooney & Speed, 2001; Trahan, 

Ross, & Trahan, 2001).  The Depression Anxiety Stress Scale (Lovibond & Lovibond, 

1995) was therefore administered to provide a clinical rating of each participant’s current 

self-reported levels of depression, anxiety, and stress. 

 To evaluate the nature and severity of self-reported post-injury cognitive and 

behavioural symptomatology, participants also completed the Postconcussion Syndrome 

Checklist (Gouvier, Cubic, Jones, Brantley, & Cutlip, 1992). This Likert-based survey 

requires respondents to rate on a scale of 1 (not at all) to 5 (all the time, crippling, constant) 

the frequency, severity, and duration of which they experience commonly reported 

cognitive and behavioural symptoms.  The Postconcussion Syndrome Checklist was chosen 

over other available checklists, such as the Postconcussion Checklist (Oddy, Humphrey, & 

Uttley, 1978) or the Rivermead Postconcussion Symptoms Questionnaire (King, Crawford, 

Wenden, Moss, & Wade, 1995), as they do not include a measure of symptom frequency in 

order to distinguish between respondents experiencing only rare symptoms and those with a 

high rate of symptoms.  In addition, these checklists do not request information on the 

duration or severity of symptoms, which can vary considerable from one respondent to 

another (Gouvier, Cubic, Jones, Brantley, & Cutlip, 1992).   
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5.2.4 EEG Data Acquisition and Analysis  

EEG activity was sampled continuously at a digitization rate of 250 Hz per channel.  

The signals were amplified with a Neuroscan Incorporated (Herndon, VA) SynAmps 

system with a band-pass filter of 0.05-30 Hz (-6 dB down).  SCAN software, version 4.0, 

was used to register and analyse EEG activity.  Thirty-two tin electrodes were placed 

according to the International 10-20 system, utilizing a Neuroscan QuikCap, at frontal 

(Fp1, Fp2, F3, F4, F7, F8), central (Ft7, Ft8, Fc3, Fc4, C3, C4, T7, T8), parietal (Cp3, Cp4, 

Tp7, Tp8, P3, P4, P7, P8), occipital (O1, O2) and midline (Fz, Fcz, Cz, Cpz, Pz, Oz) sites.  

Vertical and horizontal electro-oculograms (EOG) were recorded with electrodes placed at 

the supraorbital ridge and suborbital region of the left eye, and at the outer canthus of each 

eye.  All electrodes were referenced to nose electrodes and impedances were kept below 5 

kΩ. Statistical eye movement correction was performed offline prior to averaging using the 

algorithm provided with the SCAN software.  After baseline adjustment around a 100 ms 

prestimulus interval remaining epochs containing amplitudes in excess of 75 µV at any 

electrode were rejected.  Stimulus-locked cognitive ERPs were then averaged over 1000 ms 

epochs, including a 100 ms pre-stimulus baseline period and a 900 ms post-stimulus period.  

Only epochs containing correct PASAT responses were included in the statistical analysis.   

 ERP deflections were identified according to their topography, polarity and position 

in the waveform.  Early sensory deflections were designated as N1, reflecting the first 

negative deflection, and P2 as the positive wave following the N1.  Middle- and late-

latency cognitive deflections included the N2, distinguished as the first negativity after P2, 

P3 as the prominent positive deflection following N2, and late PN, identified as the 

prolonged negativity following N2.   

The following criteria were derived from visual inspection of the grand averaged 

waveforms and used in the statistical analysis of the ERP deflections of interest: N1 was 
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defined as the most negative peak in the interval 80-160 ms; P2 was defined as the most 

positive peak in the interval 160-300 ms; N2 was defined as the most negative peak in the 

interval 260-350 ms; P3 was defined as the most positive peak in the interval 450-780 ms; 

and late PN was defined as the mean negativity in the interval 380-650 ms. 

Visual inspection of the grand averaged waveforms was also used to determine the 

electrode site over which each ERP deflection reached maximum activation.  Mean 

amplitude and peak latency measures for each deflection were then calculated from this 

electrode site. The amplitude and latency of the N1 and P2 were measured at Cz.  P3 was 

measured at Pz.  The N2 and late PN were measured at Fz. 

Mean amplitude and peak latency of each deflection was determined by computer 

program, and repeated measures ANOVA’s with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and 

experimental block (A and B) as within-subjects factors and experimental group (mild TBI 

and control) as a between-subjects factor were conducted for the N1, P2, N2, P3, and late 

PN.   

 

5.3 Results 

 

5.3.1 Neuropsychological Tests 

There was no difference between the mild TBI and control groups in mathematical 

ability [t(18) = -0.12, p = 0.91] or estimated full scale IQ [t(18) = -1.10, p = 0.29] (see 

Table 2).  Based on the results of the Wechsler Test of Adult Reading and Wechsler 

Individual Achievement Test-Second Edition both experimental groups appeared to be 

functioning in the average to above average range (The Psychological Corporation, 2001a, 

2001b).   



 

 112

All participants in both groups performed without error on the Rey 15-Item Test.  

Current levels of depression [t(18) = 1.48, p = 0.16], anxiety [t(18) = 1.22, p = 0.24], and 

stress [t(18) = 0.85, p = 0.41] (see Table 2) as self-reported on the Depression Anxiety 

Stress Scale were equivalent between the two groups and within the normal range 

(Lovibond & Lovibond, 1995).   

 

 
 

Table 2                 

Mean Scores for the Neuropsychological Tests 

Measure Group Mean SD 
mild TBI 108.70 4.83 Predicted 

FSIQ control 110.90 4.12 
    

mild TBI 108.6 9.47 Numerical 
Operations Score control 109.1 8.99 

    
mild TBI 3.4 3.60 Depression  

Score control 2.3 2.16 
    

mild TBI 3.1 3.73 Anxiety  
Score control 2.4 2.59 

    
mild TBI 9.6 7.07 Stress 

 Score control 7.0 6.6 
 

 

 

On the Postconcussion Syndrome Checklist the mild TBI group reported suffering 

from headache symptoms which were more intense [t(18) = 2.31, p = 0.03] and prolonged 

[t(18) = 2.28, p = 0.04] than healthy controls, and experiencing difficulty concentrating 

which was more severe [t(18) = 2.45, p = 0.03] and longer lasting [t(18) = 2.29, p = 0.03] 

relative to the control group.  There were no other group differences upon this instrument. 
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5.3.2 Behavioural Results 

During testing, failures with the PASAT presentation software resulted in losses of 

behavioural data from one participant in each subject group.  In a process referred to as 

listwise deletion, repeated measures ANOVA procedures in commonly used statistical 

software packages will automatically delete the entire observation for a participant if it has 

any missing data.  The underlying theory of linear mixed modelling means missing values 

is not as severe a problem as it is in general linear modelling. However, linear mixed 

modelling assumes missing data are missing at random (Norušis, 2003).  In the current 

study, although equipment failures occurred at random, multiple data points were lost by a 

single failure.  Missing data points were therefore interrelated and the assumption of 

randomness was not maintained.  The strategy of adopting a linear mixed modelling 

approach to account for missing values was therefore rejected.  

Because an equal number of observations were deleted due to missing values the 

study design remained balanced.  Imputing values for the missing data points was not 

viewed favourably as any calculation derived from the data set would have been based on a 

small number of valid data points and may have disrupted the original variance 

distributions (Little & Rubin, 1987).  Ultimately the data were analysed with a repeated 

measures general linear model.   

In general, all the participants demonstrated a significant decrease in the mean 

number of correct responses as the ISI decreased from 2.4-seconds to 1.2-seconds (see 

Table 3).  However, preliminary analysis revealed significant performance differences from 

the first experimental block to the second experimental block at each of the four ISIs (see 

below).  Rather than collapsing behavioural data across the two blocks as planned, data 

from each block were therefore analysed separately, with experimental block as an 

additional factor in the repeated measures analysis.     
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Table 3                 

Mean Correct PASAT Responses across Experimental Block and ISI for the Mild TBI and 

Control Group Participants  

  2.4 s ISI 2.0 s ISI 1.6 s ISI 1.2 s ISI 
 

Block A 
 

52.22 (5.07) 
 

49.56 (7.43) 
 

46.44 (9.74) 
 

39.44 (9.08) 
 

Mild TBI 
Group  

Block B 
 

53.33 (7.04) 
 

53.11 (6.13) 
 

49.56 (7.18) 
 

43.00 (11.02) 
 

Block A 
 

48.11 (5.04) 
 

42.67 (9.00) 
 

38.67 (9.30) 
 

32.56 (6.41) 
 

Control 
Group  

Block B 
 

50.89 (5.58) 
 

47.44 (6.91) 
 

41.67 (8.03) 
 

 
34.67 (7.30) 

 
Note: Values are means (SD) 
 

 

 

In order to reduce the cognitive demands of the PASAT and avoid the difficult task 

of performing several cognitive operations simultaneously, examinees may “chunk” their 

responses into more manageable portions (Snyder, Aniskiewicz, & Snyder, 1993).  

Specifically, examinees may add two numbers, skip one, add two numbers, skip one, and so 

on, generally failing to make any attempt to add strings of consecutive digits.  This strategy 

may produce an artificially inflated PASAT score and Fisk and Archibald (2001) have 

raised concerns that the total correct score therefore may not always provide an accurate 

index of information processing ability.  

The pattern of responding, including the number of no responses, and the number 

and length of correct strings was therefore examined in both participant groups.  Across the 

four ISIs over both experimental blocks there was no evidence that participants from either 

the mild TBI or controls groups were obtaining correct responses or reducing the cognitive 

demands of the task by adopting a chunking strategy.   
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Previous research has commented on the lack of reliability of the reaction time data 

provided by the PASAT computerized software (Wigenfeld, Holdwick, Davis, & Hunter, 

1999).  Although the program allows the examiner to manually calibrate the signal 

detection threshold, the calculated reaction time still did not often coincide with the onset 

of the vocal response.  Rather, throat clearing, sighs, or slips of the tongue which precede 

the scorable response were registered.  Due to the unreliability of the measurement system, 

PASAT reaction time data were discarded from the analysis. 

Two-way repeated measures ANOVAs with ISI (2.4-, 2.0-, 1.6-, and 1.2-second) 

and experimental block (A and B) as within-subjects factors and group (mild TBI and 

control) as a between-subjects factor were conducted to analyse the mean number of 

PASAT correct responses.  Where Mauchly’s test of sphericity was violated, Greenhouse-

Geisser corrections were applied.   

 The within-subjects main effects of ISI [F(3,48) = 58.51, p < 0.01, ηp
2 = 0.79] 

and block [F(1,16) = 11.59, p < 0.01, ηp
2 = 0.42] were significant.  There were no 

statistically significant interactions.  Although the mild TBI group tended to provide more 

correct responses than the control group, the between-subjects effect of group failed to 

reach statistical significance [F(1,16) = 3.98, p = 0.06, ηp
2 = 0.20].   

When plotted against ISI, the mean number of PASAT correct responses 

demonstrated a quadratic trend [F(1,16) = 7.74, p = 0.01, ηp
2 = 0.33] (see Figure 1).  

Bonferroni corrected paired-samples t-tests (p < 0.0167) indicated the within experimental 

block A, the mean number correct significantly declined from the 2.4-second to the 2.0-

second ISI [t(18) = 3.59, p < 0.01], from the 2.0-second to the 1.6-second ISI [t(18) = 3.17, 

p < 0.01], and from the 1.6-second to the 1.2-second ISI [t(17) = 5.08, p < 0.01].   Within 

experimental block B, the mean number correct significantly declined from the 2.0-second 

to the 1.6-second ISI [t(19) = 4.15, p < 0.01] and from the 1.6-second to the 1.2-second ISI 
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[t(18) = 5.48, p < 0.01].   The difference between the 2.4-second and the 2.0-second ISI was 

not significant [t(19) = 2.25, p = 0.04]. 

 
 
 
 
 
 
 
 
 

Figure 1                 

Mean PASAT Correct Responses with 95% Within-Subjects Confidence Intervals 
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To investigate the relationship between participant variables and PASAT 

performance after mild TBI, one-tailed Pearson product-moment correlations were 

calculated using mean PASAT correct response data collapsed across ISIs and experimental 

blocks (see Table 5).  Wechsler Test of Adult Reading predicted pre-morbid IQ and 

mathematical ability, as measured by the Numerical Operations subtest of the Wechsler 

Individual Achievement Test-Second Edition, were significantly positively correlated with 

PASAT performance.  Demographic variables including age at time of testing and years of 

education were not significantly correlated with PASAT performance.  Injury 

characteristics including time since injury, length of posttraumatic amnesia, and duration of 

disrupted or lost consciousness were also not significantly associated with PASAT 

performance.  However, intensity of headache symptoms, as self-reported on the 

Postconcussion Syndrome Checklist, was significantly negatively correlated with PASAT 

performance.  Self-reported intensity of difficulty concentrating was not significantly 

associated with PASAT performance, but was significantly positively correlated with 

length of posttraumatic amnesia. 

In general, older mild TBI participants tended to have more years of education and 

to have a greater length of time since injury.  Years of education was also significantly 

positively correlated with predicted pre-morbid IQ. 



 

 118

Table 4                                                                

Correlation Coefficients between Mean Correct PASAT Responses and Mild TBI Participant Variables 

 Age at 
Testing 

Headache 
Intensity 

 Difficult to 
Concentrate 

Intensity 

Years of 
Education 

Time 
Since 
Injury 

Length of Loss 
of  

Consciousness 

Duration of  
Posttraumatic 

Amnesia 

WTAR 
Predicted 

FSIQ 

WIAT 
Numerical 

Ability 

PASAT 
Mean 

Correct 
 

Age at Testing 
 

 
- 

 
0.25 

 
  -0.55* 

 
   0.94** 

 
 0.96** 

 
-0.20 

 
-0.51 

 
0.51 

 
-0.01 

 
0.14 

 
 Headache Intensity 

  
- 

 
-0.15 

 
0.12 

 
0.39 

 
0.27 

 
-0.05 

 
-0.30 

 
 -0.65* 

 
  -0.76** 

Difficult to 
 Concentrate 

Intensity 

   
- 

 
0.37 

 
0.13 

 
0.25 

 
  0.60* 

 
-0.15 

 
0.05 

 
-0.13 

 
Years of Education 

 

    
- 

 
 0.95** 

 
-0.18 

 
-0.46 

 
 0.63* 

 
0.15 

 
0.34 

 
Time Since Injury 

  

     
- 

 
-0.14 

 
-0.40 

 
0.50 

 
-0.06 

 
0.08 

 
Length of Loss of  

Consciousness 

      
- 

 
0.32 

 
0.17 

 
-.10 

 
-0.06 

 
Duration of Post- 

Traumatic Amnesia  

       
- 

 
0.23 

 
0.12 

 
0.12 

 
WTAR Predicted 

FSIQ  

        
- 

 
 0.59* 

 
   0.78** 

 
WIAT 

NumericalAability  

         
- 

 
   0.81** 

 
PASAT Mean 

Correct  
 

          
- 

Note: * Correlation is significant at the 0.05 level (1-tailed).    
         ** Correlation is significant at the 0.01 level (1-tailed).  
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5.3.3 ERP Results 

Cognitive ERPs generated to correct PASAT responses were averaged over the first 

and second experimental block.  The validity of this procedure was confirmed statistically; 

two-way repeated measures ANOVAs with between-subjects factors revealed there was no 

significant effect of experimental block on the deflections of interest [N1: F(1,18) = 0.14, p 

= 0.72, ηp
2 = 0.01; P2: F(1,18) = 0.37, p = 0.55, ηp

2 = 0.02; N2: F(1,18) = 0.81, p = 0.38, ηp
2 

= 0.04; P3: F(1,18) < 0.01, p = 0.97, ηp
2 < 0.01; late PN: F(1,18) = 0.46, p = 0.51, ηp

2 = 

0.03]. 

Grand averaged responses from each experimental group are illustrated in Figure 2.  

As no significant main effect of ISI was observed (see below), waveforms generated at the 

four ISIs are not plotted separately.  The main features of interest in the plots are a frontally 

distributed negativity, peaking at 453 ms in the control group and 456 ms in the mild TBI 

group, and a parietally distributed positivity peaking at 547 ms in both experimental groups 

(see Table 5).  Fronto-centrally distributed N1s, P2s, and N2s are also apparent in the 

waveforms of both experimental groups. 

Two-way repeated measures ANOVAs with between-subjects factors were 

conducted to compare the mean amplitude of the ERP deflections across the four ISIs 

between the two experimental groups.  Where Mauchly’s test of sphericity was violated, 

Greenhouse-Geisser corrections were applied. 

Statistical analyses revealed there was no significant within-group effect of ISI on 

the mean amplitude of any of the ERP deflections (N1: F(1.97,35.54) = 1.81, p = 0.16, ηp
2 

= 0.09; P2: F(1.53,27.60) = 1.71, p = 0.20, ηp
2 = 0.09; N2: F(3,54) = 0.32, p = 0.75, ηp

2 = 

0.02; P3: F(3,54) = 0.06, p = 0.98, ηp
2 < 0.01; late PN: F(3,54) = 0.41, p = 0.75, ηp

2=0.02).  

There was also no significant between-subjects effect of group on the mean amplitude on 

any of the ERP deflections (N1: F(1,18) = 0.36, p = 0.56, ηp
2 = 0.02; P2: F(1,18) = 0.89, p 
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= 0.36, ηp
2 = 0.05; N2: F(1,18) = 0.09, p = 0.76, ηp

2 = 0.01; P3: F(1,18) < 0.01, p = 0.95, ηp
2 

< 0.01; late PN: F(1,18) = 0.11, p = 0.74, ηp
2 = 0.01). 

 
 
 
 

Figure 2                        

Control (Thick Line) Versus Mild TBI (Thin Line) Grand Average Waveforms Collapsed 

Across ISI and Experimental Block 
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Two-way repeated measures ANOVAs with between-subjects factors revealed there 

was no significant within-group effect of ISI on the peak latency of any of the ERP 

deflections (N1: F(3,54) = 0.21, p = 0.89, ηp
2 = 0.01; P2: F(3,54) = 1.05, p = 0.38, ηp

2 = 

0.06; N2: F(3,54) = 1.19, p = 0.32, ηp
2 = 0.06; P3: F(3,54) = 0.74, p = 0.53, ηp

2 = 0.04; late 

PN: F(3,54) = 0.36, p = 0.78, ηp
2=0.02).  There was also no significant between-subjects 

effect of group on the peak latency on any of the ERP deflections (N1: F(1,18) = 0.02, p = 

0.89, ηp
2 < 0.01; P2: F(1,18) = 0.04, p = 0.85, ηp

2 < 0.01; N2: F(1,18) = 0.11, p = 0.75, ηp
2 = 

0.01; P3: F(1,18) = 0.80, p = 0.38, ηp
2 = 0.04; late PN: F(1,18) = 0.44, p = 0.52, ηp

2 = 0.02). 

To investigate the effects of speech upon the ERP results, ERPs generated in the 

speech task were compared against grand averaged waveforms generated during correct 

PASAT responses, collapsed across groups and ISIs.  As can be seen in Figure 3, the 

speech waveforms were characterized by an early sensory fronto-centrally distributed N1 

and P2.  Beginning at approximately 400 ms, and corresponding with the speech response, 

a topographically non-specific negativity emerged and rapidly increased over the remainder 

of the epoch.  The waveforms were absent of late cognitive ERP deflections, namely the P3 

and late PN.   
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Table 5                 

Mean Amplitude and Peak Latency Data of the Control and Mild TBI Groups for the N1, 

P2, N2, P3, and Late PN Deflections Elicited During Correct PASAT Responses 

Deflection Group  Mean SD 
N1 Control Amplitude -2.48 µV 1.85 µV 

  Latency 122.08 ms 8.00 ms 
     
 mild TBI Amplitude -1.43 µV 2.80 µV 
  Latency 122.90 ms 15.89 ms 
     

P2 Control Amplitude 3.60 µV 3.05 µV 
  Latency 228.45 ms 17.31 ms 
     
 mild TBI Amplitude 5.23 µV 2.78 µV 
  Latency 226.80 ms 19.97 ms 
     

N2 Control Amplitude -1.90 µV 1.81 µV 
  Latency 292.40 ms 4.19 ms 
     
 mild TBI Amplitude -1.12 µV  2.61 µV 
  Latency 293.25 ms 7.12 ms 
     

P3 Control Amplitude 6.66 µV 3.91 µV 
  Latency 547.95 ms 11.28 ms 
     
 mild TBI Amplitude 5.35 µV  3.75 µV 
  Latency 547.20 ms 15.05 ms 
     

Late PN Control Amplitude -2.72 µV 1.26 µV 
  Latency 453.45 ms 10.16 ms 
     
 mild TBI Amplitude -3.15 µV 1.76 µV 

  Latency 456.05 ms 12.27 ms 
 

 

 

A similar topographically non-specific, rapidly increasing negativity is present in 

the PASAT grand averaged waveforms.  However, the onset of this negativity is greatly 

delayed in the ERPs generated during performance of the PASAT task, presumably 
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coinciding with onset of the speech response.  The similarity of this late negative-going 

deflection to the one generated in the speech task suggests that this negativity is 

representative of speech artefact, and activity prior to the onset of this deflection should be 

interpreted as reflecting cortical activity.  Most importantly, as the speech artefact during 

PASAT performance is elicited in a later time-window than the P3 and late PN, overt 

naming did not appear to have contaminated the recording of cortical activity reflecting 

central information processing.  These results are in accord with previous reports that it is 

informative to measure cognitive ERPs during overt naming (Potter & Barrett, 1999; 

Schmitt, Bles, Schiller, & Münte, 2002).   
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Figure 3               

Grand Averaged PASAT Waveforms Collapsed Across ISIs and Groups (Thick Line) Versus 

Grand Averaged Speech Task Waveforms Collapsed Across Groups (Thin Line) 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

5.4 Discussion  

 
In the current study novice performance of a demanding behavioural measure 

combined with a high-temporal resolution functional measure was unable to detect any 

group differences following mild TBI.  In contrast to providing support for either a slowed 

processing or controlled processing hypothesis of attentional functioning following mild 
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TBI, the results obtained are in most agreement with the argument that while mild TBI may 

result in objective cognitive or neurophysiological dysfunction, any effects of injury are 

rapidly resolving and a good recovery can be expected (Dikmen, McLean, & Temkin, 

1986; Gentilini, Nichelli, & Schoenhuber, 1989; Levin, Mattis et al., 1987; von Bierbrauer 

& Weissenborn, 1998; Werner & Vanderzant, 1991).   

Obviously the validity of such claims depends heavily on methodological issues, 

including the type of sample of mild TBI and control participants recruited, how mild TBI 

was defined, and the sensitivity of the outcome measures selected (Dikmen, Machamer, & 

Temkin, 2001).  To this end, the current study utilized standard, well accepted criterion for 

defining mild TBI, and a highly regarded, widely utilized, standardized neuropsychological 

measure of functioning. 

To minimize the impact of potentially confounding factors, the mild TBI group was 

matched with healthy controls on gender, age, and years of education.   Furthermore, the 

two groups did not differ in terms of mathematical ability, estimated pre-morbid IQ, or 

current mood state, all of which were within normal ranges.   

The mean age at the time of injury was 20.21 years (range 17-29), which compares 

well with the age range identified in previous studies as encompassing the peak incidence 

of injury  (Annegers, Grabow, Kurland, & Laws, 1980; Cassidy et al., 2004; Kraus & 

Nourjah, 1988; Ryan, O'Jile, Gouvier, Parks-Levy, & Betz, 1996).  Males were slightly 

overrepresented in the current sample, which reflects the pattern of incidence reported in 

previous epidemiological studies (Annegers, Grabow, Kurland, & Laws, 1980; Crovitz, 

Horn, & Daniel, 1983; Kraus & Nourjah, 1988).  The leading cause of head injury in the 

current sample was sporting injuries, consistent with other studies of head injury in 

university-age populations (Ryan, O'Jile, Gouvier, Parks-Levy, & Betz, 1996; Segalowitz, 

Bernstein, & Lawson, 2001).   
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Post-injury symptoms such as headache, fatigue, irritability, and concentration 

problems are common after mild TBI, however they are not unique to this type of injury 

and are frequently reported in other types of injuries and in healthy controls (Carroll et al., 

2004; Chan, 2001; Lees-Haley, Fox, & Courtney, 2001).  Consistent with these past 

investigations, in the current study the mild TBI group did not differ from the control group 

in terms of the frequency with which they experienced cognitive and behavioural 

symptomatology.   

However, previous studies of mild TBI in university-age participants have reported 

a significant intensification of symptoms since the injury (Ryan, O'Jile, Gouvier, Parks-

Levy, & Betz, 1996) and Gouvier and colleagues (1992) have argued that meaningful 

differences between healthy controls and head injured participants may become apparent 

when the severity of symptomatology is examined.  Consistent with this argument, the mild 

TBI group in the current study differed significantly from the control group in terms of the 

intensity and duration with which they suffered from post-injury symptoms of headache 

and impaired concentration.   

 Concerns regarding suboptimal effort in the case of individuals with mild TBI have 

been raised, particularly in situations involving litigation or compensation claims (Larrabee, 

2000).  Therefore, none of the mild TBI subjects included in the current sample had been 

involved in a litigation claim.  While the Rey 15 Item Memory Test is less sensitive to 

malingering than available forced-choice procedures (Spreen & Strauss, 1998), the task is 

quick to administer and has received endorsement for the assessment of effort following 

mild TBI (Millis & Kler, 1995; Palmer, Boone, Allman, & Castro, 1995).  The performance 

of the mild TBI group on this task did not raise concerns regarding symptom exaggeration 

or level of effort.   
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5.4.1 The PASAT 

At each ISI and across both experimental blocks, the results indicated that novice 

PASAT performance in both the mild TBI and control groups was quite intact by any 

standard (Gronwall, 1977; Sherman, Strauss, & Spellacy, 1997; Wigenfeld, Holdwick, 

Davis, & Hunter, 1999).  These results, combined with performance on the 

neuropsychological tasks, suggest both groups were high functioning.  A possible 

explanation for the high level of performance in the mild TBI group is that because these 

participants had all recovered from their injuries sufficiently to be attending university, the 

sample was effectively biased toward individuals who had sustained only very mild 

injuries.  

All participants significantly improved in the mean number correct at each ISI trial 

from the first experimental block to the second experimental block. These results are 

consistent with the findings of within-session (Barker-Collo, 2005) and between-session 

(Beglinger et al., 2005; Feinstein, Brown, & Ron, 1994; Gronwall, 1977; Stuss, Stethem, 

Hugenholtz, & Richard, 1989; Stuss, Stethem, & Poirier, 1987) practice effects on the 

PASAT reported elsewhere.   

In general, novice PASAT performance declined from the 2.4-second to the 2.0-

second ISI, from the 2.0-second to the 1.6-second ISI, and from the 1.6-second to the 1.2-

second ISI.  This pattern of performance is consistent with the notion that decreasing the 

ISI is an effective means of increasing the task demands (Gronwall & Wrightson, 1974; 

Spikman, van Zomeren, & Deelman, 1996; The Psychological Corporation, 1998).  

However, manipulating task demand by increasing the rate of presentation did not increase 

the sensitivity of the PASAT to any between-group differences, consistent with previous 

reports (Bleiberg, Garmoe, Halpern, Reeves, & Nadler, 1997; Gronwall & Sampson, 1974; 

Ponsford & Kinsella, 1992; Stuss, Stethem, Hugenholtz, & Richard, 1989).   
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PASAT performance did not differentiate the individuals with mild TBI from 

healthy controls.  This finding is consistent with Newcombe, Rabbitt, and Briggs (1994) 

who found no between-group difference at one month on a 51-item version of the PASAT, 

and Levin et al. (1987) who found that by one month post-injury, only a small subset of 

participants with mild TBI demonstrated impaired PASAT scores relative to controls, and 

no differences in performance were detected by three months post-injury.  Stuss, Stethem, 

Hugenholtz, & Richard (1989) also found that at one and three months post-injury, 

performance on the PASAT was unable to differentiate individuals with mild TBI from 

healthy controls, and at one year post-injury Raskin and Rearick (1996) were unable to 

detect differences in PASAT performance between healthy controls and a mild TBI group. 

While Newcombe and colleagues (1994) attributed the inability of the PASAT to 

differentiate individuals with mild TBI from healthy controls in the acute stage to shorter 

trials and slower pacing rates than generally used, these factors were not present in the 

current study and cannot account for the current findings.  The remainder of the studies and 

the current findings are consistent with the conclusion drawn from meta-analytic studies of 

outcome that the overall effect of mild TBI on neuropsychological function typically 

recedes to nonsignificance within three months post-injury (Belanger, Curtiss, Demery, 

Lebowitz, & Vanderploeg, 2005; Frencham, Fox, & Maybery, 2005; Schretlen & Shapiro, 

2003). 

Alternatively, the lack of sensitivity of the PASAT with the current sample of mild 

TBI participants may depend upon the type of injury sustained.  Roman et al. (1991) 

contend the sensitivity of the PASAT is highest when head injury is secondary to marked 

acceleration/deceleration and rotational forces, which cause the most significant 

neurological injuries and are typically associated with motor vehicle accidents (Ommaya & 

Gennarelli, 1974; Packard, 1999; Roman, Edwall, Buchanan, & Patton, 1991; Ryan, O'Jile, 
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Gouvier, Parks-Levy, & Betz, 1996).  The majority of the current sample was injured in 

sporting accidents and contained only one subject injured in a motor vehicle accident.  

Head injuries suffered as a result of falls and sporting injuries typically result in focal 

insults to the brain, which have been argued to produce injuries that are less likely to 

produce impairment detectable upon the PASAT (Roman, Edwall, Buchanan, & Patton, 

1991).   

Finally, it was possible that the normal scores on the PASAT obtained by the mild 

TBI group may have been achieved through an abnormal expenditure of cognitive effort.  

According to the coping hypothesis (van Zomeren & van den Burg, 1985), individuals who 

have sustained a head injury can compensate for functional loss by increasing their 

demands upon remaining cognitive resources.   Increased engagement of executive 

attentional resources may therefore have allowed the individuals with mild TBI to cope 

with the significant demands of the PASAT.  However, to investigate this possibility the 

results of the ERP analysis must be examined. 

 

5.4.2 ERPs 

Data provided by the ERP analysis allowed for the examination of discrete 

cognitive operations in terms of specific cortical and subcortical responses, resulting in a 

more accurate understanding of the underlying psychological processes in both healthy 

controls and individuals who had sustained a mild TBI. 

Both groups demonstrated fronto-centrally distributed N1s and P2s of equivalent 

amplitude and there was no evidence to suggest deficits in early sensory processing in the 

mild TBI group.  These results are consistent with previous findings of no alteration of 

auditory N1 and P2 following mild TBI (Bernstein, 2002; Potter, Jory, Bassett, Barrett, & 

Mychalkiw, 2002; Segalowitz, Bernstein, & Lawson, 2001). 
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Both groups demonstrated frontally distributed N2s and parietally distributed P3s of 

equivalent amplitude and there was no evidence to suggest deficits in the discrimination, 

categorization, and evaluation of the auditory stimuli in the mild TBI group.  These results 

are consistent with studies reporting no change in auditory N2 or P3 amplitude following 

mild TBI (Gaetz & Weinberg, 2000; Potter & Barrett, 1999; Potter, Bassett, Jory, & 

Barrett, 2001; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002; von Bierbrauer & 

Weissenborn, 1998; Werner & Vanderzant, 1991) 

In the current study the mild TBI group was predicted to demonstrate abnormalities 

in the late PN.  Mild TBI research in regard to this cognitive ERP deflection remains 

indecisive, with reports of both increases (Potter, Jory, Bassett, Barrett, & Mychalkiw, 

2002) and decreases (Potter & Barrett, 1999; Solbakk, Reinvang, Nielsen, & Sundet, 1999) 

in the amplitude of the auditory late PN.  It was hypothesized in the current study that the 

mild TBI group would demonstrate an enhanced amplitude late PN, reflecting the increased 

engagement of executive attention resources in order to achieve normal levels of 

behavioural performance.  However, both experimental groups demonstrated a frontally 

distributed late PN of equivalent amplitude and there was no evidence to suggest 

abnormalities in aspects of controlled processing in the mild TBI group. 

There was no main effect of ISI upon the mean amplitude of any of the ERP 

deflections.  While the behavioural data are consistent with Gronwall and Wrightson’s 

(1974) original conceptualization that increasing the PASAT presentation rate dramatically 

increases the information processing demands of the task, Schmitter-Edgecombe (1996) has 

cautioned against this practice of attributing a manipulation in task characteristics to a 

change in cognitive demand without an a priori understanding of the attentional capacity 

demands of the particular underlying mental operation.  The fact that the ERP recordings of 

both experimental groups in the current study were insensitive to manipulations in ISI 
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suggests that the relationship between ISI and task demand may not be as straightforward 

as originally conceived.  Furthermore, these ERP results are consistent with the observation 

that increasing the rate of presentation of the PASAT does not increase the sensitivity of the 

task to head injury (Tombaugh, 2006).  However, these results are at odds with those 

reported by Potter and Barrett (1999), who in a similar sized sample found the amplitude of 

cognitive ERPs deflections recorded during PASAT performance were sensitive to 

manipulations in the ISIs.  Clearly, more research in this area is needed. 

Finally, the latency of the ERP deflections did not differ significantly between the 

two experimental groups.  This high-resolution temporal data provided no evidence to 

suggest slowness at perceptual or central stages of information processing following mild 

TBI.  As such, the current ERP results are not supportive of a generalized reduction in 

information processing speed following mild TBI, as proposed by the slowed processing 

hypothesis.   

In general, the ERP data was unable to differentiate the mild TBI group from 

healthy controls.  The current results appear consistent with previous studies which found 

the cognitive processes reflected in the amplitude and latency of deflections of the auditory 

ERP waveform are not significantly affected by mild TBI (Gaetz & Weinberg, 2000; von 

Bierbrauer & Weissenborn, 1998; Werner & Vanderzant, 1991). 

 

5.4.3 Conclusions 

There is a growing body of evidence to suggest that the neuropathologic 

consequences of mild TBI are sufficient to produce chronic disability and permanent 

cognitive impairment.  However, examination of ERP data recorded during novice PASAT 

performance failed to demonstrate evidence of perceptual or cognitive slowing following 

mild TBI, as would be predicted by the slowed processing hypothesis.  Analysis of the ERP 
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data also failed to yield evidence of abnormalities in the engagement of executive 

attentional resources in the mild TBI group, as would be predicted by either the controlled 

processing or coping hypotheses.  As would be expected by the normal pattern of ERP 

results, the current study found that behavioural performance on the challenging PASAT 

task was intact following mild TBI.   

However, in the current study, analysis of functional ERP data was restricted to 

examination of the pattern of activation, while the coping hypothesis proposes 

compensatory behavioural may also be achieved via abnormal sources of activation.  More 

specifically, individuals who have sustained a mild TBI may achieve normal levels of 

performance on the PASAT by recruiting alternative processing structures.  Although the 

late PN had a frontal distribution in both experimental groups, determination of the specific 

cerebral source of late PN requires further investigation with techniques possessing 

superior spatial resolution.   

In addition, relative to matched healthy controls, the mild TBI group reported 

suffering from more intense and more prolonged symptoms of headache and impaired 

concentration, and greater intensity of headache symptoms was found to be significantly 

associated with poorer PASAT performance.  While these complaints by themselves are by 

no means conclusive, they are a robust finding in studies of mild TBI (Binder, Rohling, & 

Larrabee, 1997; Cicerone, 1996; van Zomeren & Brouwer, 1994), and consistent with what 

one would expect of individuals engaged in an abnormal expenditure of cognitive effort. 

 Finally, the current study investigated only a portion of the controlled processing 

concept. According to Schneider and Shiffrin’s dual-process theory (1977), controlled 

processing does not just refer to behaviour on the initial attempts to solve a novel problem.  

Rather, controlled processing ends only when a set of well-learned schemas and their 

triggers appropriate to the situation have been created (Norman & Shallice, 1986), and the 
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executive attentional resources utilized in regulating and inter-relating the content of 

incoming perceptual stimuli and ongoing mental operations during novice performance 

become available for alternate activity.  One of the aims of studies to follow will therefore 

be to expand the investigation of controlled processing after mild TBI to include an 

examination of the process of acquiring automaticity and of easing controlled processing 

demands during PASAT performance.  It is hoped that such an investigation may provide a 

more coherent framework with which to evaluate the merits of the controlled processing 

hypothesis and account for the subjective complaints of those individuals who have 

sustained a mild TBI. 
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Chapter 6 - Source Localization of an Event-Related Potential Marker of Controlled 
Processing  

 
 

The electrical activity of the brain consists of ionic currents generated by 

biochemical sources at the cellular level.  These ionic currents create electrical fields, or 

dipoles, which can be measured as electrical scalp potentials.  Given a potential distribution 

recorded at the scalp, intracerebral current sources can be mathematically modelled because 

the ionic currents obey biophysical laws (Lopes da Silva & van Rotterdam, 2005).    

However, calculating the intracerebral source of potentials measured at the scalp is 

problematic, as there is no unique solution (Snyder, 1991).  In other words, different 

combinations of intracerebral sources can result in the same potential distribution at the 

scalp (Lopes da Silva & van Rotterdam, 2005).  To obtain a solution a source model must 

be devised which places constraints on the number, type, or location of sources (Lagerlund 

& Worrell, 2004).  A satisfactory model therefore seeks to identify the most likely 

intracerebral source.   

A common approach to source modelling is to assume a priori that the feature of 

interest in an evoked potential is generated by one or more intracranial dipole sources 

(Lagerlund & Worrell, 2004).  A dipole source is characterized by six parameters: the 

Cartesian coordinates of the dipole in three-dimensional space (x, y, and z); and, the 

orientation of the dipole moment vector in three-dimensional space (mx, my, and mz).  A 

nonlinear dipole source localization algorithm computes the location, orientation, and 

strength of the dipole by searching the six dimensions for the optimal value of each 

parameter.  The final value thus provides a goodness of fit measure which is indicative of 

how well a dipole accounts for the evoked potential recorded at scalp electrode sites at a 

specified instant (Scherg, 1990). 
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 In comparison to positron emission tomography and functional magnetic resonance 

imaging, ERPs have a less accurate anatomical resolution as they are derived from a 

relatively small number of scalp locations (Sherg, 1992).  However, functional magnetic 

resonance imaging and positron emission tomography techniques cannot match the high 

temporal resolution ERPs provide.  This highly accurate information regarding the time 

course of activation is crucial to a complete understanding of how brain regions interact 

(Picton, Lins, & Sherg, 1995).    

 

6.1.1 Neuroanatomical Basis of Controlled and Automatic Processing 

Several studies have investigated the functional anatomy of controlled and 

automatic processing.  Using positron emission tomography, Raichle and colleagues (1994) 

found the anterior cingulate cortex, left prefrontal region, left posterior temporal lobe, and 

right cerebellar hemisphere were activated during novel task performance.  After consistent 

practice, activation within these areas was significantly reduced.  However, activation 

within the insular cortex bilaterally and left medial extrastriate cortex was now present, 

which the authors contend reflected automatic execution of a learned pattern of behaviour 

(Raichle et al., 1994).  Similarly, Logan (1988; , 1991) has proposed that the transition from 

controlled to automatic processing involves organizational changes, such that different 

subsystems are involved in the two processing modes.   

However, most authors argue automatic processing is not mediated by a separate 

subsystem, but is based on the enhanced operation of functional nodes which were first 

activated during initial controlled processing stages (Jansma, Ramsey, Slagter, & Kahn, 

2001; Miller, 2000).  Consistent practice reinforces connections and improves the 

efficiency of communication between individual information processing nodes.  As 

automatic processes develop, the neural structures responsible for coordinating the 
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development of novel patterns of integration between long-term memory, perceptual, 

evaluative, and attentional systems cease to be necessary, and activation within these 

regions decreases.  Within this framework, controlled processing is associated with 

activation within: (1) areas related to working memory, including the dorsolateral prefrontal 

cortex and right superior frontal cortex; (2) areas involved in supervisory attentional 

control, including the dorsolateral prefrontal cortex, anterior cingulate cortex, and posterior 

parietal cortex; and, (3) cortical processing nodes specific to the particular task being 

executed.  Following development of automatic processes, activation is restricted to those 

task specific functional nodes that were first recruited during initial controlled processing, 

which now operate independent of supervisory control (Chein & Schneider, 2005; Jansma, 

Ramsey, Slagter, & Kahn, 2001; Milham, Banich, Claus, & Cohen, 2003; Schneider & 

Chein, 2003). 

While the frontal lobes are commonly agreed to be the area responsible for 

implementing attentional control, the relative contribution of specific regions such as the 

dorsolateral prefrontal cortex and the anterior cingulate cortex continue to be debated 

(Milham, Banich, Claus, & Cohen, 2003).  The anterior cingulate cortex has come to be 

viewed as primarily involved in response-related processes, including conflict monitoring 

(Botvinick, Cohen, & Carter, 2004; Carter et al., 2000), error detection (Gehring, Goss, & 

Coles, 1993), and response facilitation and inhibition (Fallgatter, Bartsch, & Herrmann, 

2002; Paus, 2001).  In contrast, the dorsolateral prefrontal cortex is responsible for the 

implementation of attentional control over activity within anterior and posterior cortical 

regions involved in both task-specific and task-irrelevant processing (Banich, Milham, 

Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Wright et al., 2000; Banich, Milham, 

Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Barad et al., 2000; Milham, Banich, 
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Claus, & Cohen, 2003; Schneider & Chein, 2003).  This control allows for the formation of 

attentional sets, which facilitate attempts to limit processing to task-relevant information.   

 The attentional set refers to a top-down bias for selecting certain types of 

information (Banich, Milham, Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Wright et 

al., 2000).  This control helps the individual to only attend to streams of information that 

may help them optimize task performance and is critical when there is a need to override 

automatic or intrinsic attentional biases (Banich, Milham, Atchley, Cohen, Webb, Wszalek, 

Kramer, Liang, Barad et al., 2000; Cohen, Dunbar, & McClelland, 1990).  The attentional 

set therefore appears to have much in common with the Norman and Shallice (Norman & 

Shallice, 1986) theory of supervisory attentional control,  Logan’s concept of algorithms 

(Logan, 1988; Logan & Klapp, 1991), connectionist/control architecture from the 

controlled processing literature (Schneider & Detweiler, 1988; Schneider & Shiffrin, 1977; 

Shiffrin & Schneider, 1977), and Näätänen’s conceptualization of processing negativity and 

the attentional trace (Näätänen, 1982, 1992).   

These theories of frontal lobe function are supported by the recent examination of 

practice-related changes in neural activity of the anterior cingulate cortex and dorsolateral 

prefrontal cortex in a group of healthy controls (Milham, Banich, Claus, & Cohen, 2003).  

Specifically, the results revealed that with consistent training activity within the anterior 

cingulate cortex attenuated rapidly, while dorsolateral prefrontal cortex activity decreased 

gradually, as the need for attentional control reduced.  The findings suggest that initially a 

degree of conflict is experienced at the response stage, requiring monitoring by the anterior 

cingulate cortex.  However, over the ensuing learning trials this conflict decreases as 

efficient dorsolateral prefrontal cortex mediated attentional control is established.  With 

extended practice, even this need for control at earlier stages of processing is diminished 
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with the establishment of an attentional set capable of efficiently selecting task-relevant 

over task-irrelevant processes (Milham, Banich, Claus, & Cohen, 2003).   

 As predicted by this model, elderly individuals (Milham et al., 2002) and survivors 

of stroke (Gehring & Knight, 2002) with deficits in dorsolateral prefrontal cortex 

functioning are impaired in the strategic inhibition of cortical systems handling task-

irrelevant processing.  Conversely, repetitive transcranial magnetic stimulation over the 

dorsolateral prefrontal cortex in healthy controls has been demonstrated to facilitate the 

formation of an attentional set, and subsequently the implementation of attentional control 

processes (Vanderhasselt, De Raedt, Baeken, Leyman, & D'haenen, 2006). Taken together, 

these studies providing converging evidence to suggest: (1) the dorsolateral prefrontal 

cortex plays the predominant role in establishing an attentional set; (2) with practice, the 

attentional control system becomes more efficient in selectively identifying task-relevant 

information and strategically inhibiting the processing of irrelevant information; and (3) 

this practice-mediated change is impaired with damage to the dorsolateral prefrontal cortex.   

However, another way in which attentional control may be compromised is that the 

neural substrates of attentional control may be intact, but the functional connectivity and 

interactions between widespread cortical regions involved in attentional processes may be 

disrupted (Au Duong et al., 2005; Milham et al., 2002).  Diffuse axonal injury following 

mild TBI may therefore disrupt the functional connectivity of dorsolateral prefrontal cortex 

mediated attentional control systems, decreasing the efficiency with which streams of task-

irrelevant information are suppressed, and the selection and integration of task-relevant 

information is enhanced.   

Individuals with mild TBI may compensate for the decline in ease of establishing 

efficient information processing strategies by increasing their reliance upon executive 

attentional control to direct processing.  Compensating for functional loss by increasing 
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reliance upon remaining limited capacity processing resources has been discussed by van 

Zomeren and van den Burg (1985) in their coping hypothesis, and repeatedly demonstrated 

as an effective strategy to achieve normal levels of performance following mild TBI 

(Cudmore, Segalowitz, & Dywan, 2000; McAllister et al., 2001; Potter, Bassett, Jory, & 

Barrett, 2001; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002). 

 

6.1.2 Aims of the Current Study 

Late PN has been proposed to be a marker of controlled processing aspects of 

attention (Näätänen, 1982, 1985; Potter & Barrett, 1999; Singal & Fowler, 2005; Solbakk, 

Reinvang, Nielsen, & Sundet, 1999).  Consistent with neuroimaging studies of controlled 

processing, this deflection has demonstrated a frontally distributed topography (Banich, 

Milham, Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Wright et al., 2000; Banich, 

Milham, Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Barad et al., 2000; Chein & 

Schneider, 2005; Jansma, Ramsey, Slagter, & Kahn, 2001; Milham, Banich, Claus, & 

Cohen, 2003).  The aim of the current study is to perform a source localization analysis to 

more precisely determine the location, orientation, and timing of the activated brain areas 

involved in the generation of late PN.   

The capability for executive control over attentional resources required for the 

strategic coordination and execution of complex task requirements has been argued to be 

impaired in mild TBI (Cicerone & Azulay, 2002; Hugenholtz, Stuss, Stetham, & Richard, 

1988; Parasuramen, Mutter, & Molloy, 1991; Stablum, Mogentale, & Umiltà, 1996).  

Disrupted connectivity within large-scale neural networks, occurring as a consequence of 

diffuse axonal injury, may constitute the anatomical substrate of such functional 

abnormality (Au Duong et al., 2005; Cicerone, 2002; Mathias, Beall, & Bigler, 2004; 

McAllister, Sparling, Flashman, & Saykin, 2001; Potter, Jory, Bassett, Barrett, & 
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Mychalkiw, 2002).  However, intact behavioural performance on the PASAT task observed 

in the experiment presented in Chapter 5 suggests that these individuals are able to at least 

partially compensate for decreased neural efficiency.  The question remains, however, 

whether compensatory behaviour is achieved via cortical reorganization inside complex 

cognitive networks and recruitment of alternative resources, or whether a normal level of 

performance is related to an adjustment of cognitive control via increased reliance on the 

conventional resources of executive attentional systems.   

It is hypothesized that during novice performance of the PASAT, a complex, 

procedural task, both healthy controls and individuals who have sustained a mild TBI will 

demonstrate activation within regions of the dorsolateral prefrontal cortex and anterior 

cingulate cortex to support controlled processing.  It is also hypothesized that due to injury-

related damage or disconnection within the neuroanatomical networks mediating executive 

attentional control, individuals who have sustained a mild TBI may demonstrate a unique 

pattern of source activation, as they recruit alternative processing resources to compensate 

for functional loss.     

 

6.2 Methods 

 
 
6.2.1 Participants 

Participants in the current study were the same as those recruited for the experiment 

presented in Chapters 5, and have been described in detail elsewhere.  Briefly, 10 healthy 

individuals and 10 individuals who had suffered a mild TBI were drawn from a university 

community to participate in this experiment.  The mild TBI group consisted of six males 

and four females, all right-handed, with a mean age of 21.10 years (SD = 5.55 years, range 

17-34 years) and a mean of 14.20 years (SD = 2.29 years) of education.  The average length 



 

 141

of time since injury was 15.20 months (SD = 18.07 months, range 2-60 months).   

The control group consisted of five right-handed and one left-handed male and four 

right-handed females with a mean age of 21.00 years (SD = 4.52 years, range 18-30 years).  

The mean level of education of the control group was 13.9 years (SD = 2.38 years).  

Statistical analysis indicated there were no significant differences between the mild TBI 

and control groups in terms of age at testing [t(18) = 0.04,  p = .97] or years of education 

[t(18) = 0.29, p = .78].   

 
 
6.2.2 Task 

The PASAT (Gronwall & Sampson, 1976; The Psychological Corporation, 1998), 

which has been described in detail elsewhere, requires individuals to add pairs of 

successive one-digit numbers, which are presented at a fixed rate.  The PASAT has been 

demonstrated to be sensitive to the effects of mild TBI, presumably due to its  set of 

demands for both rapid processing and executive attentional control (Cicerone, 1997; 

Cicerone & Azulay, 2002; Spikman, Henk, Deelman, & van Zomeren, 2001). 

Participants were administered a computerized version of the PASAT, ensuring a 

highly standardized administration.   After completing computer-administered instructions 

and practice sessions, the child version (sums < 10) of the task was administered (The 

Psychological Corporation, 1998).  Responses to consecutive presentations of 61 frames of 

digits presented via headphones at rates of 2.4-, 2.0-, 1.6-, and 1.2-seconds were recorded 

on a microphone.   Accuracy data were automatically digitized and recorded for off-line 

analysis. 
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6.2.3 Procedure 

The Brain Electrical Source Analysis (BESA: Version 2.2, Megis Software) 

program was used to perform dipole source localization.  Briefly, a source model is 

calculated using an iterative, least-squares algorithm incorporated into the BESA software, 

which seeks to minimize the residual variance over the fit interval.   

BESA dipole coordinates were computed for an approximated 4-shell head model 

with a radius of 85 mm, and assuming scalp and skull thickness of 6 mm and 7 mm, 

respectively.  The cortical surface was approximated at 70 mm, and the dura at 72 mm 

eccentricity.  The strength of a dipole was expressed in “µVeff,” where 1 µVeff represents 

the strength of a horizontal dipole, located at y= 50 mm, which produces a voltage 

difference of 0.5 µV between C3 and C4. 

Functional models of supervisory attentional control have suggested a sequential 

onset of activity within anatomically distinct underlying neural generators (Liotti, 

Woldorff, Perez, & Mayberg, 2000; Markela-Lerenc et al., 2004; West & Alain, 1999).  

The method of Sequential Brain Source Imaging, described by Scherg and Berg (1996), 

was therefore applied to develop source models of late PN.  This method is a refinement of 

the standard BESA strategy and was selected as it allows for separate modelling and better 

resolution of potentially overlapping deflections.  After fitting the first source in the time 

range 424 to 480 ms, the dipole topography was replaced with a projection into the 

principal components analysis space, resulting in a lower residual variance.  A second 

source was then independently added in the time range 564 to 612 ms and the dipole 

topography was again replaced by its projection into the principal components analysis data 

space.  Latency windows were determined by visual inspection of the average referenced 

waveforms at frontal electrode sites and trial and error to give the best fit explanation.  The 
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final solution was re-calculated over the interval 416-640 ms, the latency range where late 

PN was evident in the grand averaged ERP waveform. 

BESA dipole sources were expressed in terms of Cartesian coordinates from a 

centre located in the middle of the posterior commissure.  The x-axis was defined by the 

line which connects T3 and T4, the y-axis by a perpendicular line passing through FPz and 

Oz, and the z-axis by a line passing through Cz and the intersection of the x- and y-axes.  

This differs from the Talairach and Tournoux (1988) brain atlas coordinate system, where 

the centre is at the anterior commissure, and a line passing through the anterior and 

posterior commissures defines the y-axis.  Therefore, to approximate the neuroanatomical 

regions of the BESA dipoles a transformation of BESA coordinates developed by Tarkka 

and Stokic (1998) was applied.  The transformation into Taliarach coordinates involved 

shifting BESA values on the y-axis 16 mm posterior and shifting z-axis BESA values 6 mm 

inferior.  Values in the medial-lateral plane were held constant.   

 
 
 
6.3 Results 

 
As dipole source localization improves with signal quality, grand averaged ERP 

waveforms for each group were used in the analysis.  The grand averaged waveforms were 

generated from the ERP data presented in Chapter 5.   For both experimental groups, the 

final late PN dipole source solution was fitted over the latency window 416-640 ms.   

Based on the results of previous neuroimaging studies (Chein & Schneider, 2005; 

Jansma, Ramsey, Slagter, & Kahn, 2001; Milham, Banich, Claus, & Cohen, 2003; Milham 

et al., 2002; Schneider & Chein, 2003), the generator of the late PN was modelled with a 

two dipole solution in both groups.  This model for the grand averaged waveform elicited to 

correct PASAT responses had an residual variance of 2.12% in the mild TBI group and 
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3.57% in the control group (see Figures 4 and 5).  The source potentials indicated that both 

dipoles were active for the late PN, with the strength of dipole one maximal at 592 ms in 

the control group and 584 ms in the mild TBI group, and the strength of dipole two 

maximal at 448 ms in the control group and 452 ms in the mild TBI group.   

 
 
 

Figure 4                 

BESA Head Model Locations and Source Waveforms for the Two Dipole Late PN Solution 

in the Control Group 

 

 

 

 

The source solution in both experimental groups contained one dipole located in the 

left dorsolateral prefrontal cortex and another located subcortically.  Transforming BESA 

coordinates to the Taliarach system for neuroanatomical correlation localized the first 
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dipole in the region of Brodmann’s Area 46 and the second in the region of the anterior 

cingulate cortex (see Table 6).   

 

 

 

Figure 5                 

BESA Head Model Locations and Source Waveforms for the Two Dipole Late PN Solution 

in the Mild TBI Group 
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Table 6                 

BESA Dipole Coordinate Locations and Transformed Talairach Coordinate Values for the 

Mild TBI and Control Groups 

  BESA Coordinates Talairach Coordinates 

  X Y Z X Y Z 

Dipole 1 12 47 27 12 31 21 Control 
Group Dipole 2 -45 46 26 -45 30 20 

Dipole 1 10 45 27 10 29 21 Mild TBI 
Group Dipole 2 -47 50 19 -47 34 13 

Note: Values are in millimeters. 

 

 

 

6.4 Discussion 

 
In the present experiment, the neural generators of the key ERP deflection elicited 

during controlled processing on the PASAT were investigated.  The dipole models for the 

two experimental groups were very similar and suggest the late PN marker of controlled 

processing can be localized to the left dorsolateral prefrontal cortex and right anterior 

cingulate cortex, areas associated with executive attentional control (Chein & Schneider, 

2005; Jansma, Ramsey, Slagter, & Kahn, 2001; Milham, Banich, Claus, & Cohen, 2003; 

Schneider & Chein, 2003).  These findings are consistent with the notion of a distinct 

anterior attention system including the prefrontal and cingulate areas which is responsible 

for executive aspects of attention (Fan, McCandliss, Sommer, Raz, & Posner, 2002; 

Mesulam, 1990; Posner & Petersen, 1990). 
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Previous attempts to locate the neural generator(s) underlying late PN have 

provided mixed results.  Frontal lobe activity has regularly been implicated in generation of 

the late PN (Jemel, Oades, Oknina, Achenbach, & Röpcke, 2003; Kasai et al., 1999; 

Markela-Lerenc et al., 2004; Näätänen, 1992), and prefrontal lesions, particularly right 

hemisphere damage, has been shown to disrupt the deflection  (Knight, Hillyard, Woods, & 

Neville, 1981).  However, a current source density study by Giard and colleagues (1988) 

suggested the deflection is generated from a source deeper than the frontal cortex and 

Woods (1990) has postulated that late PN is generated subcortically, under the control of 

the prefrontal cortex.   

While there is no unique solution to source modelling (Snyder, 1991) the validity of 

the results must be considered.  The current solution, suggesting late PN is generated by 

both frontal and subcortical sources, was stable over both experimental groups and is highly 

congruent with previous neuroimaging data (Chein & Schneider, 2005; Jansma, Ramsey, 

Slagter, & Kahn, 2001; Milham, Banich, Claus, & Cohen, 2003; Schneider & Chein, 2003).  

In contrast, the Giard (1988) study utilized a 16 electrode scalp montage, and the spatial 

accuracy of such a system is questionable.  Utilizing a more precise, 128 channel ERP 

recording Kasai and colleagues (1999) demonstrated that the frontal cortex does contribute 

to the generation of the late PN.   

ERP source localization can provide information regarding not only the location, 

but the temporal characteristics of a dipole source.  This high resolution temporal data can 

provide valuable insight into the functional role of activated neuroanatomical regions.  The 

relative contribution of the anterior cingulate cortex and the dorsolateral prefrontal cortex in 

supervisory attentional control has been debated, with some authors suggesting the anterior 

cingulate cortex detects the need for executive attention and signals the dorsolateral 

prefrontal cortex to execute control functions (Botvinick, Nystrom, Fissell, C.S., & Cohen, 
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1999; MacDonald III, Cohen, Stenger, & Carter, 2000).  However, the current results are 

not consistent with this view.  

In the current study the latency of maximal dipole moment strength of the 

dorsolateral prefrontal cortex source was shorter than that of the anterior cingulate cortex 

source.  The locations and sequential relationship of the source dipoles in the current study 

are generally consistent with a previous ERP investigation of executive attentional control 

which identified an initial source in the left inferior prefrontal cortex, proceeded by a 

second, later source located in the right anterior cingulate cortex (Markela-Lerenc et al., 

2004).  This robust sequential pattern of brain activation supports distinct roles for these 

two regions, with the prefrontal cortex responsible for the initial implementation of 

attentional control and the anterior cingulate cortex involved in later response-related 

processes (Banich, Milham, Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Wright et al., 

2000; Banich, Milham, Atchley, Cohen, Webb, Wszalek, Kramer, Liang, Barad et al., 

2000; Milham, Banich, Claus, & Cohen, 2003; Milham et al., 2002).   

As a result of diffuse damage and loss of long range cortical connections, mild TBI 

may degrade the communication process between distant brain areas which have to interact 

simultaneously during task performance, thereby disrupting the functional connectivity of 

attention networks (Au Duong et al., 2005; Mathias, Beall, & Bigler, 2004; Milham et al., 

2002; Timmerman & Brouwer, 1999).  This reduction in an already limited-capacity system 

may disrupt the efficiency of the network of neural structures involved in attentional 

control.  To cope with this functional loss, individuals who have sustained a mild TBI may 

utilize alternative ways of performing a task, including increasing their reliance upon 

standard cerebral processing structures and/or recruiting novel cerebral processing 

structures.   The results of the current study do not suggest that individuals who have 

sustained a mild TBI recruit novel cerebral processing structures.  Rather, the similar 
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pattern of activation in the two experimental groups suggest that the mild TBI participants 

relied upon standard cerebral processing structures to exercise the attentional control 

required to perform the experimental task.   

In conclusion, the current study represents one of the first attempts to localize the 

neural generators of the late PN marker of controlled processing.  Dipoles were identified 

in both the prefrontral cortex and subcortical regions, and localization in left dorsolateral 

prefrontal cortex and right anterior cingulate cortex are consistent with theoretical models 

of attentional control and previous neuroimaging studies utilizing high resolution positron 

emission tomography and magnetic resonance imaging techniques.  Furthermore, the highly 

specific temporal pattern of activation provided by the ERP data allowed for examination 

of the chronicity of the dipole moments.  This high temporal resolution data, unavailable in 

most neuroimaging techniques, supports the view that while the two regions play 

complementary roles in executive attentional control functions, it is the dorsolateral 

prefrontal cortex which is responsible for establishment of an attentional set and 

implementation of attentional control.  Mild TBI does not appear to disrupt the standard 

pattern of activation underlying the generation of the late PN marker of controlled 

processing.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 150

Chapter 7 - The Effects of Practice on the Paced Auditory Serial Addition Test: 
Preliminary Behavioural and Neurophysiological Results  
 

Accurate performance in novel situations requires innovative information 

processing strategies.  The temporary establishment and execution of an appropriate 

sequence of cognitive operations requires the commitment of information processing 

resources, which have been repeatedly demonstrated to be rate and capacity limited 

(Broadbent, 1958; Kahneman, 1973; Miller, 1956; Posner & Snyder, 1975; Schneider & 

Shiffrin, 1977; Wickens, 1984).  However, as the situation becomes familiar, always 

requiring the same sequence of processing operations, performance can become faster, 

more accurate, and less variable.  To account for the contrasting behavioural profiles 

characteristic of the processing of novel and routine tasks, Schneider and Shiffrin (1977) 

have proposed a dual-process model of information processing.  According to this model, 

novel task performance requires that information be processed in a controlled manner, 

while the information in routine tasks proceeds via automatic processing.   

Controlled processing is an effortful, serial, slow process (Schneider & Shiffrin, 

1977).  Controlled processing represents the establishment of temporary cognitive 

structures that allow for the development of novel patterns of integration between long-term 

memory, perceptual, evaluative, and attentional systems (Dehaene, Kerszberg, & 

Changeux, 1998).  As controlled processing strategies operate under active attention they 

can be easily established and modified.  The degree of cognitive control and flexibility 

offered by this mode of processing makes it ideal for performance on novel tasks, or in 

situations in which the stimulus-response relationship varies over time (Strayer & Kramer, 

1990).   

Shallice (1982) postulated that processing information in a controlled, non-routine 

manner is mediated by a higher level control mechanism termed supervisory attentional 
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control, a conceptualization analogous to the central executive system of Baddeley and 

Hitch’s model of working memory (Baddeley, 1993; Baddeley, 1996; Baddeley & Hitch, 

1974; Shallice & Burgess, 1993).  Supervisory attentional control is responsible for the 

planning, programming, regulation, and verification of an individual’s goal directed 

behaviour.  It is the mechanism which modulates the selectivity and intensity of an 

individual’s limited attentional resources and the flexibility to switch between goal directed 

behaviours (Norman & Shallice, 1986).  During novel task performance, supervisory 

attentional control mechanisms allocate attentional resources such that working memory 

can simultaneously process multiple pieces of information (Baddeley, 1986; Shallice & 

Burgess, 1993). 

The capacity of controlled processing is constrained by the availability of limited 

attentional resources (Shiffrin & Schneider, 1977).   Attentional performance and capacity, 

in turn, are either directly or indirectly affected by memory and processing speed resources 

(Cohen, 1993).  Boundaries on attention are created by time requirements, thus the speed at 

which cognitive operations can be performed is a rate-limiting factor on attentional 

performance.  The short-term storage of information in working memory interacts with 

attention by establishing parameters for the flow of information through processing 

systems.  Aspects of attention determine how much information can be handled at a given 

stage of processing as well as how long information can be held before it must be either 

encoded in a more durable form or further processed in an active manner (Cohen, 1993).  

The ability to automate components of a task may therefore be essential for accurate task 

performance, as it allows for the reallocation of limited attentional resources (Jansma, 

Ramsey, Slagter, & Kahn, 2001). 

Automatic processing is an effortless, parallel, fast process (Schneider & Shiffrin, 

1977). Automaticity may be inborn for the processing of basic perceptual features of 
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stimuli (e.g., Hubel & Wiesel, 1979) but relies on the retrieval of stored instances, which 

are generated after practice in a consistent environment, for the remainder.  Automatic 

processing is not sensitive to a task’s difficulty and does not require the involvement of 

supervisory attentional control or the conscious allocation of attention.  As such, this mode 

of information processing is relatively unaffected by capacity limits and allows for the 

simultaneous performance of a second task (Schneider & Shiffrin, 1977).  

Schneider and Shiffrin’s (1977) model emphasized automatic processing as the 

primary mechanism of information processing.  However when behaviour is guided by 

intentions which are not directly tied to explicit perceptual input, or needs to conform to 

rules or decisions made at an earlier time, but which are not yet well learned, an executive-

level of control over automatic cognitive processes is required to perform satisfactorily 

(Shallice & Burgess, 1993).  In such non-routine situations the mechanism of controlled 

processing provides this level of control, as it is capable of selecting information at any 

stage in the stimulus-response relationship for on-going self-directed processing. 

Similarly, Norman and Shallice (1986) proposed that control of the attentional 

processes utilized in selection of cognitive operations involves two qualitatively different 

mechanisms.  At the lowest level, attentional control utilizes basic program-like units, or 

schemas, one for each distinct, well learned action or operation.  The selection of the 

appropriate schema, and concurrent inhibition of alternative schema, is held to be the role 

of contention scheduling.   

While the mechanism of contention scheduling is held to be involved in automatic 

processing, coping with novel situations involves the operation of the supervisory 

attentional system, a revised conceptualization of supervisory attentional control (Norman 

& Shallice, 1986).  The supervisory attentional system is hypothesized to modulate 

operation of contention scheduling through additional activation or inhibition of competing 
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lower-level schema.  In their specification of the model, Norman and Shallice (1986) 

proposed the supervisory attentional system was necessary in two situations: a situation 

where an incorrect response has been, or is liable to be, generated by contention scheduling 

operating alone; and, in a situation where no well learned plan of action is available to 

contention scheduling to produce an appropriate response. 

Therefore, when a task cannot be carried out through the automatic application of 

well-learned actions or routines alone, it requires the use of the supervisory attentional 

system to direct controlled processing.  However, controlled and automatic processing are 

not solitary concepts, rather they represent the extremes of a single continuum (Cohen, 

1993; Schneider & Shiffrin, 1977).  The more variable and inconsistent the stimulus-

response relationship is, the less easily it will be learned and the more conscious control 

will be required (Spikman, Timmerman, van Zomeren, & Deelman, 1999).  When task 

performance can be reduced to an invariant stimulus-response relationship and the 

individual has sufficient opportunity to learn, performance on a novel or complex task can 

be expected to improve over time as schemata are developed to automatically process task 

demands (Navon & Gopher, 1979; Shiffrin & Schneider, 1977).  

Automatizing task operations reduces reliance on the conscious allocation of 

supervisory attentional system modulated resources, allowing for the reallocation of these 

limited resources.  Following practice, a task therefore utilizes processing capacity more 

efficiently, and task performance becomes faster, more accurate, and less variable as the 

slow, serial, effortful process of acquiring new and complex information is gradually 

replaced with the fast, parallel, effortless memory retrieval of automatic processing 

(Norman & Shallice, 1986; Shiffrin & Schneider, 1977).   

Schneider (1985) proposed the transition from controlled to automatic processing 

progresses through four phases.  In phase one, cognitive operations are entirely dependent 
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upon limited capacity controlled processing resources; as such task performance is highly 

sensitive to cognitive load.  Phase two occurs shortly after the introduction of consistent 

practice.  Performance in this phase is characterized by a gradual desensitization to 

information processing capacity limits and represents a mixture of automatic and controlled 

processing.  Phase three represents reliance on automatic processing; performance is 

therefore unaffected by cognitive load.  However, conscious allocation of controlled 

processing resources is still required to direct retrieval of the appropriate automatic process.  

Phase four reflects unanimous automatic processing.  As the underlying cognitive processes 

now operate entirely independent of capacity limited information processing resources, 

manipulating the cognitive load or introducing a concurrent task will not produce a 

decrement in performance (Schneider, 1985).   

Determining the attentional requirements of successful performance may therefore 

allow one to distinguish whether a task proceeds via controlled or automatic processes 

(Strayer & Kramer, 1990).   Traditionally, the degree to which task performance is 

dependent upon the conscious allocation of capacity limited attentional resources has been 

inferred from the effects of either manipulating the cognitive load of a task or introducing a 

concurrent task (Logan & Klapp, 1991; Schneider, 1985; Schneider & Shiffrin, 1977).   

Most often, variations of the Sternberg (1966) memory search task have been 

employed to investigate attentional processes within the framework of automatic and 

controlled processing.  This visual search paradigm requires subjects to search a memory 

set to classify stimulus probes as either targets or distractors.  In addition to manipulating 

cognitive load by varying the size of the memory set, the task consists of varied mapping 

and consistent mapping conditions.  In a varied mapping condition, the stimulus-response 

relationship varies from trial to trial, such that a target stimulus on one trial becomes a 

distractor stimulus on the next trial.  In contrast, in a consistent mapping condition the 
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stimulus-response relationship is constant across trials.  As the set of target stimuli is 

constant throughout the experiment, the general procedure for responding to each stimulus 

remains consistent.   

Schneider and Shiffrin (1977) contend that consistent mapping and varied mapping 

search performance correspond to automatic and controlled processing, respectively.  On a 

Sternberg memory search task, controlled processing occurs throughout a varied mapping 

condition (Schneider & Chein, 2003).  Under a varied mapping condition, the inconsistent 

stimulus-response relationship activates a different set of processing nodes from trial to 

trial.  This variability precludes the development of automaticity as a given stimulus 

requires varied responses from trial to trial.  When reaction times for target identification in 

a varied mapping condition are plotted, reaction time appears as a linear function of the 

memory set size.  Such a slope implies the operations underlying successful task 

performance are executed in a serial process.  

Controlled processing also occurs in the preliminary stages of a consistent mapping 

condition.  However, in a consistent mapping condition, extensive practice consistently 

activates the same sequence of processing nodes.  Consistent mapping training therefore 

allows automatic processes to develop as a permanent set of associative stimulus-response 

connections are formed (Schneider & Shiffrin, 1977).  Over time, the slope of the function 

relating reaction time and memory set size in a consistent mapping condition typically 

approaches zero.  The constant stimulus-response relationship in a consistent mapping 

condition creates a situation in which stimuli now trigger specific action patterns stored in 

long-term memory which are capable of performing stereotyped operations in parallel.   

 

7.1.1 ERPs 

ERPs can provide a non-invasive neurophysiological index of sensory processing 
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and mental functions (Connolly, D'Arcy, Newman, & Kemps, 2002; Solbakk, Reinvang, & 

Nielsen, 2000).  Due to their high temporal sensitivity, ERPs can provide information about 

the neural processes that mediate a given cognitive operation, and are of particular value for 

the study of information processing mechanisms that are fundamental to a wide range of 

cognitive tasks (Kok, 1997; Solbakk, Reinvang, & Nielsen, 2000).   

Over the last 20 to 30 years, studies of the brain mechanisms of attention have 

extensively and successfully utilized ERPs as fast scale indices of information processing 

(e.g. Andreassi, 1995; Herrmann & Knight, 2001; Rugg & Coles, 1995).  During this time, 

various modifications of the stimulus-response paradigm have been employed in the study 

of attention, and the allocation of processing resources has been investigated in both 

focused and divided attention paradigms.   

Despite the use of varying assessment tools, these clinical ERP studies of 

information processing have consistently identified multiple electrophysiological markers 

reflecting dissociable aspects of information processing.  The most widely studied 

endogenous deflection is the parietally distributed P300.  The latency of this deflection is 

believed to reflect the time course of stimulus evaluation and its amplitude is thought to 

correspond to the degree of attentional resources allocated to stimulus evaluation and 

categorization processes (Barceló, 2003; Birnboim, 2003; Wickens, Kramer, Vanasse, & 

Donchin, 1983).   

 The PN deflection of ERP waveforms has also been identified, and is generally 

considered an electrophysiological marker of focused, sustained auditory attention (Knight, 

1991; Näätänen, 1982).  PN is a slow, negative waveform composed of separate early and 

late peaks (Näätänen, 1982; Näätänen, Gaillard, & Mäntysalo, 1978; Näätänen & Mitchie, 

1979). 

 The early PN wave is generated in modality-specific sensory areas and appears to 
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reflect initial stimulus selection by comparing each sensory input against an attentional 

trace (Solbakk, Reinvang, Nielsen, & Sundet, 1999).  The attentional trace is an actively 

generated and consciously maintained mental representation of the features of the stimulus 

to be attended (Näätänen, 1985).  The attentional trace therefore serves as a tool for the 

rapid recognition of sensory input.  While the matching of a stimulus to target can become 

highly automatized, rehearsal of the attentional trace depends on voluntary, controlled 

processes (Näätänen, 1992).  The early PN peaks approximately 150 ms after stimulus 

onset.  However, under short ISI conditions, early PN may begin to overlap the early 

sensory processing N100 (Näätänen, 1985). 

 Late PN is a frontally distributed deflection, generally peaking 300 ms after 

stimulus onset (Solbakk, Reinvang, Nielsen, & Sundet, 1999).  This deflection is believed 

to reflect voluntary, limited-capacity activity within the supervisory attentional system and 

working memory components responsible for maintaining the attentional trace and 

coordinating goal-directed processing of the stimulus (Näätänen, 1982, 1985; Potter & 

Barrett, 1999; Singal & Fowler, 2005; Solbakk, Reinvang, Nielsen, & Sundet, 1999). 

 Few studies have utilized ERPs to examine the attentional requirements of 

automatic and controlled processing.  Hoffman, Simons, and Houck (1983) investigated the 

latency and amplitude of the P300 during novel varied mapping performance, and after 

repeated, consistent mapping practice.  After consistent mapping training, onset of peak 

P300 latency was significantly reduced, suggesting development of automatic processes 

substantially reduces stimulus evaluation time.  However, P300 amplitude was unaffected 

by consistent mapping training.  The authors speculated that involvement of limited-

capacity controlled processing was still required for some aspect of automatic processing 

(Hoffman, Simons, & Houck, 1983).  Such a finding is consistent with Schneider’s (1985) 

second or third stage in the transition from controlled to automatic processing and supports 
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Näätänen’s (1992) attentional trace theory which posits rehearsal of the attentional trace is 

dependent upon controlled processes. 

 Strayer and Kramer (1990) also reported P300 was not attenuated after consistent 

practice of a dual-task paradigm.  The authors reached a conclusion similar to Hoffman and 

colleagues (1983), arguing that P300 during automatic processing reflects the obligatory 

allocation of attention to task-relevant operations.  However, Strayer and Kramer did find 

that P300 amplitude was sensitive to manipulations in task load, but only during the initial 

controlled processing stage.  Specifically, increasing task demands in the controlled 

processing condition attenuated the amplitude of the P300, which the authors argued 

reflected a reallocation of resources allocated for target identification processes to the task 

of memory rehearsal.  During automatic processing conditions, manipulating task load had 

no effect on P300 amplitude.  These findings are consistent with Schneider and Shiffrin’s 

(1977) dual process model of information processing, which predicts automatic processes 

operate independent of task demands, while controlled processing is capacity limited and 

sensitive to cognitive load. 

 

7.1.2 The PASAT 

Most neuropsychological tests are multifactorial in nature, and the PASAT 

(Gronwall & Sampson, 1974; The Psychological Corporation, 1998) is no exception.  

However, the PASAT is widely considered an index of central information processing 

capacity (Spreen & Strauss, 1998; The Psychological Corporation, 1998).  The PASAT 

requires individuals to add 60 pairs of successive one-digit numbers, which are presented 

auditorally at a fixed rate.  The relationship between each pair of successive digits and the 

required response is an invariant one.  However, the exact content of each new stimulus is 

not known ahead of time and is thus variable.  During the task, the individual must 
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constantly keep in mind which operations to perform on which stimuli. This infers 

allocating limited capacity attentional resources between several subtasks which have to be 

performed simultaneously and within specific time constraints: selectively enhancing 

specific input channels; registering stimuli; inhibiting prepotent responses; maintaining 

working memory elements; performing mental operations; and responding appropriately 

(Potter & Barrett, 1999; Spikman, van Zomeren, & Deelman, 1996).  Presumably, the 

smaller the ISI, the more these tasks will overlap in time, increasing the task demand, and 

consequently the more the resources of the supervisory attention system will be required 

(Gronwall, 1977; Spikman, Henk, Deelman, & van Zomeren, 2001; van Zomeren & 

Brouwer, 1994).  It is therefore the opinion of several theorists that although the PASAT 

measures information processing ability, it is not simply a measure of speed of information 

processing (Cicerone, 1997; Mateer, 2000; Spikman, Henk, Deelman, & van Zomeren, 

2001; Spikman, van Zomeren, & Deelman, 1996).  In their opinion, PASAT performance is 

most accurately discussed in terms of automatic and controlled processing demands.   

The PASAT has well established psychometric properties (Spreen & Strauss, 1998). 

Egan (1988) reports a split-half reliability of approximately 0.9, and the test-retest 

correlation is greater than 0.9 (McCaffrey et al., 1995).  Of note, significant practice effects 

on the PASAT have been observed.  When tested on two occasions one week apart, healthy 

controls performed about six points higher at re-test (Stuss, Stethem, & Poirier, 1987).  

Gronwall (1977) contends that practice effects are minimal after the second administration; 

however, several researchers have reported improvement continues for upward of four 

sessions (Beglinger et al., 2005; Feinstein, Brown, & Ron, 1994; Stuss, Stethem, 

Hugenholtz, & Richard, 1989).   
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7.1.3 Aims of the Current Study 

Controlled processing represents the establishment of a temporary sequence of 

cognitive nodes, activated under the conscious attentional control of the individual.  

Although the control and flexibility offered by this mode of processing makes it ideal for 

performance in novel or inconsistent situations, controlled processes are slow to execute, 

and tightly rate and capacity limited.  Because automatic processes are not limited by 

information processing capacity and allow for simultaneous, parallel processing, this mode, 

although inflexible, is much faster and more efficient than controlled processing.   

Schneider and Shiffrin (1977) postulated that when performance can be reduced to 

an invariant stimulus-response relationship and the individual has “extensive opportunity to 

learn,” automization of task operations can occur.  The purpose of this experiment is 

therefore to identify behavioural and physiological markers of automatic and controlled 

processing on the PASAT and define the time course required for automization of 

performance on the PASAT to occur in health subjects.   

The performance pattern for a given task will differ depending on the degree to 

which an individual relies upon each of these two processing modes.  Previous studies have 

consistently identified behavioural profiles which reliably distinguished between the two 

modes of information processing (Jansma, Ramsey, Slagter, & Kahn, 2001; Logan & 

Klapp, 1991; Schmitter-Edgecombe & Rogers, 1997; Schneider & Shiffrin, 1977).  It is 

therefore expected that in the current study, initially accuracy will appear as a linear 

function of the cognitive load, suggesting performance requires the conscious commitment 

of supervisory attention system mediated controlled processing to supervise the flow of 

data through serial stages of information processing.  Following consistent practice of the 

general PASAT procedure, behavioural indices are expected to no longer vary with 

manipulations in cognitive load, and the slope of the functions relating accuracy to 
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cognitive load will approach zero.  Such reductions in slope will suggest underlying 

cognitive operations are increasingly mediated by fast, parallel automatic processes 

operating within established processing networks.   

However, behavioural measures often reflect the end products of multiple 

underlying cognitive operations and provide limited insight into on-going processing.  As a 

result, changes in performance cannot be attributed to any specific stage of information 

processing (Birnboim, Breznitz, Pratt, & Aharon, 2002).  ERPs can provide time locked 

data on the allocation of attentional resources over the course of stimulus processing.  This 

information can serve as a powerful tool in differentiating between the two processing 

modes.  As the P300 amplitude has been well established as a measure sensitive to the 

allocation of limited attentional resources, this deflection can provide a direct measure of 

the information processing mode underlying successful task performance.  It is 

hypothesized that controlled processing will therefore be reflected in P300 amplitudes 

sensitive to manipulations in cognitive load, while automatic processing will be reflected in 

reduced P300 latencies.   

PN has not been directly explored in healthy individuals within the dual-process 

framework proposed by Schneider and Shiffrin (1977).  However, an investigation 

involving schizophrenic patients reported impaired performance on a controlled processing 

task was associated with reduced late PN amplitude (Michie, Fox, Ward, Catts, & 

McConaghy, 1990), while PN abnormalities were attributed to supervisory attention system 

dysfunction in a group diagnosed with Parkinson’s disease (Stam et al., 1993). In addition, 

neuroimaging studies have demonstrated that with the development of automatic 

processing, reliance upon frontally mediated executive attentional control and working 

memory mechanisms diminishes (Jansma, Ramsey, Slagter, & Kahn, 2001; Raichle et al., 

1994).  It is therefore expected that consistent practice will facilitate development of 
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automatic processing, which will be reflected in an attenuated late PN.   

 

7.2 Methods 

 

7.2.1 Participants 

Twelve healthy individuals drawn from the community at large participated in this 

experiment.  The participant group consisted of four right-handed and two left-handed 

males and six right-handed females, all without any self-reported history of head injury, 

psychiatric disorder, neurological disorder, epilepsy, or drug abuse.  All participants had 

normal hearing and normal or corrected to normal vision.  The mean age of the participants 

was 26.50 years (SD = 6.91 years, range 17-37 years).  There was no difference between 

males and female participants in terms of age at assessment (t = -1.72, p = 0.12).   The 

mean level of education was 14.67 years (SD = 1.21 years) for the males and 17.17 years 

(SD = 1.72 years) for the females.  The difference in education levels was significant (t = -

2.91, p = 0.02).    

 

7.2.2 Task 

Participants were administered a computerized version of the PASAT, ensuring a 

highly standardized administration.   After completing computer-administered instructions 

and practice sessions, the child version of the task was administered (The Psychological 

Corporation, 1998).  The child version of the task reduces the complexity of answers by 

restricting sums to less than 10, rather than between two and 18 as occurs in the adult 

version.  This step was taken to minimize the impact of mathematical ability on 

performance (Royan, Tombaugh, Rees, & Francis, 2004).  Responses to consecutive 

presentations of 61 digits (a trial) presented via headphones at rates of 2.4-, 2.0-, 1.6-, and 
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1.2-seconds were registered on a microphone.   Accuracy data were automatically digitized 

and recorded for off-line analysis. 

 

7.2.3 Procedure 

Participants attended four sessions over a median 20 day period (range 4-47 days).  

During each experimental session participants were administered the PASAT at the four 

different presentation rates, in randomized order.  Presentation of the trials was randomized 

to minimize any effects of the order of administration.  Participants were instructed to 

minimize eye and body movements and speak quietly when responding.  The total number 

of correct responses on each trial was selected for analysis of performance accuracy.  

ANOVAs with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and experimental session (one, two, 

three, and four) as repeated measures factors were then conducted on the accuracy data.  On 

the first and fourth experimental session, continuous EEG was simultaneously recorded 

(see below).   

During the second experimental session, the Wechsler Test of Adult Reading (The 

Psychological Corporation, 2001b) was administered to provide an estimate of the level of 

intellectual functioning of each participant, and during the third experimental session the 

Numerical Operations subtest of the Wechsler Individual Achievement Test-Second 

Edition (The Psychological Corporation, 2001a) was administered to assess mathematical 

ability.   

During the first and fourth experimental sessions, participants also completed a 

control version of the PASAT task.  In this version, referred to as the speech task, 

participants were administered a single trial at the 1.6 ISI and requested to overtly repeat 

each presented digit, rather than perform the standard task.  During speech task 

administration continuous EEG was simultaneously recorded (see below).   
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7.2.4 EEG Data Acquisition and Analysis  

EEG activity was sampled continuously at a digitization rate of 250 Hz per channel.  

The signals were amplified with a Neuroscan Incorporated (Herndon, VA) SynAmps 

system with a band-pass filter of 0.05-30 Hz (-6 dB down).  SCAN software, version 4.0, 

was used to register and analyse EEG activity.  Thirty-two tin electrodes were placed 

according to the International 10-20 system, utilizing a Neuroscan QuikCap, at frontal 

(Fp1, Fp2, F3, F4, F7, F8), central (Ft7, Ft8, Fc3, Fc4, C3, C4, T7, T8), parietal (Cp3, Cp4, 

Tp7, Tp8, P3, P4, P7, P8), occipital (O1, O2) and midline (Fz, Fcz, Cz, Cpz, Pz, Oz) sites.  

Vertical and horizontal electro-oculograms (EOG) were recorded with electrodes placed at 

the supraorbital ridge and suborbital region of the left eye, and at the outer canthus of each 

eye.  All electrodes were referenced to nose electrodes and impedances were kept below 5 

kΩ. Statistical eye movement correction was performed offline prior to averaging using the 

algorithm provided with the SCAN software.  After baseline adjustment around a 100 ms 

prestimulus interval remaining epochs containing amplitudes in excess of 75 µV at any 

electrode were rejected.  Stimulus-locked cognitive ERPs were then averaged over 1000 ms 

epochs, including a 100 ms pre-stimulus baseline period and a 900 ms post-stimulus period.  

Only epochs containing correct PASAT responses were included in the statistical analysis.   

 ERP deflections were identified according to their topography, polarity and position 

in the waveform.  Early sensory deflections were identified as N1, reflecting the first 

negative deflection, and P2 as the positive wave following the N1.  Middle- and late-

latency cognitive deflections included the N2, distinguished as the first negativity after P2, 

P3 as the prominent positive deflection following N2, and late PN, identified as the 

prolonged negativity following N2.   

The following criteria were derived from visual inspection of the grand averaged 

waveforms and used in the statistical analysis of the ERP deflections of interest: N1 was 
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defined as the most negative peak in the interval 80-160 ms; P2 was defined as the most 

positive peak in the interval 160-290 ms; N2 was defined as the most negative peak in the 

interval 280-340 ms; P3 was defined as the most positive peak in the interval 450-780 ms; 

and late PN was defined as the mean negativity in the interval 380-650 ms. 

Visual inspection of the grand averaged waveforms was also used to determine the 

electrode site over which each ERP deflection reached maximum activation.  Mean 

amplitude and peak latency measures for each deflection were then calculated from this 

electrode site. The amplitude and latency of N1 and P2 were measured at Cz.  P3 was 

measured at Pz.  N2 and late PN were measured at Fz. 

Mean amplitude and peak latency of each deflection was determined by computer 

program, and repeated measures ANOVA’s with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and 

experimental session (one and four) as within-subjects factors were conducted for the N1, 

P2, N2, P3, and late PN.   

 

7.3 Results 

 

7.3.1 Neuropsychological Tests 

Results of the neuropsychological tests are presented in Table 7.  Although the 

females appeared to outperform the males on the measures, the differences were not 

statistically significant and results will be presented for the group as a whole (Predicted IQ: 

t(10) = -0.34, p = 0.74; Numerical Operations: t(10) = -2.05, p = 0.07).  Based on the results 

of the tasks administered, the participants appeared to be performing in the high average 

range in terms of general IQ and mathematical ability (The Psychological Corporation, 

2001a, 2001b). 
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Table 7                 

Mean Scores for the Neuropsychological Tests 

Measure Mean SD 
 
Wechsler Test of Adult Reading 
Predicted IQ 

 
110.67 

 
8.12 

   
Wechsler Individual Achievement Test 
Numerical Operations Subtest Score 114.00 9.27 

 
 

 

7.3.2 Behavioural Data 

Consistent with previously published normative data (Roman, Edwall, Buchanan, & 

Patton, 1991; Wigenfeld, Holdwick, Davis, & Hunter, 1999), gender had no significant 

effect on PASAT performance (Gender*Session: F(3,30) = 0.43, p = 0.73, ηp
2 = 0.04; 

Gender*ISI: F(3,30) = 0.25, p = 0.86, ηp
2 = 0.02).  

In order to reduce the cognitive demands of the PASAT and avoid the difficult task 

of performing several cognitive operations simultaneously, examinees may “chunk” their 

responses into more manageable portions (Snyder, Aniskiewicz, & Snyder, 1993).  The 

pattern of responding was therefore examined and across the four ISIs over the four 

experimental sessions there was no evidence that participants were obtaining correct 

responses or reducing the cognitive demands of the task by adopting a chunking strategy.   

Due to the lack of reliability of the reaction time data provided by the PASAT 

computerized software measurement system observed in the experiment reported in 

Chapter 5 and previous independent investigations (Wigenfeld, Holdwick, Davis, & 

Hunter, 1999), PASAT reaction time data were not included in the analysis of behavioural 

performance. 
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The mean number of correct PASAT responses at each experimental session (one, 

two, three, and four), across the four ISIs (2.4-, 2.0-, 1.6-, 1.2-seconds), are presented in 

Table 8. In general, participants demonstrated improvement over time in the mean number 

of correct PASAT responses and appeared to be performing at ceiling by session four.  ISI 

appeared to have a substantial impact on PASAT performance, with the mean number of 

correct responses declining as the rate of presentation increased (see Figure 6).   

 
 
 

Table 8                 

Mean Correct PASAT Responses at Each Experimental Session Across the Four ISIs  

 
Session 2.4 s ISI 2.0 s ISI 1.6 s ISI 1.2 s ISI 

 
First 

 
54.33 (3.73) 

 
51.92 (4.58) 

 
49.58 (8.86) 

 
40.17 (10.03) 

 
Second 

 
57.33 (2.77) 

 
57.08 (3.50) 

 
53.08 (6.10) 

 
46.33 (10.82) 

 
Third 

 
56.92 (3.12) 

 
56.58 (4.56) 

 
55.42 (6.42) 

 
49.75 (11.17) 

 
Fourth 

 
58.50 (1.62) 

 
58.42 (1.78) 

 
56.92 (2.47) 

 

 
50.83 (8.58) 

 
Note: Values are means (SD) 
 

 

 

Two-way repeated measures ANOVAs were conducted to compare the mean 

number of PASAT correct responses at each experimental session and ISI.  Where 

Mauchly’s test of sphericity was violated, Grennhouse-Geisser corrections were applied.  

For the mean number of correct responses, the main effects of ISI [F(1.13,12.37) = 16.46, p 

< 0.01, ηp
2 = 0.60] and session [F(3,33) = 26.51, p < 0.01, ηp

2 = 0.71] were significant.  The 



 

 168

interaction between ISI and session was also significant, F(3.94,43.32) = 2.75, p < 0.01, ηp
2 

= 0.20.   

 
 

Figure 6                 

Mean PASAT Correct Responses with 95% Within-Subjects Confidence Intervals  
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When evaluated over experimental sessions, the mean number of correct PASAT 

responses demonstrated a quadratic trend [F(1,11) = 9.98, p = 0.01, ηp
2=0.48].  Bonferroni 

corrected (p < 0.0167) paired-samples t-tests indicated the mean number correct 

significantly improved from the first to the second experimental session over three of the 

ISI conditions (1.2-, 2.0-, 2.4-second; see Table 9).  At the 1.6-second ISI condition, the 
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improvement in the mean number correct from the first to the second experimental session 

was approaching significance. 

 

Table 9                 

Mean Correct PASAT Response Paired Samples T-Tests with Bonferroni Corrections  

ISI Session 
 2.4 vs. 2.0 2.0 vs. 1.6 1.6 vs. 1.2  1 vs. 2 2 vs. 3 3 vs. 4 

 
Session  

1 
 

t(11) = 2.03, 
p = 0.07 

t(11) = 1.34, 
p = 0.21 

t(11) = 8.81, 
p < 0.01* 

 
2.4 
ISI 

t(11) = -3.32, 
p < 0.01* 

t(11) = 0.48, 
p = 0.64 

t(11) = -1.99, 
p = 0.07 

 
Session 

 2 
 

t(11) = 0.43, 
p = 0.67 

t(11) = 2.87, 
p = 0.02* 

t(11) = 3.31, 
p < 0.01* 

 
2.0 
ISI 

t(11) = -9.67, 
p < 0.01* 

t(11) = 0.76, 
p = 0.46 

t(11) = -1.59, 
p = 0.14 

 
Session 

 3 
 

t(11) = 0.29, 
p = 0.76 

t(11) = 0.61, 
p = 0.56 

t(11) = 3.47 
p < 0.01* 

 
1.6 
ISI 

t(11) = -2.13, 
p = 0.06 

t(11) = -2.14, 
p = 0.06 

t(11) = -0.95, 
p = .36 

 
Session 

 4 
 

t(11) = 0.22, 
p = 0.83 

t(11) = 4.18, 
p < 0.01* 

t(11) = 2.88, 
p = 0.02* 

 
1.2 
ISI 

t(11) = -3.12, 
p = 0.01* 

t(11) = -1.48, 
p = 0.17 

t(11) = -0.80, 
p = 0.44 

Note: * denotes significant difference 

 

 

When plotted against ISI, the mean number of correct PASAT responses 

demonstrated a quadratic trend [F(1,11) = 25.70, p < 0.01, ηp
2=0.70].  Bonferroni corrected 

(p < 0.0167) paired-samples t-tests indicated the mean number correct significantly 

declined from the 2.0-second ISI to 1.6-second ISI condition at the second and fourth 

experimental sessions and the mean number correct significantly declined from the 1.6-

second ISI to the 1.2-second ISI condition at all experimental sessions (see Table 9).   
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Due to the sample size, it was not possible to carry out a factor analysis of the data.  

Based on the results of the trend analysis, mean correct PASAT response data was 

collapsed into two ISI terms (2.4/2.0/1.6-second ISI and 1.2-second ISI) across two session 

terms (1 and 2/3/4).  These data are presented in Table 10. 

 

Table 10                 

Mean Correct PASAT Responses Collapsed Across Sessions and ISIs  

 ISI Session 1 Session 2/3/4 
 

2.4/2.0/1.6-ISI 
 

 
51.94 (5.12) 

 
56.69 (2.84) 

 
 

Mean PASAT 
Correct Response 

 
1.2-ISI 40.17  (10.03) 48.97 (9.42) 

 
Note: Values are means (SD) 
 

 

 

To investigate the relationship between the neuropsychological test results and 

PASAT performance, one-tailed Pearson product-moment correlations were calculated 

using the collapsed mean PASAT correct response data (see Table 11).  Predicted level of 

intellectual functioning was significantly positively related to measures of PASAT 

performance, with the association strongest at the fastest presentation rate. Although 

PASAT performance is reported to be related to mathematical ability, performance on the 

Numerical Operations subtest was not correlated with any of the PASAT behavioural 

measures.  Numerical operations scores were however, positively correlated with years of 

education.  The collapsed PASAT behavioural variables were consistently interrelated.  
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Table 11                               

Correlation Coefficients Between Collapsed PASAT Performance Measures and Neuropsychological Test Results 

 Age at 
Testing 

Years of 
Education 

Predicted 
FSIQ 

Numerical 
Ability 

2.4/2.0/1.6 
ISI at  

Session 1 

2.4/2.0/1.6 
 ISI at  

Sessions 2/3/4 

1.2 
ISI at 

Session 1 

1.2 
ISI at 

Sessions 2/3/4 
 

Age at 
Testing 

 
- 

 
0.51* 

 
-0.23 

 
-0.01 

 
0.13 

 
0.07 

 
-0.06 

 
-0.29 

 
Years of 

Education 

  
- 

 
0.32 

 
0.67** 

 
0.26 

 
0.22 

 
0.16 

 
0.01 

 
Predicted FSIQ 

   
- 

 
0.45 

 
0.59* 

 
0.63* 

 
0.73** 

 
0.75** 

 
Numerical Ability 

    
- 

 
0.18 

 
0.16 

 
0.09 

 
-0.02 

 
2.4/2.0/1.6 ISI at 

Session 1 

     
- 

 
0.97** 

 
0.93** 

 
0.75** 

 
2.4/2.0/1.6 at 

Sessions 2/3/4 

      
- 

 
0.95** 

 
0.83** 

 
1.2 ISI at 
Session 1 

       
- 

 
0.91** 

 
 

1.2 ISI at 
Sessions 2/3/4 

 

       
 

 
- 

Note: * Correlation is significant at the 0.05 level (1-tailed).   
         ** Correlation is significant at the 0.01 level (1-tailed).  
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7.3.3 ERP Results 

 Grand averaged responses from the first and fourth experimental session are 

illustrated in Figure 7.  As no significant main effect of ISI on the ERP deflections was 

observed (see below), waveforms generated at the four ISIs are not plotted separately.  The 

main features of the session one plots are a frontally distributed negativity beginning at 

approximately 400 ms and a parietally distributed P3 peaking at 550 ms (see Table 12).  By 

session four the ERPs are characterized by an attenuated frontal negativity and preserved 

parietally distributed P3.  Fronto-centrally distributed N1s, P2s, and N2s are apparent at 

both sessions. 

The mean amplitude of the ERP deflections were analysed in a two-way repeated 

measures ANOVA with session (one and four) and ISI (2.4-, 2.0-, 1.6-, and 1.2-second) as 

within-subjects factors.  Where Mauchly’s test of sphericity was violated, Grennhouse-

Geisser corrections were applied. 

Mean N1 amplitude at the Cz electrode site was not significantly affected by 

manipulating the ISI [F(3,33) = 2.13, p = 0.16, ηp
2 = 0.16].  Consistent practice also did not 

appear to have an effect upon the amplitude of the N1 [F(1,11) = 1.72, p = 0.22, ηp
2 = 0.14].   

 There was no significant effect of session upon the mean P2 amplitude data as 

measured at the Cz electrode site [F(1,11) = 2.15, p = 0.17, ηp
2 = 0.16].  Manipulating the 

ISI also had no significant effect on mean P2 amplitude [F(2.14,23.55) = 0.14, p = 0.88, ηp
2 

= 0.01].   
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Figure 7              

Session One (Thick Line) and Four (Thin Line) Grand Average Responses Collapsed 

Across ISIs 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 
Although visual inspection of the grand averaged waveform suggests an effect of 

consistent practice, the difference in mean amplitude of the N2 at Fz from session one to 

session four failed to reach statistical significance [F(1,11) = 2.25, p = 0.16, ηp
2 = 0.17].  

There was no significant effect of ISI on the mean N2 amplitude [F(3,33) = 0.02, p = 0.99, 

ηp
2 < 0.01]. 
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Table 12                 

Mean Amplitude and Peak Latency Data from Session One and Four for the N1, P2, N2, 

P3, and Late PN Elicited During Correct PASAT Responses 

Deflection   Mean SD 
N1 Session 1 Amplitude -3.19 µV 0.76 µV 

  Latency 129.33 ms 11.42 ms 
     
 Session 4 Amplitude -2.38 µV 0.76 µV 
  Latency 128.08 ms 13.36 ms 
     

P2 Session 1 Amplitude 4.95 µV 1.14 µV 
  Latency 238.75 ms 21.00 ms 
     
 Session 4 Amplitude 5.83 µV 1.16 µV 
  Latency 230.50 ms 20.24 ms 
     

N2 Session 1 Amplitude -0.21 µV 1.69 µV 
  Latency 307.17 ms 9.03 ms 
     
 Session 4 Amplitude 1.66 µV 1.38 µV 
  Latency 301.50 ms 13.25 ms 
     

P3 Session 1 Amplitude 7.14 µV 2.32 µV 
  Latency 603.50 ms 15.99 ms 
     
 Session 4 Amplitude 11.71 µV 2.23 µV 
  Latency 599.67 ms 19.06 ms 
     

Late PN Session 1 Amplitude -2.92 µV 2.22 µV 
  Latency 459.50 ms 13.36 ms 
     
 Session 4 Amplitude 0.38 µV 1.80 µV 

  Latency 426.35 ms 13.18 ms 
 

 

 

 Inspection of the P3 data revealed a session effect.  At Pz there was a significant 

main effect of session on mean P3 amplitude, F(1,11) = 5.34, p = 0.04, ηp
2 = 0.33.  

However, the session x ISI effect was also significant, F(3,33) = 3.51, p = 0.03, ηp
2 = 0.24.  

This effect appeared to be due to the unexpected absence of a parietally distributed P3 in 
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the session one waveforms at the 1.6-second ISI.  The expected P3 was however present in 

the session four waveforms at the 1.6-second ISI.  The finding of a main effect of session 

across parietal electrode sites therefore appears to be significantly influenced by the 

incongruous 1.6-second ISI session one data.  There was no further effect of varying the ISI 

upon the P3 amplitude data.   

As measured at Fz, the mean amplitude of late PN demonstrated a significant effect 

of session, F(1,11) = 6.65, p = 0.03, ηp
2 = 0.38.  The mean amplitude of the late PN was not 

significantly affected by ISI manipulations [F(3,33) = 0.27, p = 0.85, ηp
2 = 0.02].  

Topographical maps of the late PN at session one and four are presented in Figure 8. 

 

 

Figure 8             

Topographical Maps of the Late PN  

 

                          Session One         Session Four 

 

 

Two-way repeated measures ANOVAs revealed there was no significant within-

group effect of ISI on the peak latency of any of the ERP deflections (N1: F(1.92,21.09) = 
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0.39, p = 0.67, ηp
2 = 0.03; P2: F(1.68,18.42) = 1.47, p = 0.24, ηp

2 = 0.12; N2: F(3,33) = 

0.13, p = 0.95, ηp
2 = 0.01; P3: F(3,33) = 0.95, p = 0.43, ηp

2 = 0.08; late PN: F(3,33) = 0.83, 

p = 0.49, ηp
2=0.07).   

There was also no significant within-subjects effect of session on the peak latency 

on any of the ERP deflections (N1: F(1,11) = 0.13, p = 0.77, ηp
2 = 0.01; P2: F(1,11) = 3.04, 

p = 0.11, ηp
2 = 0.22; N2: F(1,11) = 3.05, p = 0.11, ηp

2 = 0.22; P3: F(1,11) = 0.36, p = 0.56, 

ηp
2 = 0.03; late PN: F(1,11) = 0.59, p = 0.46, ηp

2 = 0.05). 

The possibility that speech artefacts degraded the quality of the ERP acquisition and 

limited the significance of the findings must also be considered.  Although every effort was 

made to manually eliminate speech artefact from the raw EEG waveform before averaging, 

it is highly conceivable speech artefact continued to influence the results.   

To investigate the effects of speech upon the ERP results, ERPs generated in the 

speech task were compared against grand averaged waveforms generated during correct 

PASAT responses, collapsed across groups and ISIs.  As can be seen in Figure 9, the 

speech waveforms were characterized by early sensory fronto-centrally distributed N1s and 

P2s.  Beginning at approximately 400 ms, and corresponding with the speech response, a 

topographically non-specific negativity emerged and rapidly increased over the remainder 

of the epoch.  The waveforms were absent of late cognitive ERP deflections, including the 

P3 and late PN.   

A similar topographically non-specific, rapidly increasing negativity is present in 

the PASAT grand averaged waveforms.  However, the onset of this negativity is greatly 

delayed in the ERPs generated during performance of the PASAT task, beginning at 

approximately 700 ms, and following the late cognitive ERP deflections.  The similarity of 

this late negative-going deflection to the one generated in the speech task suggest that this 

negativity is representative of speech artefact, and activity prior to the onset of this 
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deflection should be interpreted as reflecting cortical activity.  Most importantly, as the 

speech artefact during PASAT performance is elicited in a later time-window than the P3 

and late PN, overt naming did not appear to have contaminated the recording of cortical 

activity reflecting central information processing.   

Furthermore, the speech artefact deflection of the ERPs generated during PASAT 

task performance remains consistent from session one to session four.  The preserved 

speech related negativity in the session four plots, in association with the significant 

reduction of the late PN provides further evidence to suggest that the amplitude of the 

cognitive deflections of the ERP prior to 700 ms were not influenced by overt naming.  As 

such, it appears appropriate to characterize the late PN observed in session one as a 

reflection of the allocation of attentional resources and ongoing information processing 

mechanisms, rather than speech artefact.   
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Figure 9              

Session One and Four PASAT (Thick Line) Versus Speech (Thin Line) Grand Averaged 

Responses    

 
                 Session One Waveforms    Session Four Waveforms 
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7.4  Discussion 

 

The aim of the present study was to determine whether behavioural performance 

and ERP indices of information processing change as a function of extended training at the 

various presentation rates of the PASAT.  Distinct profiles of behavioural and 

electrophysiological functioning were identified, suggesting that novice performance on the 

PASAT can be objectively dissociated from performance following extended training, in 

terms of response accuracy and amplitude of the late PN.  The results are seemingly 

congruous with Schneider and Shiffrin’s (1977) dual process theory of information 

processing in suggesting that in novel situations frontally mediated executive attention 

resources are required to direct the controlled processing of task-specific cognitive 

operations.  However, as the situation becomes familiar, always requiring the same 

sequence of processing operations, executive attention demands will be eased, automatic 

processes will develop, and performance will improve. 

 
 
7.4.1 Behavioural Data 

As expected, performance on the PASAT improved with consistent practice.  

Participants demonstrated significant improvement from experimental session one to 

experimental session two in the mean number of correct PASAT responses at the 2.4-, 2.0-, 

and 1.2-second ISIs, while the improvements from experimental session one to 

experimental session two at the 1.6-second ISI were approaching significance.  While 

participants continued to improve in the mean number of correct PASAT responses from 

the second to the third experimental session, and from the third to the fourth experimental 

session, the differences failed to reach statistical significance.  These findings are consistent 

with the PASAT literature, which reports the greatest practice effects occur between the 
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first and second administrations, with smaller improvement thereafter (Beglinger et al., 

2005; Gronwall & Sampson, 1974; Gronwall, 1977; Stuss, Stethem, Hugenholtz, & 

Richard, 1989).  Ceiling effects have been previously identified as a probable cause of the 

rapidly decelerating rate of improvement observed over subsequent sessions (Beglinger et 

al., 2005).  Particularly at the longer ISIs, a ceiling effect likely contributed to the failure of 

subsequent administrations to generate significant improvement in the current study.   

These results suggest that with consistent practice of the general PASAT procedure, 

high functioning, neurologically intact individuals can rapidly acquire information 

processing strategies facilitating more effective and efficient task performance, presumably 

via parallel execution of component processes.  However, this finding does not apply 

equally to all four administered conditions of the PASAT.  Following each of the four 

testing sessions, the mean number of correct PASAT responses at the 1.2-second ISI 

condition remained significantly poorer relative to the remainder of PASAT conditions.  

Over two test sessions, performance at the 1.2-second ISI presentation rate was also 

reported to differ significantly from the 2.4-, 2.0-, and 1.6-second ISI presentation rates in a 

separate study of healthy individuals (Stuss, Stethem, & Poirier, 1987). 

It was expected that during novel performance, the mean number of correct PASAT 

responses would be sensitive to manipulations in the ISI, as task performance proceeded via 

attention demanding controlled processing.  Extended training was predicted to facilitate 

the development of automatic processing and ease attentional demands.  Task performance 

during later experimental sessions was therefore expected to be insensitive to manipulations 

in ISI. 

The findings from the current study suggest that consistent training over four 

experimental sessions desensitizes PASAT performance to information processing capacity 

limits, but is not sufficient to entirely eliminate the effects of manipulating the ISI.  
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Behavioural performance appears to continue to represent a mixture of automatic and 

controlled processing, best characterized by phase two of Schneider’s (Schneider, 1985) 

model of the development of automatic information processing.  However, to more fully 

determine the attentional requirements of successful PASAT performance following 

extended practice, the ERP data must be examined.   

Finally, correlational analysis indicated that mathematical ability was not 

consistently related to PASAT performance, in the current study.  While this finding 

suggests that the PASAT results can therefore be assumed to have not been confounded by 

the participants’ numerical ability, it stands in contrast to the findings of the experiment 

reported in Chapter 5 and those reported in the literature that PASAT performance is 

related to mathematical ability (Chronicle & MacGregor, 1998; Egan, 1988; Royan, 

Tombaugh, Rees, & Francis, 2004; Sherman, Strauss, & Spellacy, 1997).  Consistent with 

previous studies (Brittain, La Marche, Reeder, Roth, & Boll, 1991; Crawford, Obonsawin, 

& Allan, 1998; Egan, 1988; Roman, Edwall, Buchanan, & Patton, 1991; Sherman, Strauss, 

& Spellacy, 1997), but in contrast to the results of the experiment reported in Chapter 5, 

estimates of intellectual functioning were positively related with PASAT performance. 

  

7.4.2 ERP Data 

Most of the information processing required to successfully perform an 

experimental task is specific to the requirements of the task.  Such task-related processing 

is usually controlled, limited capacity processing, required for the coordination and 

execution of complex task requirements (Näätänen, 1985).  However, with consistent 

practice, task-related processing can become highly automated, as the task demands 

become familiar, always requiring the same sequence of processing operations (Schneider 

& Shiffrin, 1977; Shiffrin & Schneider, 1977).   
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The amplitude of the late PN was significantly attenuated following consistent 

practice.  This frontally distributed deflection has been linked to the central executive of 

working memory and supervisory attentional systems implementing controlled processing 

(Hansen & Hillyard, 1988; Michie, Fox, Ward, Catts, & McConaghy, 1990; Näätänen, 

1985, 1992; Potter & Barrett, 1999; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002).  As 

stipulated by the dual-process theory of information processing (Schneider & Shiffrin, 

1977), following practice a task utilizes processing capacity more efficiently as 

performance becomes more automatic and less dependent on limited capacity attentional 

resources.  In the current study, the practice-mediated decrease in reliance upon frontally-

mediated executive attention processes was evidenced in the reduction in frontal negativity 

observed from experimental session one to experimental session four.  These findings are 

also in accord with results published by Potter and Barrett (1999), who found that over a 

series of PASAT trials in healthy controls, practice was associated with a reduction in 

frontal negativity of the ERP waveform.   

Additional research devoted to exploring the effects of repeated auditory selective 

attention task testing on PN has provided a robust effect.  Hansen and Hillyard (1980) 

presented an auditory selective attention task to subjects over two testing sessions on 

separate days.  They found no significant difference in early PN, but reported an attenuated 

late PN (300-500 ms) following repeated experience with the task.  Woods (1990) tested 

subjects over seven sessions each one week apart on an auditory selective attention task and 

found that early PN amplitude was reduced by 10% while late PN amplitude (250-600 ms) 

was reduced by 30% following repeated practice.  Shelley and colleagues (1991) 

administered an auditory selective attention task over six sessions each one week apart and 

found that early PN did not change in amplitude, but late PN (400-1000 ms) amplitude was 

significantly reduced following repeated testing.  All three research teams found that the 
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greatest change in amplitude of the late PN occurred from the first to the second testing 

session.   

A lack of significant change in early PN was interpreted as evidence attentional 

trace stimulus matching is a relatively stable operation which does not appear to change 

with repeated testing (Shelley et al., 1991). The discrepancies in the latency of the late PN 

were most likely due to differences in the nature of the selective attention tasks employed 

across the three studies.  Nevertheless, the functional significance of the decrease in late PN 

amplitude following repeated testing was consistently interpreted as reflecting a practice-

mediated reduction in the allocation of central processing resources (Schneider & Shiffrin, 

1977; Shiffrin & Schneider, 1977) as subjects developed more efficient target identification 

skills and processing strategies (Hansen & Hillyard, 1980; Shelley et al., 1991).  This 

interpretation of late PN amplitude attenuation was supported by the behavioural data, 

which revealed concurrent reductions in reaction time and increases in accuracy with 

repeated practice.   

In the current study, neither the amplitude nor the latency of the N1 and P2 were 

significantly affected by extended practice.  These findings suggest that consistent training 

has little or no impact on the early sensory processes involved in stimulus registration and 

discrimination.   

Prior to testing, no specific hypothesis regarding the N2 was formulated.  However, 

the deflection has been considered to reflect aspects of controlled processing (Kasai et al., 

1999; Murakami et al., 2002; Potter & Barrett, 1999) and its sensitivity to modulations in 

the level of task difficulty has been demonstrated (Senkowski & Herrmann, 2002).  Visual 

inspection of the ERP waveforms generated suggested the amplitude of the N2 was 

attenuated following extended practice.  However, the difference failed to reach statistical 

significance, and it is not possible in the current study to determine whether the N2 results 
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reflect a minor decrease in amplitude, or resulted from a reduction in overlap with frontal 

negativity as the amplitude of the late PN decreased over time. 

As introduced in the results section, the enhanced amplitude of the session four 

parietal P3 was most likely the result of anomalous session one 1.6-second ISI ERP results 

and is therefore not considered to reflect an increased allocation of attentional resources 

following extended practice, but rather a preserved P3, associated with the obligatory 

allocation of attention to task-relevant stimuli (Hoffman, Simons, & Houck, 1983; Strayer 

& Kramer, 1990).  Regardless, neither of the hypotheses regarding the P3 were born out in 

the current experiment.  P3 amplitude at session one failed to demonstrate sensitivity to 

manipulations in the ISI and P3 latency failed to reduce over repeated PASAT 

administration. 

The absence of an effect of extended training on the amplitude or latency of the P3 

may be due to the emphasis the task places on specific stages of information processing 

(Karayanidis & Michie, 1996; McCarthy & Donchin, 1981).  In particular, Spikman and 

colleagues (2004) contend that for successful PASAT performance, stimuli must be 

processed through complex task-specific, rule-based processes.  Limited-capacity attention 

resources are therefore directed primarily toward strategic planning aspects of information 

processing rather than stimulus-elicited processing reflected in the P3.  Within the current 

paradigm, extended training does not appear to have facilitated stages of information 

processing related to stimulus evaluation and categorization and cannot account for the 

changes observed over time in behavioural performance.  Rather, the ease of operation at 

the subsequent stages of information processing involved in planning and decision making 

contribute most to changes in the efficiency of task performance following extended 

training.  These changes are most apparent through examination of late PN. 
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Across sessions, a main effect of ISI on the electrophysiological variables was not 

supported.  Despite significantly impacting upon the behavioural variables, varying the ISI 

failed to produce a significant effect upon the amplitude or latency of any of the ERP 

deflections.  As discussed in the Chapter 5, the relationship between ISI and task demand 

remains unresolved (Potter & Barrett, 1999; Tombaugh, 2006). Taken as a whole, these 

results suggest manipulating the ISI does not have a straightforward effect on the allocation 

of processing resources during either novice or practiced performance.  Therefore, 

adjusting the ISI may provide an index of the current capacity of the underlying 

information processing system, but in and of itself does not appear to induce a change in 

the capacity or allocation strategy of the system.   

Rather, the driving force behind the easing of attentional demands appears to be 

related to the extended training of a consistent set of processing operations (Logan, 1988; 

Logan & Klapp, 1991; Navon & Gopher, 1979; Schneider & Chein, 2003; Schneider & 

Detweiler, 1988; Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977).  Schneider and 

Shiffrin’s (1977) dual process theory has been criticized for the lack of an explicit 

functional description of how consistent practice facilitates the transition from controlled to 

automatic processing (Speelman & Maybery, 1998).  However, Schneider and Shiffrin 

(1977) do provide a jumping off point in that their primary distinction between controlled 

and automatic processing concerns the efficiency of processing incoming information with 

respect to the ease of access to stored knowledge.  The theory therefore logically leads one 

to an examination of the nature of storage and retrieval of acquired knowledge for an 

explanation of the development of automaticity.   

Schneider and colleagues (Schneider & Chein, 2003; Schneider & Detweiler, 1988) 

have proposed a “connectionist/control architecture” to explain how practice leads to 

automaticity.  Connectionism is a model of information processing in which information is 
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processed and stored within a network of excitatory and inhibitory neural nodes, which are 

organized into networks of increasing complex input and output connections.  Knowledge 

is not stored, represented, or manipulated in any specific node of a network, but in the 

pattern of interconnections of any number of nodes and the connectionist weights between 

the nodes (Schneider, 1987).  Learning and practice can change the pattern and strength of 

connections and hence the output or efficiency of a network.   

All networks perform a rule-based combination of their inputs and produce a simple 

transformation output.  A central control process is responsible for monitoring information 

flow within and between neural networks to provide the appropriate processing rules.  

Following the consistent execution of a rule-based input process, associative connections 

between information processing nodes strengthen such that input comes to evoke the 

appropriate output pattern independent of attentional control (Schneider & Detweiler, 

1988).  Thus controlled processing involves conscious monitoring and modulation of the 

activity within information processing networks for the serial execution of novel or 

complex operations, while consistent practice facilitates the gradual withdrawal of 

attentional control and the strengthening of associations to allow for direct access automatic 

processing of input and the single-step automatic retrieval of a routine output pattern.   

In contrast, Logan (Logan, 1988; Logan & Klapp, 1991) has proposed an “instance 

theory” to explain the mechanism through which information processing become 

automatic.  According to this theory, automaticity occurs with the acquisition of a domain-

specific knowledge base formed of separate representations termed “instances.”   

Processing of tasks is effortful at first, and utilizes domain-general processes of 

knowledge-retrieval, which Logan refers to as “algorithms.” However, attending to a 

stimulus also encodes an instance in memory of how that stimulus was processed.  Each 

encounter with a stimulus is encoded, stored, and retrieved separately, and repeated 
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exposure to a stimulus will increase the number of stored instances of how that stimulus 

was processed.  With practice, performance of a task becomes more and more efficient 

because it is quicker and easier to automatically retrieve past instances of successful 

processing solutions rather than consciously construct an algorithm.  The accumulation of 

separate instances over time therefore provides a learning mechanism, and processing can 

be considered automatic when the generation of a specific processing solution is based on 

the single-step retrieval of stored instances rather than algorithmic processing (Logan, 

1988).  The development of automaticity therefore involves the acquisition of domain-

specific responses to specific stimuli. 

Although the two theories describe different mechanisms, they both propose 

automatic processing relies on the efficient retrieval of knowledge from memory, whether 

this efficiency is conceptualized by the strength of associations or the number of instances.  

Both theories contrast automatic processing with a slow, effortful, controlled process of 

acquiring novel or complex information processing strategies and support the idea that with 

consistent practice memory retrieval becomes less effortful and more automatic.  For the 

moment, instance- and strength-based theories seem equally able to explain the practice-

mediated changes in processing efficiency observed in the current study.   

 

7.4.3 Conclusions 

Controlled processing refers to the temporary activation of a set of task-specific 

cognitive operations to cope with novel task demands.  It requires executive attention and 

uses up limited-capacity processing resources.  The degree of flexibility and cognitive 

control offered by this mode of processing makes it ideal for performance in non-routine 

situations, and controlled processing can be used to facilitate long-term learning and skill 

acquisition, including automatic processing.   
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Automatic processes are acquired following the repeated use of controlled 

processing to consistently activate the same sequence of cognitive operations.  Automatic 

processes can be triggered independent of attentional control, and they do not use up 

limited-capacity processing resources.  The ability to automatically process some or all 

components of a task may therefore be an essential mechanism of selective attention, as it 

allows for the reallocation of limited attentional resources.   

 The current study has demonstrated that four experimental sessions are sufficient to 

facilitate a functional adaptation in the information processes underling successful PASAT 

performance.  Following extended training, participants demonstrated improved accuracy 

and a decreased effect of ISI manipulations on behavioural performance, and ERP 

waveforms recorded during correct PASAT responses revealed task-specific processing 

placed fewer demands on the limited supply of attentional resources, as indexed by the 

amplitude of the late PN.  These practice-mediated changes are consistent with the dual 

process theory of information processing (Schneider, 1985; Schneider & Shiffrin, 1977) 

and are considered to represent the transition from controlled to automatic processing, and 

reflect the development of cognitive mechanisms which utilize processing capacity more 

efficiently. 

There is a vast literature establishing a connection between the frontal lobes and 

controlled processing (Luria, 1980; Shallice & Burgess, 1991; Stuss & Benson, 1986; 

Stuss, Shallice, Alexander, & Picton, 1995).  According to Posner (Posner & Petersen, 

1990; Posner & Raichle, 1994) the primary role of the anterior attention system is 

activation of working memory for controlled processing.  The source localization data 

discussed in Chapter 6 and the results of the current study suggest a frontal locus to 

supervisory aspects of attentional processes, consistent with theories of attention and 

working memory (Mesulam, 1990; Posner & Petersen, 1990; Schneider & Chein, 2003; 



 

 189

Smith & Jonides, 1999).  The current experimental data advances our understanding of the 

temporal dynamics of activation within this frontal network responsible for the executive 

control of attention, and the functional adaptations which take place within this network 

following consistent practice.  Having established dissociable profiles of behavioral and 

electrophysiological performance associated with controlled and automatic processing in a 

group of healthy adults, these findings can now be applied to the analysis of novice and 

practiced PASAT performance in a group of individuals who have sustained a mild TBI. 
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Chapter 8 - Automatic and Controlled Processing: A Dual-Process Framework for 
Examining Outcome Following Mild Traumatic Brain Injury 
 

Research suggests that mild TBI can disrupt a range of cognitive functions, most 

obviously apparent in the domains of attention and information processing (Binder, 

Rohling, & Larrabee, 1997; Cicerone, 1996; Cohen, 1993; Frencham, Fox, & Maybery, 

2005; Levin, Benton, & Grossman, 1982).  After mild TBI, a significant subset of 

individuals frequently report symptoms of slowed thinking, poor concentration, 

distractibility, and difficulty attending to more than one task at a time (Binder, 1986; 

Cicerone, 1996).   

However, the concept of attention encompasses a broad range of cognitive abilities, 

and attempts to identify specific components of attention which are impaired following 

mild TBI has produced inconsistent results.  To date, some of the most consistent findings 

have come from studies investigating the integrity of executive attentional control 

processes following injury.  Complex choice reaction time tasks which cannot be 

performed through the routine execution of over-learned schema have regularly revealed 

performance deficits (Hugenholtz, Stuss, Stetham, & Richard, 1988; Stuss et al., 1989).  

Furthermore, the PASAT, and other tests which require the conscious allocation of 

capacity-limited controlled attention resources to regulate information processing have also 

been found to be particularly sensitive to subtle attention deficits following mild TBI 

(Cicerone, 1997; Cicerone & Azulay, 2002) 

The amount of structure and degree of uncertainty a task affords therefore appears 

to have a significant impact on a mild TBI patient’s ability to perform that task 

(Hugenholtz, Stuss, Stetham, & Richard, 1988; Stuss et al., 1989), and the degree of 

impairment on neuropsychological tests of attention has been hypothesized to depend on 

the extent to which the task being performed involves controlled processing (Birnboim, 
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2003; Cicerone, 1996; Mateer, 2000; Spikman, Henk, Deelman, & van Zomeren, 2001; 

Stuss, Stethem, Picton, Leech, & Pelchat, 1989). 

The concept of controlled processing was proposed by Schneider and Shiffrin 

(Schneider & Shiffrin, 1977), as part of their dual-process framework for the processing of 

information.  They contend that the information in novel or complex tasks is processed in a 

controlled manner, while the information in routine tasks is processed in an automatic 

manner.   

Controlled processing is an effortful, serial, slow process.  Processing is considered 

controlled if it relies on acquiring new and complex information, and includes memory 

search, learning, and decision making which are under the individual’s direct and active 

control.  Successful allocation of capacity-limited attentional resources by executive 

attention mechanisms (e.g. central executive system, supervisory attentional system) is 

required for the controlled processing of information to occur.  

In contrast, automatic processing is an effortless, parallel, fast process.  Processing 

is considered automatic if it relies on the retrieval of stored knowledge or action patterns, 

which are established after practice in a consistent environment.  Automatic processing is 

not sensitive to a task’s difficulty and therefore allows the simultaneous performance of a 

second task.  The automatic processing of information does not require the conscious 

allocation of attention. 

However, controlled and automatic processing are not solitary concepts, rather they 

represent the extremes of a single continuum.  With consistent practice, the slow, effortful, 

serial activity involved in controlled processing can gradually be replaced with the fast, 

effortless, parallel retrieval of automatic processing.  Therefore, controlled processing does 

not simply refer to the strategies and behaviours generated on the very first attempt to 

process complex or novel information.  Controlled processing only ends when a set of well 
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learned processes and automatic triggers appropriate to the situation have been established 

(Shallice & Burgess, 1993).   

In summary, the capacity for strategic control over attentional resources required for 

the coordination and execution of complex task requirements appears to be disrupted 

following mild TBI (Cicerone & Azulay, 2002; Parasuramen, Mutter, & Molloy, 1991; 

Stablum, Mogentale, & Umiltà, 1996).  In particular, Cicerone (1996) speculates that 

following mild TBI, subtle but significant decreases in the efficiency of controlled 

processing are due to a reduction in information processing capacity.  Performance on 

simple reaction time and vigilance tasks following mild TBI typically remains intact, 

because these tasks proceed relatively automatically.  However, abnormalities in controlled 

processing manifest as slowed reaction time and impaired performance on 

neuropsychological tests of attention requiring increasingly complex and effortful 

processing, the demands of which exceed the individual’s remaining information 

processing capacity (Bohnen, Jolles, & Twijnstra, 1992b; Cicerone, 1996; Hugenholtz, 

Stuss, Stetham, & Richard, 1988; Parasuramen, Mutter, & Molloy, 1991).  These 

abnormalities in controlled processing resources may also influence the development of 

automatic processes.   

 

8.1.1 Automatic Process Development Following Mild TBI 

The dual process model of information processing (Schneider & Shiffrin, 1977; 

Shiffrin & Schneider, 1977) predicts that the execution of a cognitive task changes with 

training.  Novice performance requires controlled processing operations, but as a 

knowledge base develops the component skills can be executed more automatically.  

Extensive research with healthy controls has investigated the ability to develop automatic 

processes and two competing views have emerged to explain how the component processes 
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of a task become automated with training (Logan, 1988; Schneider & Detweiler, 1988). 

Despite their differences, these two models recognize the contribution of two key factors in 

the development of automaticity: the extent of training and the consistency of stimulus and 

response elements.  However, neither model addresses how automatic process development 

is influenced by the amount of attentional resources available during training. 

Attention is conceptualized as a capacity-limited resource (Broadbent, 1958; 

Kahneman, 1973; Schneider & Shiffrin, 1977; van Zomeren & Brouwer, 1994).  The 

amount of attentional resources or information processing capacity may decline following 

mild TBI (Cicerone, 1996; Cudmore, Segalowitz, & Dywan, 2000; Gronwall & Wrightson, 

1975; Schmitter-Edgecombe, 1996).   As capacity-limited effortful processing underlies 

learning (Schneider, 1985; Schneider & Detweiler, 1988; Shiffrin & Schneider, 1977) then 

the acquisition of automatic processes may depend on the amount of attention resources 

available during the period of extended practice (Feldman Barrett, Tugade, & Engle, 2004; 

Schmitter-Edgecombe, 1996; Shiffrin & Schneider, 1977; Unsworth & Engle, 2005).   

An injury-related reduction in attentional resources could therefore compromise the 

acquisition of automatic processing strategies in individuals who have sustained a mild 

TBI.  For instance, individuals with frontal lobe damage are not generally incapable of 

coping with complex or novel situations, but reportedly profit more slowly from learning 

experiences made in new and unfamiliar situations (Shallice & Burgess, 1993).   

Furthermore, Schmitter-Edgecombe and Rogers (1997) found that individuals who 

had sustained a severe TBI demonstrated a slower rate of automatic process development, 

compared to healthy control subjects. The authors speculated that a reduction in the amount 

of attentional resources available for information processing caused the strengthening of the 

associative connections between the sub-routines underlying task performance to occur 

more slowly following injury.   
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Such a view is generally incompatible with an instance theory of automatization, 

which argues that task performance is limited by a lack of knowledge rather than a scarcity 

of resources (Logan, 1988).  Instance theory argues each experience with a stimulus lays 

down a separate instance in memory, which can later be recalled.  Automaticity occurs 

when a stimulus is processed wholly through the retrieval of stored instances.  Failure to 

develop automaticity suggests the “horse race” between an effortful, consciously directed 

information processing “algorithm” and automatic memory search for an appropriate 

processing solution is being routinely won by the algorithm.  Logan’s model cannot explain 

how such a phenomenon would continue to occur following consistent training.  Such a 

result may suggest items held in memory are being searched and retrieved at a reduced rate 

following TBI.   However, most tests of attention, including the PASAT, do not tap explicit 

memory functions as they rarely contain elements of knowledge which can be retrieved 

consciously (Spikman, Timmerman, van Zomeren, & Deelman, 1999).  Improved 

performance over time (i.e. learning) is therefore largely the result of implicit memory 

processes, which are believed to generally be preserved after head injury (Mutter, Howard, 

Howard, & Wiggs, 1990; Vakil, Biederman, Liran, Grosswasser, & Aberbuch, 1994). 

In contrast, the connectionist/control (Schneider & Chein, 2003; Schneider & 

Detweiler, 1988) model of information processing argues a frontally-mediated, capacity-

limited central control process is responsible for the deliberate activation, maintenance, or 

enhancement of information processing nodes, and strategic suppression of unwanted 

activation.  Following consistent practice, always requiring the same sequence of 

processing operations, attentional control is gradual withdrawn, as associations within and 

between information processing networks are strengthened through repeated activation.   

Traumatic brain injury is likely to produce disturbances of consciousness and 

diffuse cerebral damage (Richardson, 2000).  Rotation of the brain produces both focal and 
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diffuse lesions that are relatively independent of the original site of impact and microscopic 

tearing and other changes to the brain can occur after only mild TBI (Bigler, 2003; Jane, 

Stewart, & Gennarelli, 1985; Kant, Smith-Seemiller, Isaac, & Duffy, 1997; McAllister et 

al., 1999).  It has been argued that as a result of diffuse damage and loss of long range 

cortical connections, mild TBI can disrupt the functioning of these attentional control 

systems, reducing the efficiency with which information is integrated to form new 

processing strategies and sub-routines are coordinated for the execution of a novel task 

(Cicerone, 2002; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002).  The neuropathologic 

consequences of mild TBI may therefore directly interfere with the development of 

automatic processing by interrupting the connections among widespread neural networks 

and impairing the formation and strengthening of associations.   

  

8.1.2 Aims of the Current Study 

Information processing demands are conceptualized to operate within the 

framework of controlled and automatic processing proposed by Schneider and Shiffin 

(1977).  In this framework, overlearned tasks proceed automatically, while performance on 

novel tasks, or in situations requiring moment-to-moment decisions, is dependent on the 

application of limited capacity executive attention resources.   

The PASAT is a task which requires familiar behaviors to be flexibly combined to 

adhere to a novel set of task contingencies.  However, the task is composed of component 

sub-skills which can be performed more or less automatically depending on the proficiency 

of the individual.  Executive attention mediated controlled processing is critical for 

dynamically establishing task-relevant neural processing networks capable of orchestrating 

intentional behavior and over-riding reflexive or habitual reactions.  The experiment 

reported in Chapter 7 demonstrated that in healthy controls, as these neural pathways are 
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repeatedly activated by consistent practice, activity-dependent plasticity mechanisms 

strengthen connections and establish their operation independent of conscious cognitive 

control.  As this occurs, executive attention becomes less involved, performance improves, 

and the amplitude of the late PN is attenuated.  That is, performance becomes more 

automatic.   

In connectionism, cognitive processes, including attention, arise from parallel 

interactions in multiple nodes of a neural network (Mesulam, 1990; Schneider, 1987).   

Information is not stored, represented, or manipulated in any specific node of the network, 

but rather in the pattern of inter-connections of any number of nodes.  Loss of a specific 

node would therefore not be expected to result in the loss of a specific piece of knowledge 

or processing capacity, although it might make information processed within the entire 

network more difficult and less efficient to access.  Diffuse axonal injury occurring as a 

consequence of mild TBI may therefore contribute to cognitive dysfunction in this 

population by interrupting the conduction pathways between cortical areas, reducing the 

efficiency of operation of the “global workspace” (Dehaene, Kerszberg, & Changeux, 

1998).  The diffuse alterations of axons could disrupt the functional connectivity of 

executive attention systems and preclude the strengthening of associations between 

conceptual nodes of temporarily established processing networks.  Individuals who have 

suffered a mild TBI may therefore be impaired in their ability to develop automatic 

processing strategies, and as a result have to maintain effortful controlled processing 

strategies. 

The purpose of this experiment is therefore to quantitatively define the time course 

required for automization of performance on the PASAT to occur in individuals who have 

suffered a mild TBI and compare those results against a matched control group.  The time 

course and rate of change from controlled to automatic processing on the PASAT will be 
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evaluated in terms of performance accuracy and concurrent ERP activity.  Combined with 

the data presented in Chapter 5, it is hoped the current results will provide a detailed 

description of the effects of mild TBI on information processing demands of a complex 

attentional task during novel and practiced performance.   

It is hypothesized that the amount of attentional resources available during practice 

influences the rate of development of automatic processes.  As the neuropathologic 

consequences of mild TBI may disrupt functional connectivity and reduce the efficiency of 

executive attention systems, it is expected that over an extended PASAT training period the 

acquisition of automatic processes will be impaired in mild TBI participants.  Impaired 

development of automaticity is predicted to be evident in the form of less reduction in the 

amplitude of the late PN, relative to healthy controls, and less improvement in behavioural 

performance, relative to healthy controls.   

 
 
8.2 Methods 

 
 
8.2.1 Participants 

The participants in the current study were the same as those recruited for the 

experiment reported in Chapter 5.  Briefly, 10 healthy individuals and 10 individuals who 

had suffered a mild TBI were drawn from a university community to participate in this 

experiment.  The mild TBI group consisted of six males and four females, all right-handed, 

with a mean age of 21.10 years (SD = 5.55 years, range 17-34 years) and a mean of 14.20 

years (SD = 2.29 years) of education.  The average length of time since injury was 15.20 

months (SD = 18.07 months, range 2-60 months).   

The control group consisted of five right-handed and one left-handed male and four 

right-handed females with a mean age of 21.00 years (SD = 4.52 years, range 18-30 years).  
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The mean level of education of the control group was 13.9 years (SD = 2.38 years).  

Statistical analysis indicated there were no significant differences between the mild TBI 

and control groups in terms of age at testing [t(18) = 0.04,  p = .97] or years of education 

[t(18) = 0.29, p = .78].   

 

8.2.2 Task 

Participants were administered a computerized version of the PASAT, ensuring a 

highly standardized administration.   After completing computer-administered instructions 

and practice sessions, the child version of the task was administered (The Psychological 

Corporation, 1998).  Responses to consecutive presentations of 61 digits (a trial) presented 

via headphones at rates of 2.4-, 2.0-, 1.6-, and 1.2-seconds were registered on a 

microphone.   Accuracy data were automatically digitized and recorded for off-line 

analysis. 

 
 
8.2.3 Procedure 

Participants from the experiment reported in Chapter 5 were followed up over three 

subsequent experimental sessions.  Session one, which for the purpose of statistical analysis 

remained divided into blocks A and B, therefore refers to the results first presented in 

Chapter 5, while the results of sessions two, three, and four are presented in the current 

chapter.  In all, each participant attended four sessions over a mean 10.95 day period (SD = 

4.51, range 4-17 days).  The two experimental groups did not differ in the length of time of 

the testing interval [t(18) = 1.04, p = 0.31].  

During each experimental session participants were administered the PASAT in two 

blocks, with a short break in between.  Each block consisted of a randomized order of 

presentation of the 2.4-, 2.0-, 1.6-, and 1.2-second ISI rates.  Presentation of the trials was 
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randomized to minimize any effects of the order of administration.  Participants were 

instructed to minimize eye and body movements and speak quietly when responding.  The 

total number of correct responses on each trial was selected for analysis of performance 

accuracy.  The pattern of responding was also examined to ensure that participants were not 

obtaining correct responses or reducing the cognitive demands of the task by adopting a 

chunking strategy.  Repeated measures ANOVAs with ISI (2.4-, 2.0-, 1.6-, and 1.2-

seconds) and experimental session (one A, one B, two, three, and four) as within-subjects 

factors and group (mild TBI and control) as a between-subjects factor were then conducted 

on the accuracy data.  During the PASAT administration continuous EEG activity was 

simultaneously recorded (see below).   

 
 
8.2.4 EEG Data Acquisition and Analysis  

EEG activity was sampled continuously at a digitization rate of 250 Hz per channel.  

The signals were amplified with a Neuroscan Incorporated (Herndon, VA) SynAmps 

system with a band-pass filter of 0.05-30 Hz (-6 dB down).  SCAN software, version 4.0, 

was used to register and analyse EEG activity.  Thirty-two tin electrodes were placed 

according to the International 10-20 system, utilizing a Neuroscan QuikCap, at frontal 

(Fp1, Fp2, F3, F4, F7, F8), central (Ft7, Ft8, Fc3, Fc4, C3, C4, T7, T8), parietal (Cp3, Cp4, 

Tp7, Tp8, P3, P4, P7, P8), occipital (O1, O2) and midline (Fz, Fcz, Cz, Cpz, Pz, Oz) sites.  

Vertical and horizontal electro-oculograms (EOG) were recorded with electrodes placed at 

the supraorbital ridge and suborbital region of the left eye, and at the outer canthus of each 

eye.  All electrodes were referenced to nose electrodes and impedances were kept below 5 

kΩ. Statistical eye movement correction was performed offline prior to averaging using the 

algorithm provided with the SCAN software.  After baseline adjustment around a 100 ms 

prestimulus interval remaining epochs containing amplitudes in excess of 75 µV at any 
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electrode were rejected.  Stimulus-locked cognitive ERPs were then averaged over 1000 ms 

epochs, including a 100 ms pre-stimulus baseline period and a 900 ms post-stimulus period.  

Only epochs containing correct PASAT responses were included in the statistical analysis.   

 ERP deflections were identified according to their topography, polarity and position 

in the waveform.  Early sensory deflections were designated as N1, reflecting the first 

negative deflection, and P2 as the positive wave following the N1.  Middle- and late-

latency cognitive deflections included the N2, distinguished as the first negativity after P2, 

P3 as the prominent positive deflection following N2, and late PN, identified as the 

prolonged negativity following N2.   

The following criteria were derived from visual inspection of the grand averaged 

waveforms and used in the statistical analysis of the ERP deflections of interest: N1 was 

defined as the most negative peak in the interval 80-160 ms; P2 was defined as the most 

positive peak in the interval 160-300 ms; N2 was defined as the most negative peak in the 

interval 260-350 ms; P3 was defined as the most positive peak in the interval 450-780 ms; 

and late PN was defined as the mean negativity in the interval 380-650 ms. 

Visual inspection of the grand averaged waveforms was also used to determine the 

electrode site over which each ERP deflection reached maximum activation.  Mean 

amplitude and peak latency measures for each deflection were then calculated from this 

electrode site. The amplitude and latency of the N1 and P2 were measured at Cz.  P3 was 

measured at Pz.  N2 and late PN were measured at Fz. 

Mean amplitude and peak latency of each deflection was determined by computer 

program, and repeated measures ANOVA’s with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and 

experimental session (one, two, three, and four) as within-subjects factors and experimental 

group (mild TBI and control) as a between-subjects factor were conducted for the N1, P2, 

N2, P3, and late PN.   
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8.3 Results 

 
 
8.3.1 Behavioural Results 

There was no further data loss due to equipment failures during experimental 

sessions two, three, or four.  However, as session one data was included in the current 

repeated measures ANOVAs, listwise deletion once again reduced the number of 

observations by one in each experimental group.   

The mean number of correct PASAT responses for each experimental group (mild 

TBI and control) at each session (one A, one B, two, three, four) and ISI (2.4-, 2.0-, 1.6-, 

and 1.2-seconds) are presented in Table 13.  As discussed in Chapter 5, analysis of the 

session one data revealed significant performance differences from the first experimental 

block to the second experimental block at each of the four ISIs.  Rather than collapsing 

behavioural data across the two blocks as planned, data from each block were therefore 

analysed separately.  The validity of collapsing the behavioural results over the two 

experimental blocks at sessions two, three, and four was confirmed statistically; two-way 

repeated measures ANOVA with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds), experimental block 

(A and B), and session (two, three, and four) as within-subjects factors and group (mild TBI 

and control) as a between-subjects factor indicated there was no significant difference at 

any session between the experimental blocks in terms of the mean number of correct 

PASAT responses [Session 2: F(1,18) = 1.49, p = 0.24, ηp
2 = 0.08; Session 3: F(1,18) = 

1.53, p = 0.23, ηp
2 = 0.08; Session 4: F(1,18) = 2.56, p = 0.10, ηp

2 = 0.13]. 

In general, participants in both experimental groups demonstrated improvement 

over the four experimental sessions in the mean number of correct PASAT responses (see 

Figure 10).  To investigate the effects of consistent practice, two-way repeated measures 
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ANOVAs with ISI (2.4-, 2.0-, 1.6-, and 1.2-seconds) and session (one A, one B, two, three, 

and four) as within-subjects factors and group (mild TBI and control) as a between-subjects 

factor were conducted to compare the mean number of PASAT correct responses at each 

experimental session and ISI.  Where Mauchly’s test of sphericity was violated, 

Greenhouse-Geisser corrections were applied.   

 

 
 

Table 13                 

Mean Correct PASAT Responses at Each Session Across the Four ISIs  

Control Participants Mild TBI Participants 
 Inter-stimulus Interval  Inter-stimulus Interval 

 
 

2.4 2.0 1.6 1.2  2.4 2.0 1.6 1.2 

Session 
1A 

 

48.11 
(5.04) 

42.67 
(9.00) 

38.67 
(9.30) 

32.56 
(6.41) 

Session 
1A 

52.22 
(5.07) 

49.56 
(7.43) 

46.44 
(9.74) 

39.44 
(9.08) 

Session 
1B 

 

50.89 
(5.58) 

47.44 
(6.91) 

41.67 
(8.03) 

34.67 
(7.30) 

Session 
1B 

53.33 
(7.04) 

53.11 
(6.13) 

49.56 
(7.18) 

43.00 
(11.02) 

Session 
2 

54.20 
(4.22) 

 

51.85 
(5.06) 

 

49.05 
(7.87) 

 

42.00 
(8.10) 

 

Session 
2 

57.00 
(2.22) 

 

54.89 
(4.58) 

 

52.67 
(5.54) 

 

47.89 
(9.28) 

 
Session 

3 
56.20 
(2.47) 

 

53.30 
(3.60) 

 

50.75 
(4.20) 

 

48.10 
(6.57) 

 

Session 
3 

56.11 
(3.96) 

 

56.06 
(4.96) 

 

54.17 
(5.72) 

 

51.56 
(8.27) 

 
Session 

4 
57.20 
(2.26) 

 

55.30 
(2.82) 

 

51.85 
(5.56) 

 

49.45 
(7.53) 

 

Session 
4 
 

57.33 
(2.55) 

 

56.00 
(4.95) 

 

56.00 
(5.95) 

 

54.28 
(7.91) 

 
Note: Values are means (SD) 
 

 

For the mean number of correct PASAT responses, the main effects of session 

[F(2.69,43.07) = 65.59, p < 0.01, ηp
2 = 0.80] and ISI [F(1.40,22.46) = 54.37, p < 0.01, ηp

2 = 

0.77] were significant.  The interaction between ISI and session was also significant 
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[F(5.72,91.88) = 7.10, p < 0.01, ηp
2 = 0.31].  Although the mild TBI group appeared to 

provide more correct responses than the control group, the between-subjects effect of group 

was not significant [F(1,16) = 2.79, p=0.11, ηp
2=0.15]. 

 
 
 

Figure 10                 

Mean PASAT Correct Responses with 95% Within-Subjects Confidence Intervals  
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When evaluated over the four experimental sessions, the mean number of correct 

PASAT responses demonstrated a quadratic trend [F(1,16) = 9.13, p < 0.01, ηp
2=0.36].  

Bonferroni corrected (p < 0.0125) paired-samples t-tests indicated the mean number correct 
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significantly improved from the second experimental block of the first session to the second 

session over all of the ISI conditions (see Table 14).   

 

Table 14                 

Mean Correct PASAT Responses over Sessions Paired Samples T-Tests with Bonferroni 

Corrections 

Session 
 1A vs. 1B 1B vs. 2 2 vs. 3 3 vs. 4 

2.4 
ISI 

t(18) = -1.90,  
p = .07 

t(19) = -3.48,  
p < 0.01* 

t(19) = -0.88,  
p = 0.39 

t(19) = -2.61,  
p = 0.02 

2.0 
ISI 

t(18) = -2.94,  
p < 0.01* 

t(19) = -3.58,  
p < 0.01* 

t(19) = -2.53,  
p = 0.02 

t(19) = -1.75,  
p = 0.10 

1.6 
ISI 

t(18) = -2.55,  
p = 0.02 

t(19) = -6.19,  
p < 0.01* 

t(19) = -1.65,  
p = 0.12 

t(19) = -1.75,  
p = 0.10 

1.2 
ISI 

t(17) = -2.48,  
p = 0.02 

t(18) = -4.52,  
p < 0.01* 

t(19) = -5.15,  
p < 0.01* 

t(19) = -2.29,  
p = 0.03 

Note: * denotes significant difference 

 

 

 When plotted against ISI, the mean number of correct PASAT responses 

demonstrated a quadratic trend [F(1,17)=14.36, p<0.01].  Bonferroni corrected (p < 0.0167) 

paired-samples t-tests indicated that at session one A the mean number correct consistently 

significantly declined as the ISI decreased, at session one B the mean number of PASAT 

correct responses significantly declined from the 2.0-second to 1.6-second ISI condition 

and from the 1.6-second to 1.2-second ISI condition, at session two the mean number 

correct again consistently significantly declined as the ISI decreased, at session three the 

mean number of PASAT correct responses significantly declined from the 2.0-second to 

1.6-second ISI condition and from the 1.6-second to 1.2-second ISI condition, and at 
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session four the mean number correct significantly declined from the 1.6-second to 1.2-

second ISI condition (see Table 15).   

 
 
 

Table 15                 

Mean Correct PASAT Responses over ISIs Paired Samples T-Tests with Bonferroni 

Corrections  

ISI 
 2.4 vs. 2.0 2.0 vs. 1.6 1.6 vs. 1.2 
Session  

1A 
t(18) = 3.50,  

p < 0.01* 
t(18) = 3.17,  

p < 0.01* 
t(17) = 5.08,       

p < 0.01* 
Session  

1B 
t(19) = 2.25, 

p = 0.04 
t(19) = 4.15,  

p < 0.01* 
t(18) = 5.48,       

p < 0.01* 
Session 

 2 
t(19) = 4.17,  

p < 0.01* 
t(19) = 2.88,  

p = 0.01* 
t(19) = 6.21,       

p < 0.01* 
Session 

 3 
t(19) = 2.22,  

p = 0.04 
t(19) = 4.36,  

p < 0.01* 
t(19) = 2.75        
p < 0.01* 

Session 
 4 

t(19) = 1.78,  
p = 0.04 

t(19) = 1.95,  
p = 0.07 

t(19) = 3.04,       
p = 0.01* 

Note: * denotes significant difference 

 

 

 

Based on the results of the behavioural analyses, mean correct PASAT response 

data was collapsed into a single session term (session two, three, and four).  The four ISIs 

terms were preserved.  These data are presented in Table 16. 
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Table 16                 

Mean Correct PASAT Responses Collapsed Across Groups and Sessions 

  Session Two/Three/Four 
 ISI Mean SD 

 
2.4-ISI 

 
56.35 2.52 

2.0-ISI 
 

54.63 4.07 

1.6-ISI 
 

52.36 5.41 

 
 

Mean PASAT 
Correct Responses 

1.2-ISI 
 

48.87 7.52 

 
 

 

 

The relationship between mild TBI participant variables and PASAT performance at 

session one was investigated in Chapter 5.  To investigate the relationship between 

participant variables and PASAT performance after mild TBI over sessions two, three, and 

four, one-tailed Pearson product-moment correlations were calculated using the collapsed 

mean PASAT correct response data (see Table 17).   
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Table 17                               

Correlation Coefficients Between Collapsed Mean Correct PASAT Data and Neuropsychological Test Results 

 Age at 
Testing 

Time Since 
Injury 

Length of loss 
of 

consciousness 

Duration of  
posttraumatic 

amnesia 

Predicted 
FSIQ 

Numerical 
Ability 

2.4 ISI 
 at Session 

2/3/4  

2.0 ISI 
 at Session 

2/3/4 

1.6 ISI 
 at Session 

2/3/4 

1.2 ISI 
 at Session 

2/3/4 
 

Age at Testing 
 

 
- 

 
0.96** 

 
-0.20 

 
-0.41 

 
0.44* 

 
0.12 

 
0.21 

 
0.27 

 
0.18 

 
0.15 

 
Time Since Injury 

 

  
- 

 
-0.14 

 
-.40 

 
0.40 

 
-0.06 

 
0.07 

 
0.15 

 
0.07 

 
0.02 

 
Length of loss of  
consciounsness  

   
- 

 
0.32 

 
0.17 

 
-0.10 

 
-0.01 

 
-0.07 

 
0.10 

 
0.02 

 
Duration of post-
traumatic amnesia 

    
- 

 
0.23 

 
0.12 

 
0.23 

 
0.17 

 
0.32 

 
0.41 

 
Predicted IQ  

 

     
- 

 
0.37 

 
0.23 

 
0.20 

 
0.35 

 
0.32 

 
 Numerical Ability  

 

      
- 

 
0.55** 

 
0.55** 

 
0.48** 

 
0.53** 

 
2.4 ISI at  

Session 2/3/4 

       
- 

 
0.97** 

 
0.83** 

 
0.77** 

 
2.0 ISI at  

Session 2/3/4 

        
- 

 
0.87** 

 
0.82** 

 
1.6 ISI at 

 Session 2/3/4 

         
- 

 
0.91** 

 
1.2 ISI at 

 Session 2/3/4  

          
- 

Note: * Correlation is significant at the 0.05 level (1-tailed).   
         ** Correlation is significant at the 0.01 level (1-tailed).   
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Age at time of testing was not significantly correlated with PASAT performance.  

Injury characteristics including time since injury, length of posttraumatic amnesia, and 

duration of disrupted or lost consciousness were also not significantly associated with 

PASAT performance.  Consistent with the findings reported in Chapter 5, mathematical 

ability as measured by the Numerical Operations subtest of the Wechsler Individual 

Achievement Test-Second Edition was significantly correlated with PASAT performance.  

In contrast to the findings from Chapter 7, Wechsler Test of Adult Reading predicted IQ 

was not significantly related to PASAT performance over sessions two, three, or four.  

Mean PASAT correct response data from the second, third, and fourth experimental 

sessions were consistently interrelated.  In addition, older individuals tended to have a 

greater time interval since injury, and increasing age was positively related to estimates of 

pre-morbid IQ. 

 

8.3.2 ERP Results 

ERP results are presented as an average of the first and second block.  The validity 

of this procedure was confirmed statistically; two-way repeated measures ANOVAs 

revealed there was no significant effect of session block on the session two [N1: F(1,18) = 

0.02, p = 0.90, ηp
2 < 0.01; P2: F(1,18) = 0.01, p = 0.92, ηp

2 < 0.01; N2: F(1,18) = 0.17, p = 

0.68, ηp
2 = 0.01; P3: F(1,18) = 0.87, p = 0.36, ηp

2 = 0.05; late PN: F(1,18) = 0.06, p = 0.81, 

ηp
2 < 0.01], session three [N1: F(1,18) = 1.21, p = 0.29, ηp

2 = 0.06; P2: F(1,18) = 0.24, p = 

0.63, ηp
2 = 0.01; N2: F(1,18) = 0.30, p = 0.60, ηp

2 = 0.02; P3: F(1,18) = 0.05, p = 0.83, ηp
2 < 

0.01; late PN: F(1,18) = 0.13, p = 0.72, ηp
2 = 0.01], or session four data [N1: F(1,18) = 

0.27, p = 0.61, ηp
2 = 0.02; P2: F(1,18) < 0.01, p = 0.96, ηp

2 < 0.01; N2: F(1,18) = 0.04, p = 

0.84, ηp
2 = 0.01; P3: F(1,18) = 0.27, p = 0.61, ηp

2 = 0.02; late PN: F(1,18) = 0.11, p = 0.75, 

ηp
2 = 0.01]. 
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Grand averaged ERPs generated during correct PASAT responses at sessions one 

and four from each experimental group are illustrated in Figure 11.  As no significant main 

effect of ISI was observed (see below), waveforms generated at the four ISIs have been 

combined.  As discussed in Chapter 5, the main features of the session one plots are a 

frontally distributed negativity, peaking at 453 ms in the control group and 456 ms in the 

mild TBI group, and a parietally distributed positivity peaking at 547 ms in both 

experimental groups.  Fronto-centrally distributed N1s, P2s, and N2s are also apparent in 

the waveforms of both experimental groups. 

In the control group, the session four plots are characterized by the absence of any 

late frontal negativity. In contrast, the session four waveform of the mild TBI group 

contains a preserved late frontal negativity, peaking at 454 ms.  At session four, the ERP 

waveforms of both experimental groups again contain a parietally distributed positivity, 

peaking at 555 ms in the control group, and 537 ms in the mild TBI group.  In addition, 

fronto-centrally distributed N1s, P2s, and N2s are again present in the session four plots of 

both experimental groups. 
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Figure 11                        

Control (Thick Line) Versus Mild TBI (Thin Line) Grand Averaged PASAT Waveforms at 

Sessions One and Four Collapsed Across ISIs  

 
           Session One            Session Four 
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Two-way repeated measures ANOVAs with ISI (2.4-, 2.0-, 1.6-, 1.2-second) and 

session (one, two, three, and four) as within-subjects factors and group (mild TBI and 

control) as a between-subjects factor were conducted to investigate the effects of consistent 

practice upon the mean amplitude of the ERP deflections.  Where Mauchly’s test of 

sphericity was violated, Grennhouse-Geisser corrections were applied. 

Mean N1 amplitude at the Cz electrode site was not significantly affected by 

manipulating the ISI [F(2.03,36.44) = 0.52, p = 0.60, ηp
2 = 0.03)].  There was also no 

significant change in mean amplitude of N1 over the four sessions [F(1.71,30.74) = 0.28, p 

= 0.84, ηp
2 = 0.02)].  Finally, there was no difference between the two experimental groups 

in the mean amplitude of the N1 [F(1,18) = 0.74, p = 0.40, ηp
2 = 0.04)].   

The two experimental groups did not differ in the mean amplitude of P2 at the Cz 

electrode site [F(1,18) < 0.01, p = 0.98, ηp
2 < 0.01)].  There was no significant effect of 

session upon the mean amplitude of P2 [F(1.68,30.19) = 0.80, p = 0.44, ηp
2 = 0.04)].  

Varying the ISI also did not have an effect upon mean P2 amplitude [F(1.69,30.46) = 2.60, 

p = 0.10, ηp
2 = 0.13)]. 

There was no effect of ISI upon the mean amplitude of N2 at Fz [F(1.92,34.54) = 

0.07, p = 0.92, ηp
2 < 0.01)].  Visual inspection of the grand averaged waveforms suggested 

that over the four sessions, consistent practice appeared to be having an effect upon mean 

N2 amplitude; however the differences failed to reach significance [F(3,54) = 2.33, p = 

0.09, ηp
2 = 0.12)].  There were no significant group differences in mean N2 amplitude 

[F(1,18) = 1.10, p = 0.31, ηp
2 = 0.06)]. 
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Table 18                 

Mean Amplitude and Peak Latency Data of the Control and Mild TBI Groups for the Late 

PN Elicited During Correct PASAT Responses 

Deflection Session Group  Mean SD 
Late PN 1 Control Amplitude -2.72 µV 1.26 µV 

   Latency 453.45 ms 10.16 ms 
      
  mild TBI Amplitude -3.15 µV 3.72 µV 
   Latency 456.05 ms 12.27 ms 
      
 2 Control Amplitude -1.57 µV 2.28 µV 
   Latency 457.63 ms 13.30 ms 
      
  mild TBI Amplitude -4.51 µV 4.45 µV 
   Latency 454.68 ms 12.46 ms 
      
 3 Control Amplitude -0.70 µV  2.61 µV 
   Latency 456.25 ms 14.56 ms 
      
  mild TBI Amplitude -3.56 µV 4.41 µV 
   Latency 457.40 ms 12.42 ms 
      
 4 Control Amplitude 3.10 µV 1.58 µV 
   Latency 459.96 ms 14.59 ms 
      
  mild TBI Amplitude -2.96 µV 4.38 µV 
   Latency 454.11 ms 11.74 ms 

 
 
 
 

At the Pz electrode site, there were no significant differences between experimental 

groups in the mean amplitude of P3 [F(1,18) = 0.44, p = 0.51, ηp
2 = 0.02)].  Mean 

amplitude of the P3 was also not affected by consistent practice [F(3,54) = 0.64, p = 0.59, 

ηp
2 = 0.04)] or manipulating the ISI [F(3,54) = 1.16, p = 0.34, ηp

2 = 0.06)]. 

The mean amplitude of late PN was not affected by manipulating the ISI [F(3,54) = 

0.85, p = 0.47, ηp
2 = 0.05)].  However, the mean amplitude of the late PN at Fz was 

significantly affected by consistent practice [F(3,54) = 7.27, p < 0.01, ηp
2 = 0.29)].  
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Although the overall effect of group failed to reach significance [F(1,18) = 4.00, p = 0.06, 

ηp
2 = 0.18)], the session x group interaction was significant [F(3,54) = 3.77, p = 0.02, ηp

2 = 

0.17)] as the amplitude of the late PN in the control group became less negative over 

sessions, while remaining static over session in the mild TBI group (see Table 18).   

Bonferroni corrected paired-samples t-tests (p < 0.0167) indicated a significant 

reduction in the mean amplitude of the late PN occurred in the control group from session 

three to four [t(9) = -3.56, p = 0.01].  The control group had no significant changes in mean 

amplitude from session one to two [t(9) = -1.41, p = 0.19] or two to three [t(9) = -0.24, p = 

0.82].  There were no significant changes over sessions in the mean amplitude of the late 

PN in the mild TBI group [session one to two: t(9) = 0.50, p = 0.63; session two to three: 

t(9) = -0.35, p = 0.74; session three to four: t(9) = -1.30, p = 0.23].  Topographical maps 

illustrating the between-group difference in the late PN at session four are presented in 

Figure 12. 

 

 
 

Figure 12                        

Control and Mild TBI Group Topographical Maps of Late PN at Session Four 

 
                    Control Group                                     Mild TBI Group 
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Two-way repeated measures ANOVAs revealed there was no significant effect of 

ISI on the peak latency of any of the ERP deflections [N1: F(3,54) = 0.39, p = 0.76, ηp
2 = 

0.02; P2: F(2.32,41.82) = 1.27, p = 0.29, ηp
2 = 0.07; N2: F(3,54) = 0.46, p = 0.71, ηp

2 = 

0.03; P3: F(3,54) = 0.54, p = 0.66, ηp
2 = 0.03; late PN: F(3,54) = 0.22, p = 0.89, ηp

2=0.01].   

There was also no significant within-subjects effect of session on the peak latency 

on any of the ERP deflections [N1: F(3,54) = 0.13, p = 0.94, ηp
2 < 0.01; P2: F(3,54) = 0.19, 

p = 0.91, ηp
2 = 0.01; N2: F(3,54) = 0.01, p = 0.99, ηp

2 < 0.01; P3: F(3,54) = 0.97, p = 0.41, 

ηp
2 = 0.05; late PN: F(3,54) = 0.17, p = 0.92, ηp

2 = 0.01]. 

The between-subjects effect of experimental group also had no significant effect on 

the peak latency of any of the ERP deflections [N1: F(1,18) = 0.55, p = 0.47, ηp
2 = 0.03; P2: 

F(1,18) = 0.15, p = 0.71, ηp
2 < 0.01; N2: F(1,18) = 0.43, p = 0.52, ηp

2 = 0.02; P3: F(1,18) = 

1.75, p = 0.20, ηp
2 = 0.09; late PN: F(1,18) = 0.12, p = 0.74, ηp

2 = 0.01]. 

 

8.4. Discussion  

 
Traditionally, the association between cognitive effort and behavioural performance 

has been viewed as a direct relationship, such that the greater the effort applied, the better 

the resulting performance.  However, the dual-process theory of information processing 

(Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977) proposes that with the 

development of automatic processes, the relationship is reversed.  Accordingly, as a 

situation becomes familiar, always requiring the same sequence of processing operations, 

effortful controlled processing demands will be eased, automatic processes will develop, 

and performance will improve.  Thus, even though the cognitive effort required is greatly 

reduced, performance improves, because following consistent practice a task utilizes 

processing capacity more efficiently.   
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The results of the current study demonstrate that after mild TBI, extended training is 

not accompanied by such an easing of attentional demands.  Unlike in healthy controls, the 

effort required in practiced situations does not appear to be reduced, suggesting that in 

individuals who have sustained a mild TBI it is now necessary to expend an abnormal 

degree of effort to achieve normal levels of performance.  The capacity to benefit from 

practice therefore appears to be disrupted by mild TBI, such that the development of more 

efficient processing strategies is significantly impaired and performance remains directly 

related to the degree of cognitive effort applied.   

 

8.4.1 Control Participants 

The current study replicates and extends the findings presented in Chapter 7.  In a 

separate sample of healthy control participants, extended training on the PASAT task was 

again found to result in improved behavioural performance, in terms of the mean number of 

correct responses, and a reduction in controlled processing demands, as indexed by the 

amplitude of the late PN of the ERP waveform.  These robust findings are consistent with 

the pattern of performance predicted by the Schneider and Shiffrin (1977) dual-process 

theory of information processing and provide a novel means of differentiating between 

controlled and automatic processing, objectively determining the attentional demands of a 

specific task, and quantifying the difference in processing demands associated with novice 

and practiced performance. 

Consistent with the results reported in Chapter 7 and the PASAT research literature 

(Beglinger et al., 2005; Gronwall & Sampson, 1974; Spikman, Timmerman, van Zomeren, 

& Deelman, 1999; Stuss, Stethem, Hugenholtz, & Richard, 1989), the greatest changes in 

behavioural performance in the healthy control participants occurred in the preliminary 

sessions.  Specifically, performance significantly improved from session one A to one B, 



 

 216

and from session one B to two.  While performance continued to improve thereafter, 

differences failed to reach levels of significance, most likely due to a ceiling effect 

(Beglinger et al., 2005).   

However, as in Chapter 7, across the four ISIs over the four experimental sessions, 

control participants’ behavioural performance did not improve uniformly.  Across the first 

three experimental sessions performance regularly declined as the ISI decreased.  By 

experimental session four, performance was stable across the three longer ISIs (2.4-, 2.0-, 

and 1.6-seconds), but declined significantly upon the shortest ISI (1.2-seconds).  These 

results suggest that consistent practice was successful in desensitising control participants 

to the effects of manipulations in ISI.  However, consistent with the results presented in 

Chapter 7, four experimental sessions was insufficient to completely eliminate the ISI 

effect.  As such, behavioural performance again appeared consistent with phase two of 

Schneider’s model (1985), characterized by a mixture of relatively efficient automatic 

processing, and controlled processing sensitive to task demands.   

Chapter 7 identified a significant attenuation in the amplitude of the late PN of the 

ERP waveform following extended training with the PASAT.  This practice-medicated 

change has been identified previously (Hansen & Hillyard, 1980; Shelley et al., 1991; 

Woods, 1990) and has been attributed to a reduction in executive attentional demands as 

effortful controlled processing is replaced by the development of automatic processes.  

However, in the experiment reported in Chapter 7, continuous EEG was simultaneously 

recorded during PASAT performance only during experimental sessions one and four.  

Hence, it was not possible to determine precisely the temporal requirements for developing 

automaticity, as the time point in the training regime at which significant reductions in the 

amplitude of the late PN occurred could not be firmly established.  To resolve this issue, 

continuous EEG was recorded during each experimental session in the current study.   
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Schneider and Shiffrin (1977) postulated that attentional demands will be eased 

after an “appreciable amount” of consistent training, while Logan has argued that 

automaticity can develop after a single training session (Logan & Klapp, 1991).  In the 

current study the amplitude of the late PN in the healthy control participants appeared to 

begin to reduce from experimental session two to experimental session three.  However, the 

reduction in amplitude did not reach statistical significance until session four, by which 

time the participants had engaged in 32 trials of the task, and had consistently performed 

the general PASAT procedure nearly 500 times.  These findings are therefore more in 

accord with Schneider and Shiffrin’s stance that the development of automatic processes 

requires a considerable amount of training.   

 As in Chapter 7, there were no further practice-mediated changes observed in the 

control group in the mean amplitude of any of the other cognitive ERP deflections of 

interest.  Furthermore, there were no significant changes over time in the latency of any of 

the ERP deflections, including N1, P2, N2, P3, and the late PN.   

 Manipulating the ISI again had no significant effect on the amplitude or latency of 

any of the ERP deflections in the control group.  These findings were consistent with the 

results presented in Chapters 5 and 7.  As discussed in those chapters, the relationship 

between ISI and task demand requires further investigation.   

In summary, the results of the healthy control group corroborate the data presented 

in Chapter 7.  Taken together, these data provide compelling support for a dual-process 

model in which information processing in novel situations is mediated by frontally 

mediated, effortful, capacity-limited mechanisms responsible for the integration of 

information between long-term memory, perceptual, evaluative, and attentional systems.  

This form of effortful, controlled processing operates via the deliberate activation, 

maintenance, and enhancement of information processing nodes, and strategic suppression 
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of unwanted activation.  Following extended training, in which the same sequence of nodes 

is consistently activated, associations within information processing networks become 

increasingly interrelated and strengthened.  This strengthening of associations represents 

the neural substrate underlying automatic processing.  The development of automatic 

processes facilitates behavioural performance, eases attentional demands, and allows the 

capacity-limited system to reallocate resources to other operations.  These practice-

mediated changes are reflected in the attenuation of late PN following repeated testing.   

 

8.4.2 Mild TBI Participants 

 In addition to advancing our understanding of practice-mediated changes in 

information processing which occur in healthy adults, the current study has provided 

insight into how these processes can be disrupted after mild TBI. 

Consistent with previously reported results, PASAT performance at each of the 

experimental sessions in the mild TBI group was found to correlate with mathematical 

ability (Chronicle & MacGregor, 1998; Egan, 1988; Royan, Tombaugh, Rees, & Francis, 

2004; Sherman, Strauss, & Spellacy, 1997).  Injury characteristics including time since 

injury, length of PTA, and duration of disrupted or lost consciousness were not 

significantly associated with PASAT performance, supporting claims that these traditional 

measures of injury severity are of limited utility in predicting outcome from mild TBI 

(Erlanger et al., 2003; Iverson, Lovell, & Smith, 2000; Karzmark, Hall, & Englander, 1995; 

Kraus & Nourjah, 1988; Vilkki et al., 1994).   

Contrary to expectations, PASAT behavioural performance over the four 

experimental sessions failed to discriminate the mild TBI group from the healthy controls.  

In fact, the mild TBI group improved their behavioural performance over experimental 

sessions at a rate equivalent to that of the healthy controls.  Similar to the control group, 



 

 219

PASAT performance in the mild TBI group significantly improved from session one A to 

one B, and from session one B to two.  While performance continued to improve thereafter, 

differences failed to reach levels of significance, again most likely due to a ceiling effect 

(Beglinger et al., 2005).   

Furthermore, by experimental session four, manipulating the ISI ceased to have a 

significant effect on behavioural performance, except at the fastest rate of presentation (1.2-

second).  As with the control group, these results were suggestive of a practice-mediated 

desensitization to task demand.  Taken on their own, these behavioural results are 

consistent with the argument that any cognitive consequences of mild TBI are generally 

rapidly resolving and a good cognitive outcome can be expected (Belanger, Curtiss, 

Demery, Lebowitz, & Vanderploeg, 2005; Frencham, Fox, & Maybery, 2005; Levin, Mattis 

et al., 1987; Schretlen & Shapiro, 2003). 

However, several authors have argued that outcome following mild TBI represents 

behavioural adaptation rather than recovery (Bernstein, 1999; Dikmen & Machamer, 1995; 

Gronwall, 1977; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002; Segalowitz, Bernstein, 

& Lawson, 2001).  Accordingly, residual impairment often goes undetected, as the 

individual is able to compensate for injury-related functional loss by increasing their 

reliance upon remaining information processing resources and thereby achieve performance 

levels equivalent to healthy controls.  However, upon suitably demanding tasks, an 

individual who has sustained a mild TBI may no longer be able to cope with the substantial 

cognitive load, and performance deficits can be expected to emerge.  Furthermore, 

functional measures, which can provide an index of the intensity of cognitive activity 

underlying task performance, are likely to reveal discrepancies relative to healthy controls, 

as the individual with mild TBI is now required to expend an abnormal amount of effort to 

achieve a normal level of performance.   
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Indeed, the ERP results of the current study revealed that the mild TBI group was 

engaged in an abnormal pattern of information processing activity, relative to matched, 

healthy controls.  In contrast to healthy adults, the amplitude of the late PN in the mild TBI 

group remained static over the four experimental sessions.  These results suggest that 

extended training, while facilitating an improvement in the temporary sub-routines 

underlying behavioural performance, failed to produce a concomitant reduction in attention 

demands, as indexed by the amplitude of the late PN, in the mild TBI group.  Unlike the 

healthy control group, successful PASAT performance continued to demand effortful, 

capacity-limited, executive attentional control over each of the four experimental sessions.  

There were no other between-group differences in the amplitude or latency of N1, P2, N2, 

and P3. 

The finding of a preserved late PN after a period of consistent training suggests that 

mild TBI can result in subtle, long-term disruption in the processes which mediate the 

practice-related development of automatic processing.  The results of the current study are 

in keeping with a connectionist/control model of information processing and are consistent 

with the theory that the rate of acquisition of automatic processing is influenced by the 

amount of attentional resources available at the time of training.   

However, the exact mechanisms underlying such a decrease in information 

processing efficiency and rate of development of automaticity remain unresolved.  Diffuse 

alteration of axonal tissue and white matter tracts following mild TBI may degrade the 

communication process between distant brain areas which have to interact simultaneously 

during task performance, thereby disrupting the functional connectivity of distributed 

neural networks and reducing the capacity of executive attention systems (Cicerone, 1996; 

Cudmore, Segalowitz, & Dywan, 2000; Hugenholtz, Stuss, Stetham, & Richard, 1988; 

Mathias, Beall, & Bigler, 2004; Parasuramen, Mutter, & Molloy, 1991).  Another 
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possibility is that individuals with mild TBI may possess an intact pool of processing 

resources, but experience information processing deficits due to an impaired ability to 

allocate these resources (Potter & Barrett, 1999).  Finally, it has been suggested that injury-

related changes may be capable of producing long-term deficits in both information 

processing capacity and resource allocation following mild TBI (Bernstein, 2002; 

McAllister et al., 2001; McAllister, Sparling, Flashman, & Saykin, 2001; Solbakk, 

Reinvang, & Nielsen, 2000).   

However, as Schmitter-Edgecombe (1996) points out, the concepts of attentional 

capacity and attentional resource allocation are not necessarily mutually exclusive.  

Diminished resource capacity could force an individual with mild TBI to adopt alternative 

resource allocation strategies, while abnormal resource allocation after mild TBI would 

place restrictions on remaining resources.  For example, disruptions in the functional 

connectivity of attentional networks due to diffuse axonal injury sustained in a mild TBI 

could reduce the efficiency of executive attentional processes responsible for the temporary 

establishment and maintenance of task-specific information processing networks.  While 

processing capacity would not have been lost in a structural sense, the reduced efficiency of 

the system would result in a functional loss of processing capacity.  This decline in 

processing capacity could mean that even basic tasks would require the investment of a 

significant amount of processing resources following injury, forcing individuals with mild 

TBI to adopt abnormal resource allocation strategies, relative to healthy controls.  Such 

disproportioned allocation would further diminish an already restricted pool of processing 

resources, leaving the individual with an even more limited capacity to deal with added or 

increased task demands, for instance, the strengthening of neural associations.    

In summary, the results of the current study suggest that the amount of attentional 

resources or information processing capacity declines following mild TBI, most likely as a 
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result of diffuse axonal injury and loss of long-range nerve fibre connections.  In turn, the 

practice-mediated strengthening of associations between the nodes of processing networks 

is disrupted, as initial learning of an automatic process requires a variety of controlled 

processes that are subject to various capacity limitations.  As such, individuals who have 

sustained a mild TBI are impaired in their ability to progress to a more efficient mode of 

information processing.   

Nevertheless, the mild TBI group was able to cope with these injury-related 

decreases in processing efficiency by maintaining a high degree of reliance upon executive 

attentional resources and achieved a normal level of performance on the demanding 

PASAT task.  The finding of intact behavioural performance suggests the presence of a 

compensatory mechanism that acts to limit the functional impact of mild TBI on 

behavioural performance and allow for the sub-routines or overall performance strategy to 

improve with repeated practice.  Although the observed resilience of systems of 

information processing is remarkable, the inability to develop automatic processes at a rate 

equivalent to the healthy control group should not be interpreted as a benign long-term 

consequence of mild TBI.   

First, the lack of a practice-mediated reduction in effortful controlled processing is 

proposed as an explanation for the more intense and longer lasting headache, and more 

severe and prolonged difficulty concentrating reported in the current experiment by the 

mild TBI group, as these individuals now experience their cognitive functioning as more 

effortful and less automatic (Cicerone, 2002).  This protracted reliance on effortful 

controlled processing is also offered as an explanation for the persistent subjective 

cognitive symptomatology composing the post-concussion syndrome that is so frequently 

self-reported in the mild TBI literature.   
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Second, in healthy controls retrieval became easier and faster, and cognitive 

operations became more automatic as the slow, effortful, serial process of acquiring new 

and complex information diminished over trials.  In contrast, individuals who had sustained 

a mild TBI remained dependent on slow, serial, controlled processes following extended 

training.  Protracted reliance on a less efficient mode of processing may account for the 

finding in the mild TBI literature that one of the most common sequelae of mild TBI is a 

slowing of mental processes (Gronwall & Sampson, 1974; Leininger, Gramling, Farrel, 

Kreutzer, & Peck, 1990; Levin, Mattis et al., 1987; Ponsford & Kinsella, 1992; Spikman, 

van Zomeren, & Deelman, 1996).  However, rather than reflecting a non-specific reduction 

in the rate of information processing, slowed speed of processing following mild TBI may 

represent the behavioural consequence of an impaired ability to develop efficient, automatic 

processes. 

Third, the development of automatic processes frees up limited-capacity processing 

resources, allowing them to be re-allocated to alternate processing activities.  The sustained 

expenditure of effortful controlled processing resources would therefore interfere with the 

simultaneous processing of a secondary task, and could be expected to result in a more 

rapid rate of fatigue and a greater degree of subjective effort.  Therefore, it would be 

expected that due to the impaired ability to decrease reliance on effortful controlled 

processing following extended training, the mild TBI group would be differentially 

impaired relative to healthy controls in the capacity to simultaneously engage in a 

secondary task or cope with an increase in task demand.  This prediction will be explored in 

subsequent chapters.   

 

8.4.3 Conclusions 

Shiffrin and Schneider (1977) postulated that when performance can be reduced to 
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an invariant stimulus-response relationship and the individual has extensive opportunity to 

learn, attentional demands will be eased and automatic processing will develop as the 

components of the performance strategy became less subject to cognitive control. 

However, following a mild TBI, individuals appear to be impaired in their ability to 

develop beyond a strategy of information processing based predominantly on controlled 

processing.  The improvement over time in behavioural performance suggests that 

temporary sub-routines underlying task performance are perfected, however the persisting 

late PN suggests individuals with mild TBI may be less able to efficiently integrate these 

information processing procedures into a permanent set of associative connections which 

can later be automatically activated.    

 Deficits in the ability to develop automatic processing of an effortful task following 

extended practice, and the resultant prolonged reliance upon controlled processing may 

explain the results observed in the current study, and the mild TBI literature in general.  For 

example, over a six week period, Dirette (2004) examined the level of attentional 

functioning in a group of individuals who had sustained a mild, moderate, or severe TBI 

against a group of healthy controls.  She found that although both groups improved over 

time on all measures of attention, the healthy control group adopted a greater number of 

information processing strategies to complete functional tasks more efficiently.  Based on 

these results Dirette concluded TBI results in a reduced ability to implement executive 

attention strategies to facilitate information processing.    

 Cicerone (Cicerone, 1996, 1997, 2002; Cicerone & Azulay, 2002) has repeatedly 

argued that following mild TBI, impaired attentional control processes create difficulties 

with the maintenance and manipulation of mental representations of information.  As a 

result of these impairments, cognitive functions are more effortful and less automatic. The 

increased reliance on effortful processes to consciously direct attentional resources is most 
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pronounced upon tasks with demands to attend to rapidly presented information, or to 

attend to multiple sources of information, conditions which require the efficient allocation 

of attention resources.  Interestingly, rehabilitation training consisting of the development 

of attentional control strategies to consciously improve the regulation and allocation of an 

individual’s residual information processing resources were shown to benefit performance 

upon a number of standard neuropsychological tests of attention, including the PASAT 

(Cicerone, 2002).   

In conclusion, the findings of the current study support the hypothesis that 

individuals with mild TBI learn to perform a given skill in a way that is different from non-

brain injured individuals (Dirette, 2004; Park & Ingles, 2001; van Zomeren & van den 

Burg, 1985).  As a result of decreased cognitive, and perhaps neural, efficiency individuals 

with mild TBI are impaired in their ability to progress from the stage of effortful controlled 

information processing to a stage of more efficient, automatic processing, and thus suffer a 

subtle attention deficit.  The persistent reliance on effortful controlled processing strategies 

may provide an explanation for the constellation of cognitive and behavioural symptoms 

frequently reported after injury.  This prolonged reliance on executive attentional resources 

to mediate controlled processing could also impair the simultaneous performance of a 

second task, as limited information processing resources fail to be made re-available. 

This appears to be the first study to investigate the ability of individuals with mild 

TBI to automatize performance of an effortful task through practice, and suggests that 

repeat assessment may be more sensitive than single session investigations in detecting 

impairment following mild TBI.  The present study revealed that mild TBI can alter the 

pattern of information processing underlying task performance after extended training, 

significantly impairing the transition to a more automatic stage of processing.  However, 

rather than disrupt behavioural performance, this functional alteration appears to 
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compensate for subtle decrements in attentional processes and allow individuals with mild 

TBI to achieve normal levels of behavioural performance.  Recovery following mild TBI 

may therefore represent a functional adaptation rather than a return to premorbid levels of 

functioning (Segalowitz, Bernstein, & Lawson, 2001).  However, further study is required 

to clarify the repercussions of such compensatory behaviour.  
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Chapter 9 - Development of a Visual Search Task within the Dual-Process Framework 
 

An important function of attention is signal detection, in which an individual must 

detect the occurrence of a particular stimulus.  Signal detection may involve either 

passively waiting for a signal stimulus to appear, referred to as vigilance, or active 

scanning, referred to as visual search.  In the case of visual search, the individual is 

required to detect particular target stimuli presented among irrelevant non-targets 

(distractors).  Typically, there is a single target that differs from distractor stimuli along one 

or more dimensions, although numerous adaptations of the visual search paradigm exist, 

which vary in the number and complexity of targets and distractors.   

The number of targets and distractors in the display size affects the difficulty of a 

search task (Duncan & Humphreys, 1989).  Display size refers to the number of stimuli in a 

given presentation, and the display size effect is the degree to which the number of items in 

a display negatively impacts upon search performance.  Distractors clearly produce more 

interference, i.e. false alarms and slowed response times, in some conditions than others.  

However, the factors that moderate the degree of distractor interference in a visual search 

task remain a point of contention.   

One view is that search performance results from a two-stage visual process.  When 

the target stimulus contains distinctive features (e.g. colour, size, orientation, motion) the 

individual can conduct a “feature search” in which the display set is simply scanned for the 

distinct feature (Treisman, 1982, 1988, 1992a).  Feature search is made up of receptor maps 

specialized for these various elementary features, which are argued to be innate to the 

visual system. When searching for features the target seems to automatically “pop out” of 

the display, with distractors producing minimal interference (Schneider & Shiffrin, 1977; 

Treisman & Gelade, 1980).   Feature search of all the stimuli in a display set can be carried 
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out rapidly, without the need for focused attention resources, and therefore shows no 

display size effect (Treisman, Vieira, & Hayes, 1992).  

However, when the target contains no unique or distinctive features, then a second, 

attentive stage of processing is required.  In this stage the individual must perform a 

“conjunction search” during which the display set is scanned for particular combinations of 

features (Treisman, 1982, 1991).  As the target can no longer be dissociated from the 

distractors by means of a distinguishing feature, performance in conjunction search, relative 

to feature search, is slow, effortful, and susceptible to distractor interference.  As 

conjunction search requires the conscious allocation of attentional resources to focus on and 

conjoin the various features of a stimulus, target identification relies upon a serial scan of 

all stimuli, including distractors, and subsequently demonstrates significant display size 

effects (Schneider & Shiffrin, 1977; Treisman & Gelade, 1980).   

While numerous modifications to the theory have been introduced over the years 

(for a review see Quinlan, 2003), the central tenet remains that visual perception can be 

divided into two forms of processing, those which require attention and those which do not.  

In normal conditions, the two processes operate together, but experimental conditions have 

demonstrated either of the two processes can operate independently of the other.  Visual 

search for a target that can be identified on the basis of distinctive features makes no 

demands on attention and is carried out automatically, while the allocation of attentional 

resources is necessary for detection of a target that requires the conjunction of constituent 

features for identification.  These postulates form the basis of the feature-integration theory 

of attention (Treisman & Gelade, 1980; Treisman, Sykes, & Gelade, 1977).   

Feature-integration theory therefore posits the difficulty of visual search is 

moderated by whether a target is dissociable from distractors in some elementary feature, or 

differs only in its conjunction of features.  In attentional engagement theory, Duncan and 
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Humphreys (1989) contend distinguishing between functionally independent searches for 

features and conjunctions fails to account for several aspects of letter search data 

(Nakayama & Silverman, 1986; Pashler, 1987; Theeuwes & Kooi, 1994).  They argue that 

visual search task efficiency operates along a continuum, whereby search task efficiency 

decreases with increased similarity of targets and distractors, regardless of whether the 

stimuli are processed via a feature search or conjunction search.   

According to attentional engagement theory (Duncan & Humphreys, 1989), visual 

search involves an initial parallel stage of perceptual segregation of incoming stimuli, 

followed by classification of each stimulus against a stored attentional template of possible 

targets, and finally entry of this information into visual short-term memory for further 

analysis.  The more similar target and distractor stimuli appear, the more difficult the 

classification process.  Searched stimuli are assigned a weight according to how closely 

they match the current attentional template.  Stimuli can then be grouped together 

according to weights and accepted or rejected en masse.  The difficulty of visual search 

therefore depends on sensory and decision processes which moderate how easily target 

stimuli in a display gain access to visual short-term memory. 

By their own admission, the concept of stimulus similarity in attentional 

engagement theory is somewhat ambiguous, particularly when comparing letters differing 

in shape (Duncan & Humphreys, 1989).  Furthermore, the grouping and classification 

mechanisms of the attentional engagement theory model appear to have difficulty 

accurately predicting performance in visual search tasks which require the conjoining of 

features (Quinlan, 2003; Treisman, 1992b).  Such difficulties in conjunction search have 

been interpreted as evidence of the attention-demanding process of conjoining stimulus 

features (Treisman, 1992b) and bolster the argument of feature-integration theory that the 

degree of difficulty of a visual search task arises from differential demands upon attention. 
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Finally, signal detection theory argues that visual search performance can be 

explained without including the feature-conjunction mechanism of feature-integration 

theory.  Rather, a parallel stage of processing followed by a decision rule is proposed to 

predict response time to identify targets.  According to signal detection theory, the elements 

in a visual search display can be represented internally as independent, random variables.   

A detector monitors the response to each incoming stimulus of receptors matched to the 

properties of the target.  The mean response level to a distractor is smaller than the mean 

response to target stimuli and targets can thus be filtered based on the level of receptor 

activation (Green & Swets, 1966; Verghese, 2001).   

The probability of a given response can then be plotted as a distribution centred 

about the mean response value.  When the target and distractor distributions are far apart, 

the target is easily and effortlessly distinguished in what has been referred to as a pop-out.  

The more the distributions of the target and distractor overlap, the less easy it will be to 

discriminate target stimuli, and the more search task performance will be negatively 

affected by the presence of distractors (Palmer, Ames, & Lindsey, 1993; Verghese, 2001).  

In these circumstances, attention operates to alter the signal-to-noise ratio of receptor 

distributions and improve target-distractor discrimination (Palmer, Ames, & Lindsey, 

1993). 

Unfortunately, much of the research in signal detection theory has been conducted 

using experimental conditions and outcome measures very different to the sort used in 

feature-integration theory visual search tasks (Quinlan, 2003).  It is therefore somewhat 

difficult to directly compare the two models.  However, consistent with feature-integration 

theory, the difficulty of a visual search task continues to be related to the discriminability 

between targets and distractor stimuli, with more similar stimuli requiring the application of 

attentional factors to enhance differentiation. 
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In conclusion, feature-integration theory provided the seminal explanation of visual 

search task performance. Not only does the theory explain a large body of data, but more 

importantly, the theory is clear and easy to understand. As with all theories, it cannot 

explain all the data, but it does explain a large body of data in a clear concise form, and 

feature-integration theory continues to provide the major theoretical basis for studies of 

visual search and attention (Quinlan, 2003; Wolfe, 2003). 

To summarize, the ease of visual search depends chiefly on how distinguishable 

target stimuli are from the distractors in the display whether one chooses to operationalize 

the relation between targets and distractors in terms of similarity of components or in terms 

of features and conjunctions.  Targets that differ from distractors in fundamental features 

can be efficiently and automatically identified.  The detection of a target is less efficient 

and more effortful when the target and distractor share similar features.  In this situation, 

accurate detection is an attention-demanding process, whether it involves conjoining the 

features of a stimulus or matching each element of a stimulus against a template.   

 

9.1.1 Cancellation Tests 

Cancellation tests have a long history in the neuropsychological assessment of 

visuo-spatial attention (Geldmacher, 1996; Lezak, 1995; Ruff, Evans, & Light, 1986).  

Although cancellation tasks have proven useful in research and clinical evaluation, the 

specific construct that these tasks are designed to measure remains open to debate.  While 

generally conceived as measures of selective attention (Amieva, Lafont, Dartigues, & 

Fabrigoule, 1999; Casco, Tressoldi, & Dellantonio, 1998; Ruff, Evans, & Light, 1986), they 

have also been used to assess the capacity for sustained attention and concentration (Lezak, 

1995), and to measure the efficiency and speed of visual scanning (Geldmacher & Reidel, 

1999).  Cancellation tasks have also been administered to assess potential hemispatial 
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inattention and visual neglect (Adair, Na, Schwarz, & Heilman, 1998; Aglioti, Smania, 

Barbieri, & Corbetta, 1997), or motor perseverative behaviour (Na et al., 1999).   

 Cancellation tasks are often classified by whether or not they use verbal or non-

verbal stimuli, whether they are presented in a structured or unstructured array, or the 

amount of processing required to successfully complete the task.  The type of processing on 

these tasks may be described as effortful or automatic, depending on the specific attributes 

of the task.  Examples of such attributes might include the type of array, target and 

distractor similarity or familiarity, and the target to distractor ratio (Geldmacher, 1998).   

A cancellation task typically requires the individual to visually scan an array, and as 

rapidly as possible, select target stimuli while suppressing responses to distractor stimuli.  

Cancellation test scoring is commonly based on the time taken to complete the task, the 

number of correctly cancelled targets, the error score, including omissions (misses) and 

commissions (false alarms), and the region in which the most errors were made (Lezak, 

1995).   

 

9.1.2 Aims of Current Study 

A visual search task is a measure of selective attention in which a target stimulus is 

embedded among distractors, and the subject is required to scan rows of stimuli to locate 

the randomly distributed target as quickly as possible.  The aim of the current study was to 

apply the feature-integration theory of attention to the design of a novel visual search 

cancellation task.  The task was to be composed of two conditions; an effortful search 

condition which requires attention, and an efficient search condition which does not.  It was 

hypothesized that the two conditions would thus vary in the demands upon information 

processing resources, with efficient search proceeding via automatic detection processes, 
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and the effortful search condition requiring the application of limited-capacity attention 

processing for controlled search.   

 

9.2 Methods 

 

9.2.1 Participants 

 Forty healthy individuals (20 men, 20 women) drawn from a university population 

participated in this study.  The mean age of the participants was 22.05 years (SD = 4.29; 

range = 16-32).  All participants had normal or corrected to normal vision.  Individuals with 

a self-reported prior history of head injury, psychiatric or neurological disorder, epilepsy, or 

drug abuse were excluded.   

 

9.2.2 Task 

Treisman and Gelade (1980) have demonstrated that despite long-term familiarity 

with letters, effortful controlled search is still necessary to identify letters which share 

similar features.  Furthermore, consistent with the feature-integration theory of attention, 

letters which share no distinctive features can be identified through efficient automatic 

detection (Treisman & Gelade, 1980).  

The task was presented in a paper-and-pencil format and consisted of two 

conditions.  Both conditions required the participant to identify the target stimulus letter T 

as quickly as possible; however the two conditions varied in the demands upon attentional 

resources. 

 The first condition was designed to facilitate efficient automatic detection of target 

stimuli, with a target letter T distributed amongst the distractor letter O.  In this search 

condition the target letter T possessed distinctive features, as compared with the letter O 



 

 234

distractors in the visual display.  Targets in this condition were therefore expected to 

automatically pop out.   

In the second condition, the target letter T was distributed amongst the distractor 

letter L.  In this condition the target possessed no distinctive features as both the target 

letter T and the letter L distractors were composed of a horizontal and a vertical line.  

Previously, Beck and Ambler (1973) reported a large effect of display size in search for an 

L among non-target Ts, while Wolfe (2003) has argued that searching for a T among 

distractor Ls would require the application of attention to conjoin constituent features 

together and discriminate targets from non-targets.  An effortful, attention demanding 

controlled search was therefore predicted to be required in this condition, in order to 

identify the particular combination of these two features which compose the target stimuli.   

In both the automatic detection and controlled search conditions the test form was 

composed of a single sheet of A4 paper, oriented horizontally (see Appendix A).  Four 

alternate versions of each condition were prepared, varying only in the location of targets.  

Each form contained 24 rows of 25 characters (the letters T, O, and L) presented in Times 

New Roman 12 point font.  The distance between characters was approximately 5 mm.  

Sixty targets (the letter T) were randomly located throughout each test form.  The 

remaining 540 characters (90% of the total) were composed of either the letter O in the 

automatic detection condition, or the letter L in the effortful search condition.   

 

9.2.3 Procedure 

Each participant was administered a randomly selected version of both the 

automatic detection and controlled search conditions.  The order of presentation of the two 

conditions was counterbalanced across participants.  Prior to administration each 
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participant was provided with a red pen and a standardized set of instructions (See 

Appendix B). 

To evaluate performance in each condition of the task, completion time was 

recorded and the number of hits, misses, and false alarms was calculated.  The number of 

misses and false alarms was combined to create a total errors score while the number of hits 

formed the total correct score.   

 

9.3 Results 

 
The mean total correct score and mean completion time for each version of the two 

search task conditions are presented in Tables 19 and 20.   

 
 
 
 

Table 19                 

Total Correct Scores (Maximum of 60) for each Version of the Automatic Detection and 

Controlled Search Conditions  

 Automatic Detection Condition Controlled Search Condition 
  

Mean 
 

Std Dev 
 

Mean 
 

Std Dev 
 
Version 1 

 
59.70 

 
0.67 

 
58.90 

 
1.60 

 
Version 2 

 
59.60 

 
0.52 

 
59.40 

 
0.70 

 
Version 3 

 
59.80 

 
0.42 

 
58.80 

 
1.14 

 
Version 4 

 
59.80 

 
0.42 

 
59.10 

 
0.99 

 

 



 

 236

In order to investigate the effects of task version on performance, the mean total 

correct score and mean completion time results were analysed with one-way ANOVAs.  

There was no significant effect of task version on the mean total correct score in either 

search condition [automatic detection condition: F(3,36) = 0.34, p = 0.80; controlled search 

condition: F(3,36) = 0.53, p = 0.67].  There was also no significant effect of task version on 

the mean completion time in either search condition [automatic detection condition: F(3,36) 

= 0.18, p = 0.91; controlled search condition: F(3,36) = 0.02, p = 0.99].   

 

 

Table 20                 

Mean Completion Time (in Seconds) for each Version of the Automatic Detection and 

Controlled Search Conditions  

 Automatic Detection Condition Controlled Search Condition 
  

Mean 
 

Std Dev 
 

Mean 
 

Std Dev 
 
Version 1 

 
49.60 

 
8.72 

 
92.90 

 
12.37 

 
Version 2 

 
50.10 

 
6.54 

 
93.30 

 
13.12 

 
Version 3 

 
50.30 

 
4.60 

 
92.10 

 
11.05 

 
Version 4 

 
51.80 

 
7.55 

 
93.10 

 
12.97 

 

 

 

To explore the effect of search condition on task performance, the mean total 

correct score and mean completion time results were analysed with repeated measures 

ANOVAs with condition (automatic detection and controlled search) as a within-subjects 
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factor and version (automatic detection condition versions 1-4 and controlled search 

condition versions 1-4) as a between-subjects factor.  

For the mean total correct score, the participants appeared to perform at ceiling in 

both conditions (see Table 19).  However, statistical analysis revealed the main effect of 

condition was significant [F(1,26) = 7.65, p = 0.01, ηp
2 = 0.23], with superior performance 

in the automatic detection condition.  The condition by version interactions were not 

significant [automatic detection condition: F(3,26) = 0.34, p = 0.80, ηp
2 = 0.04; controlled 

search condition: F(3,26) = 0.39, p = 0.77, ηp
2 = 0.04], demonstrating that the difference in 

mean total correct score between the two conditions did not vary across the different 

versions of the task. 

For the mean completion time, the participants appeared to perform the search task 

in the automatic detection conditions much more rapidly than in the controlled search 

conditions (see Table 20).  Statistical analysis supported this observation, revealing the 

main effect of condition had a significant effect on mean completion time [F(1,26) = 

311.30, p < 0.01, ηp
2 = 0.92].  The condition by version interactions were not significant 

[automatic detection condition: F(3,26) = 0.77, p = 0.52, ηp
2 = 0.08; controlled search 

condition: F(3,26) = 0.77,  p= 0.52, ηp
2 = 0.08], demonstrating that the difference in mean 

completion time between the two conditions did not vary across the different versions of 

the task. 

Based on the results of the statistical analysis, the four alternate versions of the 

automatic detection condition were considered equivalent; the four alternate versions of the 

controlled search condition were considered equivalent; and the automatic detection and 

controlled search conditions were considered distinct.  Mean completion time data and 

mean total correct scores were collapsed accordingly and are presented in Table 21. 
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Table 21                 

Mean Completion Time and Mean Total Correct Scores for the Automatic Detection and 

Controlled Search Conditions 

 Automatic Detection Condition Controlled Search Condition 
  

Mean 
 

Std Dev 
 

Mean 
 

Std Dev 
 
Completion 
Time (seconds) 
 

 
50.45 

 
6.79 

 
92.85 

 
11.93 

 
Total Correct 
Score (max 60) 
 

 
59.73 

 

 
0.51 

 
59.05 

 
1.13 

 

 

 

9.4 Discussion 

 
In a visual search task that proceeds via automatic detection, target stimuli seem to 

pop out of the display set, facilitating rapid and accurate target identification that places 

little or no demands on attention.  In contrast, controlled search requires the application of 

attention to conjoin features of the stimuli, and involves a slow, effortful search of each 

stimulus in the display set until a target stimulus is identified.  Based on the distinct 

behavioural profile associated with the two search conditions, they are considered to 

proceed via automatic or controlled information processing, respectively (Ruff, Evans, & 

Light, 1986; Schneider & Shiffrin, 1977; Treisman & Gelade, 1980). 

The aim of the current study was to design a visual search task within this dual-

process framework.  The results suggest that goal was achieved, as healthy participants 

were significantly slower and significantly less accurate in the controlled search than 
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automatic detection condition.  The completion time and total correct discrepancy observed 

between the two search conditions in the current study is presumably due to the differential 

demand the two conditions place on attentional resources.  The automatic detection 

condition was characterized by rapid, efficient search for target stimuli.  These performance 

characteristics are specific to automatic processing.  In contrast, the controlled search 

condition resulted in a slow, effortful search, disrupted by distractor items.  This 

performance profile is consistent with controlled processing.   

The performances differences between automatic detection and controlled search 

were consistent across the four alternate versions of each condition, suggesting a robust and 

reliable effect.  The utility of four alternate versions of each condition will be revealed in 

the study to follow.   

Alternate explanations for the pattern of performance observed in the current study 

need to be considered.  Performance differences between the two conditions may have been 

moderated by factors other than the demand for automatic or controlled processing, 

including letter familiarity, fatigue, or practice effects.  However, participants were 

recruited from a university community and can therefore be expected to have had sufficient 

familiarity with all the letters of the alphabet employed in the current study.  Furthermore, 

the order of presentation of the two conditions was counterbalanced across participants.  

Effects related to the order of presentation, including fatigue and practice, can therefore not 

explain the current results. 

 In conclusion, a distinction in the attentional resources required for successful 

performance can be made between the two conditions of the visual search task developed 

here.  In the automatic detection condition the target stimulus contains distinctive features 

which can be automatically detected (Treisman & Gelade, 1980).  This results in a fast and 

accurate search performance that makes little demand on attentional resources.  In contrast, 
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the target stimulus in the controlled search condition contains no unique or distinctive 

features.  In this condition, attention demanding controlled search is required to detect 

particular combinations of features.  Performance is therefore slow, effortful, and 

susceptible to distractor interference (Treisman & Gelade, 1980).  These distinct patterns of 

performance are consistent with the dual-process model of information processing 

(Schneider & Shiffrin, 1977) and reinforce the notion that the attentional resource demands 

of a task can be experimentally manipulated and objectively measured. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 241

 
Chapter 10 - Automatic and Controlled Processing Following Mild Traumatic Brain 
Injury: A Dual-task Study 
 

Conceptualizing attention as a capacity limited resource provides an accurate 

explanation of the interference effect observed in dual-task paradigms (van Zomeren & 

Brouwer, 1994; Wickens, 1984).   Processing resources are held to be supplied in 

modulated quantities from limited capacity reserves as necessary to meet the demands of 

the task.  Task demands are derived from the level of difficulty of the task and the level of 

performance required (Navon & Gopher, 1979; Wickens, 2002).  When a task does not 

demand the full commitment of resources, residual quantities can be re-allocated for the 

simultaneous performance of a second task.  However, increasing the processing demands 

on one task will be associated with a trade off in performance on a concurrent task, as they 

compete for limited-capacity resources.  Hence, the interference effects which arise from 

overloading the processing system through dual-task performance can provide insight into 

resource capacity and allocation strategy. 

However, processing resources do not appear to be undifferentiated, and have been 

separated along a number of separate dimensions (Isreal, Chesney, Wickens, & Donchin, 

1980; Navon & Gopher, 1979; Wickens, 1984).   For example, Wickens (1984; , 2002) 

differentiated between three dichotomous dimensions: stage of information processing 

(perceptual/central versus response); modality of processing (input: visual versus auditory, 

output: motor versus speech); and, code of processing (verbal versus spatial).  These 

dimensions are held to be functionally independent and to the extent that two tasks demand 

resources from separate dimensions, they will be time shared efficiently.  Wickens 

proposed that capacity within a specific dimension is limited; therefore tasks that rely upon 

the same processing resources within a specific dimension will interfere with one another.   
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Clearly, the demands placed upon capacity-limited information processing 

resources will vary from task to task.  Even within a single task, execution of each of the 

constituent component processes will require more or less resources.  In predicting 

performance another useful distinction has therefore been proposed, which places tasks 

(and their component processes) along a continuum between those which are attention 

demanding, and those which are not.  Tasks which place no demand on resources are 

referred to as “automated,” while tasks which demand the full allocation of resources are 

referred to as “resource limited” (Wickens, 2002).  Schneider and Shiffrin (1977) 

formalized this dichotomy in their dual-process model of information processing.   

The dual-process model argues that action and thought processes generally rely on 

the utilization of basic, program-like units representing well learned cognitive operations.  

This mode of performance, which Schneider and Shiffrin (1977) labeled automatic 

processing, is effortless, parallel, and fast.  Automatic processing does not tax limited-

capacity attentional resources, and is therefore insensitive to task difficulty and allows for 

the simultaneous performance of a second task.   

However, not all tasks can be carried out through the execution of well-learned 

cognitive operations.  During the performance of complex or novel tasks, limited capacity 

attentional resources are required to coordinate information processing and control 

cognitive functioning.  Schneider and Shiffrin (1977) referred to this as controlled 

processing.  Controlled processing is an effortful, slow, serial process, which involves 

acquiring new and complex information, and includes memory search, learning, and 

decision making which are under direct and active control.   

In summary, automatic processes are fast, inflexible, and do not draw on a subject’s 

limited capacity attentional resources.   Schneider and Shiffrin (1977) hypothesized that as 

automatic processing places little or no demand on attentional resources, concurrent 
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execution of an attention demanding task can proceed without mutual interference.  In 

contrast, controlled processes are slow, require the allocation of attentional resources, and 

are under the control of active intentions.  Dual-task performance may not be possible when 

the two tasks compete for the same limited-capacity controlled processing resources.   

According to Schneider and Shiffrin’s conceptualization (1977), in situations where 

controlled processing is unable to deal with the volume of information that needs to be 

processed for optimal task performance, relevant stimuli will be missed and a divided 

attention deficit will occur.  In this context, the term “divided” can refer to a situation in 

which available controlled processing resources must be distributed between two or more 

discrete tasks, or strategically allocated among one task which can be described as a series 

of subtasks (Brouwer, Ponds, Van Wolffelaar, & van Zomeren, 1989).   

The decrement in performance under dual-task conditions is presumably due to 

overwhelming demands to coordinate execution of multiple tasks for the effective time 

sharing of limited-capacity resources (Stablum, Mogentale, & Umiltà, 1996).  Coordinating 

the processing of the two tasks is the role of higher order control processes, alternatively 

referred to as supervisory attention (Norman & Shallice, 1986; Shallice & Burgess, 1993) 

or the central executive system (Baddeley, 1986, 1993; Baddeley & Hitch, 1974).  Either 

process is viewed as responsible for the distribution of limited-capacity attentional 

resources, particularly in dual-task paradigms, where the simultaneous execution of 

multiple tasks competing for some degree of processing from a limited capacity demands 

that resources are strategically divided. 

 

10.1.1 Previous Research 

A number of studies have investigated dual-task performance following mild TBI, 

providing conflicting results.  Gentilini, Nichelli, and Schoenhuber (1989) required 
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participants to divide attention between a simple RT task and counting backwards by 2s 

from 100.  At one month post-injury there was no difference between the mild TBI group 

and healthy control participants in the degree of dual-task decrement.  In a group of mild 

TBI participants an average of 38-months post-injury Keller and colleagues (2000) also 

found no injury-specific decrement on a simple divided attention task.  Similarly, De Monte 

and colleagues (2005) found that individuals who had sustained a mild TBI did not show a 

greater decrement than non-brain injured orthopaedic controls on a finger-tapping and 

word-repetition dual-task.   

In general, the results of these studies were not suggestive of deficits in dividing 

attention in either the acute or long-term stage after a mild TBI.  However, De Monte and 

colleagues speculated that in spite of the lack of a dual-task deficit, attention dysfunction 

following mild TBI could not be entirely ruled out because the two tasks used in their study 

may not have been sufficiently demanding on attentional processes.  This same observation 

might be applied to the Gentilini (1989) and Keller (2000) studies as well.   

 Based on the growing number of studies demonstrating the presence of subtle 

attention deficits following mild TBI on tasks requiring increasingly effortful, controlled 

processing (Bernstein, 1999; Bohnen, Jolles, & Twijnstra, 1992b; Parasuramen, Mutter, & 

Molloy, 1991; Segalowitz, Bernstein, & Lawson, 2001), Cicerone (1996) developed a dual-

task paradigm which combined two highly demanding tasks: mental arithmetic and the Ruff 

2 and 7 task (Ruff, Evans, & Light, 1986).  The Ruff 2 and 7 task is a pencil-and-paper 

visual search procedure in which the participant is required to cross out all instances of the 

target numbers 2 and 7 in one of two conditions.  In one condition the targets are embedded 

among letters and detection is presumed to proceed via automatic detection.  In the other 

condition targets are embedded among other digits and a controlled search is argued to be 
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necessary for detection (Cicerone, 1996; Ruff, Evans, & Light, 1986; Schneider & Shiffrin, 

1977).    

Cicerone found that simultaneous performance of mental arithmetic and the 

controlled search condition of the 2 and 7 task exceeded the attentional resources of 

individuals who had sustained a mild TBI, and concluded that mild TBI reduces an already 

limited information processing capacity.  Likewise, Stablum, Mogentale, and Umiltä (1996) 

found that individuals who had sustained a mild TBI were disproportionately impaired on a 

challenging dual-task paradigm composed of a left-right discrimination task and the 

simultaneous performance of a same-different discrimination task.  However, the authors 

interpreted the dual-task deficit as evidence of persisting impairment in the strategic 

allocation of processing resources, mediated by anterior executive attentional systems 

(Posner & Petersen, 1990), rather than a reduction in processing capacity. 

 Two further dual-task studies appear to have resolved the difference in 

interpretation.  Bernstein (2002) administered a dual-task paradigm requiring simultaneous 

visual detection of number patterns and auditory tone discrimination while Segalowitz, 

Bernstein, and Lawson (2001) administered a series of auditory ERP oddball tasks.  Only 

when the tasks were performed at the most demanding level was a disproportionate dual-

task decrement observed in the mild TBI group.  The results therefore did not support a 

specific deficit in dividing attention.  Rather, performance deficits were moderated by the 

processing demands of the tasks, and supported the conclusion mild TBI results in a 

generalized reduction in information processing capacity.   

 In summary, past research has demonstrated that individuals who have sustained a 

mild TBI may have difficulty in performing two simultaneous tasks, particularly 

demanding tasks that tax information processing resources within a single dimension.  The 

dual-task interference effect does not appear to be the result of a specific deficit in higher-
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order processes mediating divided attention, but rather related to a reduction of available 

processing resources. 

 

10.1.2 Aims of the Current Study 

Limits to processing capacity can be demonstrated by requiring simultaneous 

performance of two or more tasks.  The aim of the current study is to investigate the 

capacity of information processing resources following mild TBI using criteria established 

from dual-task performance and the dual-process theory of information processing 

(Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977).  To this end, a two-condition 

visual search task was developed as reported in Chapter 9, to be administered to 

participants during concurrent PASAT performance.   

As detailed in Chapter 9, the visual search task consisted of a pencil-and-paper test 

in which participants were required to cross out all instances of the target letter T in two 

conditions designed to require either automatic or controlled processing.  One condition 

was designed to facilitate efficient automatic detection of target stimuli, with a target letter 

T distributed amongst the distractor letter O.  In this search condition the target letter T 

possessed distinctive features, as compared with the letter O distractors in the visual 

display.  Targets in this condition appear to automatically pop out.   

In another condition, the target letter T was distributed amongst the distractor letter 

L.  In this condition the target possessed no distinctive features as both the target letter T 

and the letter L distractors were composed of a horizontal and a vertical line.  An effortful, 

attention demanding controlled search was therefore required in this condition, in order to 

discriminate the particular combination of these two features which composed the target 

stimuli.   
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The present experiment requires participants to monitor simultaneous trains of 

auditory (PASAT task) and visual (cancellation task) stimuli, and to react to targets within 

each stimulus modality.  However, as the cancellation task is presented in pencil and paper 

format, rather than a computerized presentation, it is not possible to time lock the onset of 

stimuli.  Therefore, meaningful EEG data cannot be obtained during task administration 

and performance cannot be evaluated in terms of electrophysiological variables. 

In different conditions the information processing demands of the visual search task 

will be varied and the impact upon task performance will be evaluated in terms of accuracy 

and reaction time data.  During dual-task performance interference effects may be observed 

if both tasks rely upon processing resources within the same dimension, while tasks with 

heterogeneous processing demands may be executed simultaneously with little decrement 

in performance (Wickens, 1984, 2002).  Therefore, two tasks were selected which rely 

upon separate perceptual modality and motor output systems.  Any dual-task decrement 

may therefore be attributed to interference occurring at central stages of information 

processing (eg. decision making, memory). 

Failures of information processing will occur if either the quantity of information to 

be processed exceeds capacity limits or if the speed at which information can be processed 

is insufficient to cope with the demands of the task.  According to the slowed processing 

theory, individuals with mild TBI suffer from a generalized slowing of processing, but no 

specific attentional deficit (Ponsford & Kinsella, 1992; Spikman, van Zomeren, & 

Deelman, 1996; van Zomeren & Brouwer, 1994).  After mild TBI, the relevant cognitive 

operations are executed too slowly to be completed successfully in the time available, and 

task performance deteriorates.  Across all dual-task conditions mild TBI performance 

would therefore be expected to be impaired, relative to healthy controls.   
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The controlled processing theory predicts a different pattern of performance.  

According to the dual-process model of Schneider and Shiffrin (1977), prior training on the 

PASAT will facilitate the development of automatic processing strategies, easing the 

capacity limited attentional demands of the task, and allowing for processing resources to 

be re-allocated for other controlled processes to be carried out simultaneously.  Therefore, 

concurrent performance of visual search task, regardless of whether processing proceeds 

via efficient automatic detection or effortful controlled search, should not produce a 

decrement in PASAT performance following extended training.   If, however, following 

extended training participants continue to rely upon controlled processing to perform 

accurately on the PASAT, condition-specific interference effects should be apparent during 

dual-task performance.  Specifically, simultaneous performance of controlled search should 

interfere significantly with PASAT performance as both tasks compete for limited capacity 

attention resources, while automatic detection, which operates independently of conscious 

attention, should be carried out in parallel with the PASAT with no observable decrement 

in PASAT performance. 

 

10.2 Methods 

 
 
10.2.1 Participants 

Participants in the current study were the same as those recruited for the 

experiments presented in Chapters Five and Seven and have been described in detail 

elsewhere.  Briefly, 10 healthy individuals and 10 individuals who had suffered a mild TBI 

were drawn from a university community to participate in this experiment.  The mild TBI 

group consisted of six males and four females, all right-handed, with a mean age of 21.10 

years (SD = 5.55 years, range 17-34 years) and a mean of 14.20 years (SD = 2.29 years) of 
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education.  The average length of time since injury was 15.20 months (SD = 18.07 months, 

range 2-60 months).   

The control group consisted of five right-handed and one left-handed male and four 

right-handed females with a mean age of 21.00 years (SD = 4.52 years, range 18-30 years).  

The mean level of education of the control group was 13.9 years (SD = 2.38 years).  

Statistical analysis indicated there were no significant differences between the mild TBI 

and control groups in terms of age at testing [t(18) = 0.04,  p = .97] or years of education 

[t(18) = 0.29, p = .78].   

 

10.2.2 Task 

The PASAT (Gronwall & Sampson, 1976; The Psychological Corporation, 1998), 

which has been described in detail elsewhere, requires individuals to add pairs of 

successive one-digit numbers, which are presented at a fixed rate.  The PASAT has been 

demonstrated to be sensitive to the effects of mild TBI, presumably due to its set of 

demands for both rapid processing and executive attentional control (Cicerone, 1997; 

Cicerone & Azulay, 2002; Spikman, Henk, Deelman, & van Zomeren, 2001). 

Participants were also administered a visual search task, which was described in 

detail in Chapter 9.   The task consisted of an automatic detection and a controlled search 

condition, both requiring the participant to cross through the target stimulus letter T as 

quickly as possible.  In both the automatic detection and controlled search conditions the 

test form was composed of a single sheet of A4 paper, oriented horizontally (see Appendix 

1).  Each form contained 24 rows of 25 characters (the letters T, O, and L) presented in 

Times New Roman 12 point font.  The distance between characters was approximately 5 

mm.  Sixty targets (the letter T) were randomly located throughout each test form.  The 
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remaining 540 characters (90% of the total) were composed of either the letter O in the 

automatic detection condition, or the letter L in the effortful search condition.   

 

10.2.3 Procedure 

 Prior to testing, all participants were trained on the PASAT over four testing 

sessions (see Chapters 5 and 8).  Participants were then administered one of four alternate 

versions of both conditions of the visual search task.  The total number of targets identified 

and completion times were recorded for each participant.  Order of presentation of the two 

conditions was counterbalanced across participants. 

 Following single task performance, participants were instructed in dual-task 

performance (See Appendix C).  For dual-task performance, the child version of the 

PASAT was administered, which restricts the sums of addends to less than 10 and 

minimizes the demands on mathematical ability (Royan, Tombaugh, Rees, & Francis, 

2004).  Responses to consecutive presentations of 61 digits presented via headphones at the 

rate of 1.6 seconds were recorded on a microphone.   Accuracy data were automatically 

digitized and recorded for off-line analysis. 

 The 1.6-second ISI rate was chosen for the current experiment as it was judged to be 

a suitably demanding presentation rate, such that automatic performance could not be 

expected without prior training, but with consistent practice significant improvements in 

performance could be expected.  Such characteristics of the 1.6-second ISI condition were 

apparent from the data generated in the experiments reported in Chapters 5, 7 and 8, and 

previous investigations of PASAT practice effects (Spikman, Timmerman, van Zomeren, & 

Deelman, 1999).   

 Participants completed two conditions of dual-task performance: PASAT task and 

concurrent automatic detection; and PASAT task and concurrent controlled search.  For the 
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duration of the 1.6-second ISI PASAT trial (approximately 130 seconds) participants 

simultaneously performed the visual search task.  The order of the two dual-task conditions 

was counterbalanced across participants.  PASAT dual-task performance was evaluated in 

terms of the mean number of correct responses.  Visual search task performance in dual-

task conditions was evaluated in terms of the mean number of correct responses generated 

over the interval of the 1.6-second ISI PASAT trial.   

 

10.3 Results 

 

10.3.1 Single-task Performance 

For all participants, single-task PASAT performance was based on the results of the 

fourth session of training, presented in Chapter 8.  At that time the mean correct PASAT 

score (maximum of 60) for the control group was 51.85 (SD = 5.56), and 55.90 (SD = 5.62) 

for the mild TBI group. There was no significant difference in performance between the 

two groups [t(18) = 1.62, p = 0.12].   

Results for single-task visual search performance are presented in Table 22.  In 

terms of the mean number of correct responses, all the participants appeared to perform 

near ceiling, regardless of visual search task condition.  However, with respect to the mean 

completion time, both the mild TBI and control groups appeared to complete the automatic 

detection version of the task in considerably less time than the controlled search condition. 

The current results appeared consistent with the performance data obtained during 

development of the visual search task, presented in Chapter 9.  The independent sample of 

healthy adult participants used in that study completed the automatic detection task in an 

average of 50.45 seconds (SD = 6.79 seconds), and the controlled search task in an average 

of 92.85 seconds (SD = 11.93 seconds).  The mean number of correct responses in the 



 

 252

automatic detection condition was 59.73 (SD = 0.51), and 59.05 (SD = 1.13) in the 

controlled search condition.   

 
 
 
 
 
 

Table 22                 

Mean Completion Time and Mean Total Correct Score for Single-Task Visual Search 

Performance  

 Automatic Detection Condition Controlled Search Condition 

 Controls Mild TBI Controls Mild TBI 
 
Completion 
Time (seconds) 
 

 
47.30 (9.29) 

 
47.90 (15.76) 

 
88.40 (14.11) 

 
88.10 (26.66) 

 
Total Correct 
Score (max 60) 
 

 
59.90 (0.32) 

 

 
59.60 (0.70) 

 
59.00 (1.41) 

 
58.40 (1.78) 

Note: Values are means (SD) 

 

 

 

Repeated measures ANOVA with condition (automatic detection and controlled 

search) as a within-subjects factor and group (mild TBI and control) as a between-subjects 

factor were used to analyze single-task visual search performance.  For the total correct 

score, the main effect of condition was significant [F(1,18) = 7.56, p = 0.01, ηp
2 = 0.30].  

The total correct score was not significantly affected by group effects [F(1,18) = 1.43, p = 

0.25, ηp
2 = 0.07] or a condition by group interaction [F(1,18) = 0.15, p = 0.70, ηp

2 = 0.01]. 
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The main effect of condition had a significant effect upon mean completion time 

[F(1,18) = 182.67, p < 0.01, ηp
2 = 0.91], as the automatic detection condition was 

completed in significantly less time than the controlled search condition.  However, there 

were no group effects [F(1,18) < 0.01,  p= 0.98, ηp
2 < 0.01] and the condition by group 

interaction also had no significant effect upon mean completion time [F(1,18) = 0.02, p = 

0.88, ηp
2 < 0.01]. 

 

10.3.2 Dual-Task Performance 

PASAT performance in both groups declined from single- to dual-task performance 

(see Table 23).  A repeated measures analysis of variance with task (single-task, dual-task 

automatic detection condition, and dual-task controlled search condition) as a within-

subjects factor and group (control and mild TBI) as a between-subjects factor was 

performed on the mean correct PASAT response data.  The main effect of condition had a 

significant effect upon the mean number of correct PASAT responses [F(2,36) = 33.40, p < 

0.01, ηp
2 = 0.65].  Although there was no overall effect of group [F(1,18) = 1.23, p = 0.28, 

ηp
2 = 0.06], the task by group interaction was significant [F(2,36) = 5.01, p = 0.01, ηp

2 = 

0.22].   
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Table 23                 

Mean Correct PASAT Responses During Single- and Dual-Task Performance  

 
 

Single-Task 
Condition 

Dual-Task Automatic 
Detection Condition 

Dual-Task Controlled 
Search Condition 

  
Controls 

 
Mild TBI 

 
Controls 

 
Mild TBI 

 
Controls 

 
Mild TBI 

Total 
Correct 
Score  

(max 60) 
 

 
51.85 
(5.56) 

 
55.90 
(5.62) 

 
49.30 
(3.40) 

 
53.10 
(4.12) 

 

 
46.50 
(4.60) 

 

 
44.80 
(5.69) 

Note: Values are means (SD) 

 

 

Bonferonni corrected (p < 0.0167) paired-samples t-tests indicated that although 

PASAT performance declined from the single-task to the dual-task automatic detection 

condition, the difference was not significant in either group [control: t(9) = 1.87, p = 0.10; 

mild TBI: t(9) = 2.09, p = 0.07].  The mean number of correct PASAT responses 

significantly declined from single-task performance to the dual-task controlled search 

condition in both groups [control: t(9) = 3.28, p < 0.01; mild TBI: t(9) = 8.00, p < 0.01].  

The difference between PASAT performance in the two dual-task conditions was not 

significant in the control group [t(9) = 1.80, p = 0.11]. However, the decline in PASAT 

performance from the dual-task automatic detection condition to the dual-task controlled 

search condition was significant in the mild TBI group [t(9) = 5.90, p < 0.01]. 
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Table 24                 

Mean Total Correct Score for Dual-Task Visual Search Performance across Conditions 

and Groups  

 Dual-Task Automatic Detection 
Condition 

Dual-Task Controlled Search 
Condition 

 Controls Mild TBI Controls Mild TBI 
 
Total Correct 

Score 
 

 
125.30  
(28.36) 

 

 
136.40  
(32.76) 

 
66.80  

(26.22) 

 
70.50  

(23.15) 

Note: Values are means (SD) 

 

 

 

The single-task versus dual-task relationship was further investigated by examining 

percent decline in performance.  The mean number of correct PASAT responses declined 

from the single-task to dual-task automatic detection condition by 4.21% (SD = 9.03%) in 

the control group, and 4.53% (SD = 7.64%) in the mild TBI group.  There was no 

significant difference between groups in the percent decline [t(18) = -0.80, p = 0.93].  The 

mean number of correct PASAT responses declined from the single-task to dual-task CS 

condition by 9.74% (SD = 9.55%) in the control group, and 19.77% (SD = 7.70%) in the 

mild TBI group.  The difference between groups in percent decline was significant [t(18) = 

-2.58, p = 0.02]. 

The dual-task results were also evaluated in terms of visual search task 

performance.  Visual inspection of the data (see Table 24) suggested the mean number of 

correct responses over the duration of the 1.6-second ISI PASAT trial in both groups 

declined as the demands on limited capacity processing resources increased.  Repeated 

measures ANOVA with condition (automatic detection and controlled search) as a within-

subjects factor and group (control and mild TBI) as a between-subjects factor was used to 
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examine dual-task visual search performance.  The main effect of condition had a 

significant effect on the mean number of correct responses [F(1,18) = 107.91, p < 0.01, ηp
2 

= 0.86],  with all participants providing significantly fewer responses in the controlled 

search condition.  However, neither the main effect of group [F(1,18) = 0.46, p = 0.51, ηp
2  

= 0.03] nor the condition by group interaction [F(1,18) = 0.38, p = 0.54, ηp
2 = 0.02] had a 

significant effect on the mean number of target stimuli identified during dual-task 

performance.   

 

10.4 Discussion 

 
If performance in two tasks remains at or close to single task levels, Schneider 

(1985) has recommended 95% as a critical cut-off, then it is assumed task performance is 

automated.  In the current study, the healthy control group experienced a non-significant 

decline in the mean number of correct PASAT responses from single-task to the dual-task 

automatic detection condition of 4.21% (SD = 9.03%), while the mild TBI group 

demonstrated a 4.53% (SD = 7.64%) decline in the mean number of correct PASAT 

responses from the single-task to the dual-task automatic detection condition. It therefore 

appears that both experimental groups were able to simultaneously perform the PASAT 

task and a visual search task featuring automatic detection with no significant decrement 

from single-task performance.    

These results support previous findings that the integrity of specific higher-order 

attentional processes are intact following mild TBI, and these individuals are not impaired 

in their ability to strategically allocate processing resources and divide attention (Bernstein, 

2002; Segalowitz, Bernstein, & Lawson, 2001).  Unfortunately, despite the absence of a 

dual-task interference effect, these results do not allow any conclusions to be drawn 
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regarding the processing demands of the PASAT following extended practice.  The 

automatic detection condition of the visual search task proceeds without the need for 

conscious attention, and was not expected to interfere with the concurrent performance of a 

second task, regardless of whether that task required the commitment of limited-capacity 

controlled processing resources or not.   

In order to address the status of information processing capacity following mild 

TBI, the results of the attention demanding dual-task condition must be examined.  Both 

experimental groups demonstrated a dual-task decrement in the controlled search condition.  

Contrary to predictions provided by the dual-process theory of information processing 

(Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977), following extended training the 

PASAT task could not be performed simultaneously with an attention demanding task.  The 

presence of an interference effect suggests the PASAT task and the controlled search 

condition of the visual search task depend on some common resources for their 

performance.  The overlap in resources is not likely to have occurred at the encoding or 

response stage of information processing, as the two tasks utilized separate modalities for 

both processes (Wickens, Kramer, Vanasse, & Donchin, 1983; Wickens, 1984).  Due to the 

characteristics of the two tasks, it is most likely that an overlap in demands occurred at 

central stages of information processing, and in particular the need for limited-capacity 

controlled processing resources to develop novel patterns of integration between long-term 

memory, perceptual, evaluative, and attentional systems.   

However, in spite of the decline from single to dual-task performance in the 

controlled search condition, the results cannot completely rule out the practice-mediated 

development of automatic processing of the PASAT task.  Previous studies have 

demonstrated that even upon highly automated tasks, participants require time-sharing 

experience before minimal dual-task decrements are observed  (Hirst, Spelke, Reaves, 
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Caharack, & Neisser, 1980; Schneider & Detweiler, 1988; Schneider & Fisk, 1984).  It is 

therefore offered that following additional dual-task training the participants in the current 

study may have been able to concurrently perform the PASAT and a second attention 

demanding task with minimal performance decrement.   

 Nevertheless, the mild TBI group demonstrated a disproportionate decline in dual-

task performance in the controlled search condition, suggesting that a lack of dual-task 

training is not sufficient to explain the large interference effects in this group.  While the 

control group experienced a 9.74% (SD = 9.55%) decline from single-task to dual–task 

performance in the controlled search condition, the mild TBI group experienced an 

interference effect twice the size, with performance declining by 19.77% (SD = 7.70).  

These results are consistent with reports in the literature that the amount of attentional 

resources or information processing capacity declines following mild TBI (Bernstein, 2002; 

Cicerone, 1996; Gronwall, 1989; Gronwall & Wrightson, 1975; Segalowitz, Bernstein, & 

Lawson, 2001; Solbakk, Reinvang, & Nielsen, 2000).  This appears to be the result of 

injury-related disruptions in the functional connectivity of attentional networks, which 

cause a diminution of the capacity to benefit from practice and develop more resource-

efficient modes of information processing (Schmitter-Edgecombe & Rogers, 1997).  

Therefore following consistent training the mild TBI group continues to rely on resource-

dependent controlled processes to perform the PASAT, reducing an already limited pool of 

available processing resources.   

 The development of automatic processes allows limited-capacity controlled 

processing resources to be redistributed to alternate processing activities, including the 

simultaneous performance of a second task.  Following practice, failure to develop 

automatic processes and utilize processing capacity more efficiently would therefore 

negatively impact not only on the ease of primary task performance but would also interfere 
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with the performance of other controlled operations being carried out in parallel (Navon & 

Gopher, 1979; Shiffrin & Schneider, 1977).    

PASAT performance in the mild TBI group cannot therefore be executed 

simultaneously with another attention demanding task without significant interference, as 

both tasks require the commitment of limited-capacity central processing resources.  These 

results are consistent with previous findings that tasks making demands on central 

processing (e.g. decision making, working memory, translatory operations) from a single 

resource will interfere with one another (Long, 1976; Treisman & Davies, 1973; Wickens, 

1984).   

Cudmore, Segalowitz, and Dywan (2000) administered a dual-task paradigm to a 

group of individuals who had sustained a mild TBI.  Even after varying the difficulty of the 

task, the researchers were unable to elicit a dual-task decrement disproportionate to a 

matched control group.  However, analysis of EEG coherence data revealed that relative to 

the controls, the mild TBI group recruited additional processing resources in order to 

achieve this normal level of behavioural performance.   

In the current study, based on the disproportionate behavioural dual-task 

performance deficit, the mild TBI group can be inferred to have maintained a constant 

information processing resource supply despite the increase in demand following the 

manipulation in difficulty of the visual search task.  The inability to cope with an increasing 

level of task difficulty is attributed to a diminished resource capacity, arising as a direct 

consequence of the mild TBI.  The demands of the most difficult dual-task condition appear 

to have simply exceeded the processing capacity of the mild TBI group.   

Again, impaired resource allocation strategies cannot account for the current 

findings.  The mild TBI group is able to successfully divide attention over the sub-

components of single-task PASAT performance, and dual-task performance in the 
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automatic detection condition.  This pattern of performance is inconsistent with a deficit in 

resource allocation, which would predict impairment across all the dual-task conditions 

administered.   

Likewise, the finding of impairment in one dual-task condition but not the other is 

inconsistent with the slowed processing hypothesis, which argues that individuals who have 

suffered a mild TBI have a generalized reduction in information processing speed, but no 

specific deficit.  As such, single and dual-task performance should demonstrate universal 

impairment (i.e. slowing).  In fact, there is no group difference in single task completion 

time and no evidence to suggest cognitive slowing in the mild TBI group.  Rather, the 

degree of impairment in the current study appears to be moderated by the degree to which 

the tasks being performed concurrently require controlled processing.   

Alternatively, superior control group PASAT performance in the dual-task 

controlled search condition may have been due to a failure of either group to follow 

specific task instructions.  Specifically, the mild TBI group may have adopted a strategy in 

which they did not prioritize PASAT performance, as requested, resulting in a relatively 

poorer performance on this measure and superior performance on the visual search task.  

Alternatively, the control group may have neglected to perform the visual search task, 

resulting in a relatively poorer performance on this measure and superior performance on 

the PASAT. However, the two groups did not differ in the mean number of correct 

responses on the visual search task in either condition of dual-task performance, suggesting 

both groups followed the specific instructions and attended to both tasks appropriately.   

Single-task PASAT performance in the two groups was equivalent and has been 

discussed elsewhere.  Single-task visual search performance in the two groups was also 

equivalent.  Consistent with previous studies, mild TBI does not appear to cause a deficit in 

visual search (Crevits, Hanse, Tummers, & Van Maele, 2000) or the ability to attend to 
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local features (Stablum, Mogentale, & Umiltà, 1996).  There was no evidence of any 

cognitive difficulties, including slowed information processing, in the mild TBI group on 

either the automatic search or more difficult controlled search conditions of the visual 

search task.  In other words, discrepancies between the two groups in dual-task 

performance in the controlled search condition cannot be attributed to differences in single-

task performance.   

Prior to dual-task assessment, baseline performance was established by 

administering the visual search tasks independently.  Within such a testing paradigm the 

influence of practice effects upon subsequent dual-task performance certainly deserves 

consideration.  Schneider and Shiffrin (1977) have demonstrated that with repeated 

practice, information processing, and search in particular, changes from conscious, limited 

capacity, serial decision making to automatic, fast, parallel detection.   

With respect to the visual search task, automatic detection by definition proceeds 

automatically regardless of task familiarity or prior training.  In controlled search, practice 

over up to 13 sessions has been documented to produce no qualitative change in task 

performance, as measured by reaction time, and no indication of a switch from serial to 

parallel search (Treisman & Gelade, 1980).  It therefore seems unlikely in the current 

experiment a single trial produced significant changes in the processing strategies 

underlying performance upon the controlled search condition of the visual search task. As 

such, there were no concerns regarding practice effects in the current study.   

In the current study, the mild TBI group was impaired on only the most demanding 

level of dual-task performance.  Consistent with previous investigations of mild (Bernstein, 

2002; Cicerone, 1996; Segalowitz, Bernstein, & Lawson, 2001) and more severe TBI 

(Azouvi et al., 2004; Park, Moscovitch, & Robertson, 1999), the current results do not 

support a specific deficit in dividing attention, but rather a generalized reduction in 
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information processing resources and a performance deficit moderated by the processing 

demands of the task.   

In conclusion, the current findings are in agreement with previous studies which 

suggest that individuals who have suffered a mild TBI have a reduced information 

processing capacity (Bernstein, 2002; Cicerone, 1996; Cudmore, Segalowitz, & Dywan, 

2000; Gronwall & Wrightson, 1975; Segalowitz, Bernstein, & Lawson, 2001).  Reductions 

in capacity imply even simple tasks may now consume nearly all available processing 

resources and individuals who have sustained a mild TBI are therefore required to 

constantly allocate maximal information processing resources in order to achieve “normal” 

levels of performance.  Behaviourally, reductions in information processing capacity may 

impair the successful execution of tasks that require simultaneous attention to a number of 

factors and result in an inability to cope with an increase in task demands.   
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Chapter 11 - General Discussion 
 

This thesis suggests novel methods for dissociating automatic and controlled 

processing, objectively quantifying how the attentional demands of the PASAT change as a 

result of extended training, and evaluating the impact of mild TBI on attention.  The 

previous chapters establish the rationale for and present the results of a series of 

experiments utilizing ERPs and demanding behavioural measures to examine automatic and 

controlled processing aspects of attention following mild TBI.  This chapter presents a 

synopsis of the preceding chapters, summarising the main findings, and offers a revised 

hypothesis as to the primary attentional deficit in mild TBI, and implications for 

rehabilitation following mild TBI.  

 

11.1 Chapter Reviews 

Chapter 1 began by discussing the diagnosis and incidence of mild TBI, before 

reviewing outcome following mild TBI, and possible etiological factors contributing to 

frequently reported acute and long-term cognitive and behavioural sequelae.  The vast 

majority of patients who suffer head trauma have mild traumatic brain injuries (Jennett, 

1989; McAllister et al., 2001; Sosin, Sniezek, & Thurman, 1996; Tate, McDonald, & 

Lulham, 1998), and the condition has become so prevalent that it was recently describe as 

an epidemic in the United States (Kushner, 1998).   

Alteration or loss of consciousness, the hallmark of mild TBI (Jane, Stewart, & 

Gennarelli, 1985), is considered indicative of diffuse brain damage (Jennett, 1989) with 

injury to progressively deeper structures associated with an increasing duration of 

unconsciousness (Eisenberg & Levin, 1989; Wilson et al., 1988).  However, individuals 

treated for mild TBI are typically given minimal or no instructions concerning the risk of 
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neurobehavioral sequelae and their temporal course (Newcombe, Rabbitt, & Briggs, 1994), 

nor are the residual effects evaluated on any systematic basis (Levin, Gary et al., 1987). 

This is due, in part, to a lack of consensus regarding whether the neuropathologic 

consequences of a mild TBI are sufficient to produce chronic disability or permanent 

cognitive impairment. 

While the majority of individuals who suffer a mild TBI appear to make a complete 

recovery within the first three months after injury (Iverson, Lovell, & Smith, 2000; Levin, 

Mattis et al., 1987; Parkinson, 1992), a significant subset continue to demonstrate objective 

neuropsychological deficits months (Alves, Macciocchi, & Barth, 1993; Dikmen, McLean, 

& Temkin, 1986; Hartlage, Durant-Wilson, & Patch, 2001; Powell, Collin, & Sutton, 1996) 

and years (Alexander, 1992; Bernstein, 2002; Deb, Lyons, & Koutzoukis, 1999; Leininger, 

Gramling, Farrel, Kreutzer, & Peck, 1990; Potter & Barrett, 1999; Segalowitz, Bernstein, & 

Lawson, 2001; van der Naalt, van Zomeren, Sluiter, & Minderhoud, 1999) after mild TBI.  

The persistence of these objective deficits has led some to question the reversibility of mild 

TBI (Bernstein, 2002; Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990; Segalowitz, 

Bernstein, & Lawson, 2001; Seymonds, 1962).   

However, because the extent of functional and neuropsychological deficits in those 

individuals who fail to make a good recovery from mild TBI is often inconsistent with 

findings from routine neurological exam, several authors support the role of neurological 

factors in the acute stage of mild TBI, but implicate psychological factors in the long-term 

maintenance of cognitive and behavioural symptoms (Alexander, 1995; Hugenholtz, Stuss, 

Stetham, & Richard, 1988; Kay, 1993; Lishman, 1988; Rutherford, Merrett, & McDonald, 

1979; Zasler, 2000; Zasler, 1996).   

However, while a failure to recover as expected after mild TBI might be a 

consequence of non-organic factors in some individuals, it is becoming increasingly 
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accepted that poor recovery may be a result of the neuropathologic consequences of the 

trauma itself, for which standard assessment techniques have not achieved the level of 

sensitivity necessary for detection (Kant, Smith-Seemiller, Isaac, & Duffy, 1997; 

McAllister et al., 1999; Ruff et al., 1994).  Animal studies and investigations with models 

of the human brain suggest mild TBI, including acceleration/deceleration injury without 

specific impact to the head, may be sufficient to give rise to rotational forces within the 

skull sufficient to produce a spectrum of damage referred to as diffuse axonal injury 

(Bigler, 2004; Blumbergs et al., 1994, 1995; Elson & Ward, 1994; Gennarelli, 1996; 

Goodman, 1994; Hayes & Dixon, 1994; Holbourn, 1943; Jane, Stewart, & Gennarelli, 

1985; Jennet & Galbraith, 1983; Povlishock, 1993).  The resultant organic damage can be 

extensive, encompassing multiple brain areas and multiple functional systems, disrupting 

cerebral blood flow, and producing persistent changes in neural function (Gaetz, 2004; 

Gaetz & Bernstein, 2001; Packard & Ham, 1996; Richardson, 2000; Taylor, 1969).   

Mounting evidence of neuropathologic and neurophysiological alteration following 

mild TBI, even in the case of those individuals who appear to make a good recovery, has 

prompted a re-evaluation of the consequences of this type of injury.  Recent meta-analytic 

reviews of the literature have routinely revealed the overall effect of mild TBI on 

neuropsychological function typically recedes to nonsignificance by three months post-

injury.  Thus, mild TBI is generally considered to have a good outcome.  However, upon 

closer examination, it appears that certain domains may demonstrate persisting impairment, 

not captured by the overall effect size.  Of these, attention and speed of processing 

measures, in particular cognitively demanding tasks which rely upon frontally-mediated 

processing, may be a sensitive indicator of the persistent neuropsychological dysfunction 

which can arise following mild TBI (Binder, Rohling, & Larrabee, 1997; Frencham, Fox, & 

Maybery, 2005; Vanderploeg, Curtiss, & Belanger, 2005).   
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The concept of attention was explored in Chapter 2.  While the term is often used as 

if its definition were self-evident (James, 1890; Kinchla, 1980), attention is a broadly 

defined psychological construct and there is no one single accepted definition of, or method 

of measuring, attention.  Not surprisingly, several models of attention have been proposed.  

However, in each model attention is not viewed as a unitary aspect of cognition, but rather 

comprises a variety of interacting processes that can be measured separately.   

For instance, van Zomeren (van Zomeren & Brouwer, 1994; van Zomeren, 

Brouwer, & Deelman, 1984), Sohlberg and Mateer (Sohlberg & Mateer, 1989), and Mirsky 

(Mirsky, Anthony, Duncan, Ahearn, & Sheppard, 1991) have each proposed models which 

recognize a focused attention component responsible for selectivity, a divided attention 

component involved in shifting attention, and a sustained attention component responsible 

for vigilance over time.  The models also contain a component similar to the concepts of 

executive attention or working memory, involved in the strategic on-line manipulation of 

information held in mind.   

However, other investigations have struggled to find evidence of distinct 

components of attention (Schmidt, Trueblood, Merwin, & Durham, 1994) or failed to 

identify factors corresponding to the traditional components of focused, divided, or 

supervisory attention (Spikman, Henk, Deelman, & van Zomeren, 2001).  Additional factor 

analysis studies by Stankov (1983; , 1988) and De Jong (1991) have also not been 

supportive of separate factors of divided, focused, and sustained attention.  Where scores on 

different tests of attention were highly correlated, it was most often based on task 

similarities such as stimulus modality and skill areas, and not related to the attentional 

requirements.  As such Spikman and colleagues (Spikman, Henk, Deelman, & van 

Zomeren, 2001) argue the traditional constructs of attention exist only in “a 

phenomenological context” and may not be identifiable in clinical or research practice.  



 

 267

Rather, attentional performance should be discussed in terms of speed and control, 

constructs seemingly analogous with Schneider and Shiffrin’s (1977) theory of controlled 

and automatic processing. 

Schneider and Shiffrin (1977) described automatic processing as an effortless, 

parallel, fast process that directs behaviour which occurs without intention, without 

conscious awareness, and without interfering with ongoing activities.  The automatic 

processing of information therefore does not require the conscious allocation of attention or 

limited capacity information processing resources.  Automaticity may be inborn for the 

processing of basic perceptual features of stimuli (e.g. Hubel & Wiesel, 1979) but relies on 

the retrieval of stored instances, which are generated after practice in a consistent 

environment, for the remainder.  Practice is vital because it increases the amount of 

information retrieved and the speed of information retrieval.  Consistency is vital because it 

ensures that the retrieved information will be useful.  As automatic processing does not 

place a demand upon information processes resources and is not sensitive to a task’s 

difficulty, it therefore permits the simultaneous performance of a second task.   

Controlled processing is an effortful, serial, slow process which differs 

fundamentally from automatic processing as it requires the conscious application of 

attentional resources (Schneider & Shiffrin, 1977).  Processing is considered controlled if it 

relies on acquiring new and complex information, which includes processes such as 

memory search, learning, and decision making which are under the individual’s direct and 

active control.  Performance on tasks requiring controlled processing of information is 

affected by the specific demands of the task and dependent on executive systems to direct 

the allocation of processing resources.   

Controlled and automatic processing were not viewed as solitary concepts, rather 

they represented the extremes of a single continuum (Cohen, 1993; Schneider & Shiffrin, 
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1977).  As such, training could facilitate a transition from controlled to automatic 

processing.  Specifically, when task performance could be reduced to an invariant stimulus-

response relationship and the individual had sufficient opportunity to learn, automization of 

the controlled processing components of the task could occur (Schneider & Shiffrin, 1977).   

There is general agreement that the multiple components of attention are subserved 

by distinct, but interconnected, regions of the brain (Mirsky, Anthony, Duncan, Ahearn, & 

Sheppard, 1991; Posner & Petersen, 1990; Shum, McFarland, Bain, & Humphreys, 1990; 

Sohlberg & Mateer, 1989; van Zomeren & Brouwer, 1994).  Parallel, distributed local 

processing networks are proposed to compose a large-scale neural network subserving 

attention (Mesulam, 1990).  To date, the most widely accepted general neurocognitive 

model of attention is provided by Posner and Petersen (1990).  The model proposes a 

vigilance network involved in preparing and sustaining alertness comprised of 

norepinephrine circuits from the locus coeruleus and brainstem reticular formations to 

connections in the right hemisphere of the cortex.  A posterior attentional network, 

comprised of the posterior parietal lobes, lateral pulvinar nucleus of the thalamus, and the 

superior colliculi has been implicated in the process of orienting to sensory stimuli in space 

(Posner & Petersen, 1990).  The model also contains an anterior attentional system, located 

in the frontal lobes.  This controlled search system is closely related to the short-term 

memory functions of the frontal lobe, and is responsible for the moment to moment 

selection of mental operations, inhibiting responses to irrelevant stimuli, and coordinating 

the functions of the posterior systems.  The anterior cingulate gyrus, dorsolateral prefrontal 

cortex, and supplementary motor area have been implicated in the anterior attention 

network (Posner & Petersen, 1990). 

The multifactorial view of attention has subsequently been used as a framework for 

the study of attentional disorders following mild TBI.  Unfortunately, attempts to identify 
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specific components of attention that are impaired in individuals with mild TBI have 

produced inconsistent results.  However, slowed responding on complex choice reaction 

time tasks has been frequently reported in individuals who have sustained a mild TBI 

(Arcia & Gualtieri, 1994; Comerford, Geffen, May, Medland, & Geffen, 2002; Gronwall & 

Wrightson, 1974; Hinton-Bayre, Geffen, & McFarland, 1997; Leininger, Gramling, Farrel, 

Kreutzer, & Peck, 1990; Levin, Gary et al., 1987; Mathias, Beall, & Bigler, 2004; Spikman, 

van Zomeren, & Deelman, 1996; van Zomeren & Brouwer, 1994) and a generalized 

reduction in speed of information processing, rather than a component specific deficit in 

attention, has therefore been argued to provide a satisfactory explanation for the 

performance deficits observed after injury upon tests of attention.   

In addition, consistent findings have come from studies investigating the integrity of 

executive attentional control processes following injury.  Complex choice reaction time 

tasks which cannot be performed through the routine execution of overlearned schema have 

regularly revealed performance deficits (Hugenholtz, Stuss, Stetham, & Richard, 1988; 

Stuss et al., 1989).  The degree of impairment in attention in individuals with mild TBI may 

therefore depend upon the degree to which the task being performed involves controlled 

processing (Cicerone, 1996; Stuss, Stethem, Picton, Leech, & Pelchat, 1989).  These 

deficits appear most closely related to the functioning of the anterior attention network, 

involving the anterior cingulate gyrus and dorsolateral prefrontal cortex (Cicerone, 1997; 

Posner & Petersen, 1990; Stablum, Mogentale, & Umiltà, 1996).  

In summary, speed of processing and executive attentional control of information 

processing have been identified in both general theory and clinical populations as key 

components of attentional functioning and impairment of these processes appear to account 

for many of the attention deficits observed following mild TBI (Cicerone, 1997; Cicerone 

& Azulay, 2002; Spikman, Henk, Deelman, & van Zomeren, 2001).   
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Unfortunately, behavioural measures of attentional functioning reflect only the end 

stage of information processing, and cannot identify at which stage from stimulus to 

response dysfunction may be occurring.  As such, functional measures capable of providing 

real-time data on individual stages of processing may be useful in characterizing the nature 

of attentional deficits following mild TBI.  One such functional technique, the ERP of the 

EEG, was reviewed in Chapter 3. 

The EEG is a continuous recording, by means of electrodes attached to the scalp, of 

the electrical activity generated by neurons in the underlying brain tissue.  The EEG 

directly reflects the electrical activity in neurons, rather than associated hemodynamic or 

metabolic effects.  As such, the temporal resolution of the EEG is far superior to the 

resolution of metabolic techniques, such as functional magnetic resonance imaging or 

positron emission tomography (Fallgatter, Bartsch, & Herrmann, 2002). 

Time locking the continuous EEG waveform to specific temporal events creates 

ERPs.   By detecting minute changes in cerebral electrical activity in response to various 

stimuli, ERPs provide a non-invasive neurophysiological index of sensory processing and 

cognitive functions (Connolly, D'Arcy, Newman, & Kemps, 2002; Gaetz & Bernstein, 

2001; Picton, Lins, & Sherg, 1995; Solbakk, Reinvang, Nielsen, & Sundet, 1999).  The 

high temporal resolution of ERPs allows for investigations into phasic shifts in processing 

demands and has supported the contention that stages of information processing can be 

selectively activated and should be treated as differentiated processes.  In general, the early 

deflections of the ERP are thought to reflect exogenous operations and are affected by the 

physical attributes of the stimulus, such as intensity and sensory modality.  Later ERP 

deflections reflect endogenous operations and are generally most sensitive to the 

psychological aspects of the experimental paradigm (Birnboim, 2003; Picton et al., 2000; 

Sutton, Braren, Zubin, & John, 1965). 
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Clinical ERP studies of attention have identified multiple electrophysiological 

markers reflecting dissociable aspects of information processing.  The P300 is easily the 

most widely studied endogenous ERP deflection.  The P300 is maximal over posterior scalp 

sites and minimal at frontal electrodes (Donchin, Karis, Bashore, Coles, & Gratton, 1986).  

P300 amplitude appears to index activation of a limited capacity central processing system 

involved in stimulus categorization and target identification (Birnboim, 2003; Parasuraman, 

1990; Picton, 1992), while latency of the P300 is held to reflect stimulus evaluation time 

(Kutas, McCarthy, & Donchin, 1977; Magliero, Bashore, Coles, & Donchin, 1984).  

However, of particular interest in the current thesis was the late PN.  Late PN has a 

frontal distribution and is generally maximal between 500 to 1000 msec after stimulus 

onset (Hansen & Hillyard, 1980; Näätänen, 1985).  The late PN is believed to reflect 

voluntary, limited-capacity activity within higher-order attentional and working memory 

components, responsible for maintaining the attentional trace and coordinating goal-

directed processing of target stimuli (Näätänen, 1985, 1992).  As such, the late PN is 

implicated in implementing the central executive component of working memory 

(Baddeley, 1993; Baddeley & Hitch, 1974, 1994; Singal & Fowler, 2005) and the 

energizing/monitoring sub-processes of the supervisory attentional system (Norman & 

Shallice, 1986). 

In addition to studying normal cognitive processing, the utility of an ERP protocol 

in assessing the integrity of cognitive functioning has been repeatedly demonstrated in a 

variety of clinical populations, including mild TBI.  Reductions in P300 amplitude are 

among the most frequently reported ERP abnormality following mild TBI.  While there is a 

suggestion that in some individuals these abnormalities may resolve within the first few 

months following injury (Pratap-Chand, Sinniah, & Salem, 1988), suitably demanding 

behavioural measures have been found to elicit persisting P300 amplitude attenuations, 
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even in individuals who appeared to have made a good recovery (Bernstein, 2002; 

Segalowitz, Bernstein, & Lawson, 2001).  These ERP deflection abnormalities have 

regularly been interpreted as related to long-term post-injury reductions in processing 

capacity (Ford & Khalil, 1996; Packard & Ham, 1996; Reinvang, Nordby, & Nielsen, 2000; 

Solbakk, Reinvang, & Nielsen, 2000).   

The effects of mild TBI have also been associated with an abnormal late PN, 

although, somewhat paradoxically, injury has been associated with both amplitude 

augmentation (Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002) and attenuation (Potter & 

Barrett, 1999; Solbakk, Reinvang, Nielsen, & Sundet, 1999).  Reductions in late PN 

amplitude have been linked to impairments in the allocation of attentional resources, and 

are generally consistent with the findings reported in the P300 literature of a decline in 

information processing capacity following mild TBI (Potter & Barrett, 1999; Solbakk, 

Reinvang, Nielsen, & Sundet, 1999).  In contrast, there is some evidence that individuals 

who have sustained a mild TBI retain the capability to direct the allocation of residual 

processing resources, and can in fact modify their resource allocation strategies (Potter, 

Jory, Bassett, Barrett, & Mychalkiw, 2002).  Specifically, examination of the late PN can 

reveal how the enhanced allocation of attentional resources may allow individuals who 

have sustained a mild TBI to achieve normal levels of performance.   

ERP investigations have been identified as measures sensitive to the functional 

disturbance and organic disruption associated with mild TBI (Bernstein, 2002; Gaetz & 

Bernstein, 2001; Packard & Ham, 1996; Reinvang, 1999).  The combination of suitably 

demanding behavioural measures and ERPs has been demonstrated to be highly sensitive to 

subtle cognitive deficits, and may be among the most likely experimental paradigm to 

distinguish head-injured individuals from healthy controls (Bernstein, 2002; Gaetz & 

Bernstein, 2001; Packard & Ham, 1996; Reinvang, 1999).  However, while group 
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differences are regularly reported, the pattern of deviant ERP deflections varies from study 

to study.   

One possible explanation for this variability may lie in the wide range of 

experimental tasks employed across the various ERP studies.  ERP studies of attention after 

mild TBI frequently utilize experimental tasks, often lacking cross-validation and 

normative data.  This lack of standardization makes evaluating and replicating the results of 

previous studies problematic.  A deliberate aim of the current thesis was therefore to select 

a widely available, standardized behavioural task, with established validity and reliability.   

Chapter 4 therefore reviewed the PASAT.  The PASAT is one of the most 

frequently used tests to evaluate attentional functioning (Tombaugh, 2006).  The task was 

originally designed to provide an objective measure of severity of injury and recovery 

progress after mild TBI (Gronwall, 1977).  Since then, the PASAT has been applied 

extensively in clinical and experimental assessment, and PASAT performance has been 

demonstrated to be a measure sensitive to both acute (Gronwall & Wrightson, 1974; 

Gronwall & Sampson, 1974; Levin, Mattis et al., 1987; McMillan & Glucksman, 1987; 

Stuss, Stethem, Hugenholtz, & Richard, 1989) and longer-term (Cicerone, 1996; Cicerone 

& Azulay, 2002; Leininger, Gramling, Farrel, Kreutzer, & Peck, 1990; Sherman, Strauss, & 

Spellacy, 1997) effects of mild TBI.   

The computerized format of the PASAT involves auditory presentation of a random 

sequence of 61 digits from one through nine.  The PASAT requires the examinee to 

calculate the sum of the most recently presented digit and the digit presented immediately 

prior, while simultaneously attending to the next digit in the series.  Thus, the task requires 

the examinee to concurrently engage in sensory registration, retention of digits, mental 

arithmetic, and response production, while avoiding interference (van Zomeren & Brouwer, 

1994).  Speed of information processing is clearly an important factor in task performance; 
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however a number of additional cognitive processes have been proposed to mediate 

successful task performance, which appear to merge with abilities that are often referred to 

under the heading of executive attention (Cicerone, 1997; Diehr, Heaton, Miller, & Grant, 

1998; Fisk & Archibald, 2001; Mateer, 2000; Serino, Ciaramelli, Di Santantonio, & 

Ládavas, 2006; Spikman, Henk, Deelman, & van Zomeren, 2001; The Psychological 

Corporation, 1998).  The sensitivity of the PASAT to subtle processing deficits after mild 

TBI appears to be a result of the interaction between this dual set of demands (Cicerone, 

1996, 1997; Mateer, 2000). 

However, the reliance upon consciously directed executive attention appears to 

diminish with repeated administration of the PASAT, as implicit strategies are developed to 

automatically cope with task demands (Feinstein, Brown, & Ron, 1994; Spikman, 

Timmerman, van Zomeren, & Deelman, 1999; Tombaugh, 2006).  Formation of such 

strategies likely underlies the significant practice effect commonly reported, which appears 

to persist for three to four test administrations (Beglinger et al., 2005; Feinstein, Brown, & 

Ron, 1994; Stuss, Stethem, Hugenholtz, & Richard, 1989). 

The PASAT has been established as a useful tool in measuring attention and 

information processing, evaluating impairments, and quantifying changes in performance 

over time following mild TBI.  However, only a single study of mild TBI has combined the 

PASAT and ERPs.  Potter and Barrett (1999) recorded cognitive ERPs during PASAT 

performance and found that relative to healthy controls, the mild TBI group achieved 

equivalent behavioural results on the PASAT.  Analysis of the ERP results revealed that 

increasing task demand generated a concurrent increase in frontal negativity of the ERP 

waveform in the healthy controls.   The amplitude of the late frontal negativity in the mild 

TBI group was not sensitive to manipulations in task demand, which Potter and Barrett 

concluded represented a mild reduction in processing capacity, and impaired allocation of 
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controlled processing resources.   

However, these findings were the opposite of the hypothesized results, as it was 

originally predicted that the late frontal negativity of the mild TBI group would be 

relatively more negative at each level of task difficulty compared to the control group, 

representative of a behavioural coping mechanism (Potter & Barrett, 1999).  Furthermore, 

the significance of these abnormal ERP results was difficult to judge in light of the intact 

behavioural performance demonstrated by the mild TBI group.  The purpose of the 

experiment presented in Chapter 5 was therefore to record cognitive ERPs during novice 

PASAT performance in a group of individuals who had sustained a mild TBI and matched 

healthy controls, in an effort to clarify the effects of mild TBI on an ERP marker of 

executive attention.   

Ten high-functioning individuals who had sustained a mild TBI an average of 15.20 

months (SD = 18.07 months) earlier and a group of 10 age-, gender-, and education-

matched healthy controls were recruited from a university population to participate in the 

experiment.  It was hypothesized that through an abnormal expenditure of cognitive effort 

the mild TBI group would obtain behavioural scores on the PASAT equivalent to the 

healthy controls.  Specifically, the mild TBI group was predicted to demonstrate enhanced 

late PN amplitude, evidence of increased engagement of executive attentional resources 

required to allow the individuals with mild TBI to cope with the significant demands of the 

PASAT.   

As expected, PASAT behavioural results did not differentiate the individuals with 

mild TBI from matched healthy controls, with both groups demonstrating intact 

performance.  However, contrary to expectations, both experimental groups demonstrated a 

frontally distributed late PN of equivalent amplitude and there was no evidence to suggest 

abnormalities in aspects of any of the sensory or cognitive deflections of the ERP 
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waveform following mild TBI.  In general, the results of this experiment were consistent 

with the notion that the overall effect of mild TBI on neuropsychological function typically 

recedes to non-significance within three months post-injury (Belanger, Curtiss, Demery, 

Lebowitz, & Vanderploeg, 2005; Frencham, Fox, & Maybery, 2005; Gentilini et al., 1985; 

Levin, Mattis et al., 1987; Schretlen & Shapiro, 2003). 

Thus, it did not appear that following mild TBI the achievement of a normal level of 

performance was related to an adjustment of cognitive control via increased reliance on 

executive attention resources.  However, it was unclear whether individuals with mild TBI 

relied upon conventional neural networks to execute controlled processes, or were required 

to compensate for injury-related functional loss via cortical reorganization and recruitment 

of alternative resources.   

The aim of the experiment presented in Chapter 6 was therefore to perform a source 

localization analysis to more precisely determine the location, orientation, and timing of the 

activated brain areas involved in the generation of the late PN in both healthy controls and 

individuals who had sustained a mild TBI.  It was hypothesized that due to damage or 

disconnection within the neuroanatomical networks mediating executive attentional control, 

individuals who had sustained a mild TBI would demonstrate a unique pattern of source 

activation, as they recruited alternative processing resources to compensate for functional 

loss. 

However, the dipole models for the two experimental groups were comparable and 

suggested the late PN marker of controlled processing can be localized to the left 

dorsolateral prefrontal cortex and right anterior cingulate cortex, areas associated with 

executive attentional control (Chein & Schneider, 2005; Jansma, Ramsey, Slagter, & Kahn, 

2001; Milham, Banich, Claus, & Cohen, 2003; Schneider & Chein, 2003).  These findings 

were consistent with the notion of a distinct anterior attention system including the 
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prefrontal and cingulate areas which is responsible for executive aspects of attention (Fan, 

McCandliss, Sommer, Raz, & Posner, 2002; Mesulam, 1990; Posner & Petersen, 1990).  

The results of the current study did not suggest that individuals who have sustained a mild 

TBI recruit novel cerebral processing structures.  Rather, the similar pattern of activation in 

the two experimental groups suggested that the mild TBI participants relied upon standard 

cerebral processing structures to exercise the attentional control required to perform the 

demanding PASAT task.   

A possible explanation for the intact behavioural and electrophysiological 

performance in the mild TBI group was that because these participants had all recovered 

from their injuries sufficiently to be attending university, the sample was effectively biased 

toward individuals who had sustained only very mild, readily reversible injuries.  

Furthermore, the majority of the current sample was injured in sporting accidents.  Head 

injuries suffered as a result of falls and sporting injuries typically result in focal insults to 

the brain, and have been argued to be less likely to produce significant sequelae (Roman, 

Edwall, Buchanan, & Patton, 1991).  

However, there were subtle signs the mild TBI group had not made a complete 

recovery from their injuries.  In particular, relative to matched healthy controls, the mild 

TBI group reported suffering from more intense and more prolonged symptoms of 

headache and impaired concentration.  While these complaints by themselves are by no 

means conclusive, they are a robust finding in studies of mild TBI (Binder, Rohling, & 

Larrabee, 1997; Cicerone, 1996; van Zomeren & Brouwer, 1994), and consistent with what 

one would expect of individuals whose information processing had become less automatic 

and more effortful. 

Although the mild TBI group reported subjective symptoms, the experiment 

reported in Chapter 5 failed to find objective evidence of neuropsychological or 
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electrophysiological abnormalities in controlled processing aspects of attention following 

mild TBI.  However, that study examined only a single session of performance on the 

PASAT task.  Controlled processing does not just refer to behaviour on the initial attempts 

to solve a novel problem.  Rather, controlled processing continues until a set of well-

learned schemas and their triggers appropriate to the situation have been created (Norman 

& Shallice, 1986), and the executive attentional resources utilized in regulating and inter-

relating the content of incoming perceptual stimuli and ongoing mental operations during 

novice performance become available for alternate activity (Navon & Gopher, 1979; 

Schneider & Shiffrin, 1977; Shiffrin & Schneider, 1977).  The aim of the experiments 

presented in Chapters 7 and 8 was therefore to expand the investigation of controlled 

processing after mild TBI to include an examination of the process of acquiring 

automaticity and the easing of controlled processing demands during PASAT performance.   

When task performance can be reduced to an invariant stimulus-response 

relationship and the individual has sufficient opportunity to learn, performance on a novel 

or complex task can be expected to improve over time as mechanisms are developed to 

automatically process task demands (Logan, 1988; Navon & Gopher, 1979; Shiffrin & 

Schneider, 1977).  Automatizing task operations reduces the reliance on the conscious 

allocation of executive attention modulated resources, allowing for the reallocation of these 

limited-capacity resources.  Following practice, a task therefore utilizes processing capacity 

more efficiently, and task performance becomes faster, more accurate, and less variable as 

the slow, serial, effortful process of acquiring new and complex information is gradually 

replaced with the fast, parallel, effortless memory retrieval of automatic processing 

(Norman & Shallice, 1986; Shiffrin & Schneider, 1977).   

The experiment reported in Chapter 7 therefore involved observing the effects of 

extended training on the PASAT task in a group of 12 healthy individuals, in an effort to 
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establish distinct behavioural and electrophysiological profiles associated with novel 

controlled processing and practiced automatic processing in non-brain injured individuals.  

Participants attended four PASAT training sessions and on the first and fourth experimental 

session continuous EEG was simultaneously recorded. 

Accuracy on the demanding PASAT task was found to initially be directly related to 

cognitive load, with the mean number of correct responses declining as the rate of 

presentation increased.  These results suggested accurate novice performance was 

dependent on executive attentional systems implementing controlled processing to 

supervise the flow of data through serial stages of information processing.   

Following four sessions of consistent practice, the mean number of correct 

responses on the PASAT task significantly improved and was greatly desensitized to 

manipulations in ISI, suggesting the underlying cognitive operations were increasingly 

mediated by fast, parallel automatic processes operating within established processing 

networks.  These behavioural changes were associated with significantly reduced amplitude 

of late PN of the ERP waveform.  The practice-mediated attenuation in the amplitude of the 

late PN was taken as evidence of a decreased reliance on frontally mediated executive 

attentional control and working memory mechanisms, and the establishment of automatic 

processes.   

Having established a profile of performance associated with practice in non-brain 

injured individuals, the experiment reported in Chapter 8 returned to the investigation of the 

effects of mild TBI on attention.  The mild TBI group and the matched healthy controls 

first investigated in the experiment reported in Chapter 5 participated in three additional 

experimental sessions.  At each session, all participants were administered the PASAT task 

while continuous EEG was simultaneously recorded.   
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As with the independent group of non-brain injured participants reported in Chapter 

7, it was found that with repeated administration, the information processing strategies 

underlying PASAT performance gradually became established and more efficient in the 

matched healthy controls in the Chapter 8 experiment.  This process was accompanied by a 

steady improvement in response accuracy, a gradual desensitization to task demands, and a 

significant reduction in the amplitude of the late PN of the ERP waveform, all suggesting 

the development of automatic processing of task-relevant cognitive operations. 

In contrast, in the cohort of individuals who had sustained a mild TBI, extended 

training on the PASAT task was not accompanied by a decrease in amplitude of late PN.  

These results suggested that following extended training of a consistent set of processing 

operations, individuals who had sustained a mild TBI were unable to develop more efficient 

information processing strategies and remained reliant on frontally mediated executive 

attention resources to direct the effortful controlled processing of task-specific cognitive 

operations.  The diminution in the capability to ease attentional demands and develop 

automatic processes was attributed to an injury-related decline in cognitive, and perhaps 

neural, efficiency.   

Following the consistent execution of a controlled process, associative connections 

between information processing nodes strengthen such that stimuli come to automatically 

evoke the appropriate response independent of attentional control (Schneider & Detweiler, 

1988).  However, as capacity-limited effortful processing underlies this learning process 

(Schneider, 1985; Schneider & Detweiler, 1988; Shiffrin & Schneider, 1977) the 

acquisition of automatic processes may depend on the amount of attention resources 

available during the period of extended practice (Feldman Barrett, Tugade, & Engle, 2004; 

Schmitter-Edgecombe, 1996; Shiffrin & Schneider, 1977; Unsworth & Engle, 2005).   
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As a result of diffuse damage and loss of long range cortical connections, mild TBI 

may disrupt the functional capacity of attentional control systems, reducing the efficiency 

with which information is integrated to form new processing strategies and sub-routines are 

coordinated for the execution of a novel task (Cicerone, 2002; Potter, Jory, Bassett, Barrett, 

& Mychalkiw, 2002).  In the current study, the neuropathologic consequences of mild TBI 

appeared to have interfered with the strengthening of associative connections between the 

sub-routines underlying PASAT performance, disrupting the acquisition of automatic 

processing strategies in individuals who had sustained a mild TBI.   

Nevertheless, over each experimental session the mild TBI group achieved 

behavioural performance levels on the PASAT equivalent to matched healthy controls.  The 

fact that PASAT behavioural performance over the four experimental sessions failed to 

discriminate the mild TBI group from the healthy controls was not expected.  However, 

these findings were consistent with the argument that outcome following mild TBI 

represents behavioural adaptation rather than recovery (Bernstein, 1999; Dikmen & 

Machamer, 1995; Gronwall, 1977; Potter, Jory, Bassett, Barrett, & Mychalkiw, 2002; 

Segalowitz, Bernstein, & Lawson, 2001).  Accordingly, residual impairment often goes 

undetected, as the individual is able to compensate for injury-related functional loss by 

increasing their reliance upon remaining information processing resources.   Specifically, in 

the current group of individuals with mild TBI, protracted reliance on executive attentional 

systems appeared to serve as a compensatory mechanism that acted to limit the functional 

impact of mild TBI on PASAT behavioural performance.  While following extended 

training this coping mechanism did not facilitate the more efficient use of processing 

capacity, it did allow for the executive routines or overall performance strategy to improve 

with repeated practice.   
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Given the intact behavioural performance of the mild TBI group in the experiment 

reported in Chapter 8, the functional implications of impaired development of automaticity 

were unclear.  However, the ability to automatically process some or all components of a 

task may be an essential mechanism of selective attention, as it allows for the reallocation 

of limited attentional resources.  Extended reliance on controlled processing strategies is 

likely to create a situation where cognitive operations are experienced as more effortful and 

less automatic, as even the least demanding tasks are now liable to engage the majority of 

available processing resources.  Such a reduction in an already limited pool of resources 

would be expected to significantly disrupt an individual’s ability to simultaneously engage 

in a secondary task or cope with any further increase in task demand.  To explore these 

predictions, a visual search task was therefore developed in Chapter 9 and paired with 

PASAT performance in a dual-task paradigm in Chapter 10.   

Information processing appears to be composed of a series of functionally specific 

resources, which can be separated along a number of separate dimensions.   Wickens (1980; 

, 1984) differentiated between three dichotomous dimensions: stage of information 

processing (perceptual/central versus response); modality of processing (input: visual 

versus auditory, output: motor versus speech); and, code of processing (verbal versus 

spatial).  Wickens’ multiple resources model proposes that capacity within a specific 

dimension is limited, therefore tasks which rely upon the same processing resources within 

a dimension will interfere with one another, while tasks with heterogeneous processing 

demands may be executed simultaneously with little decrement in performance. 

 The dual-task procedure involved pairing the PASAT task at the 1.6-second ISI 

with performance of two conditions of a visual search task.  The first condition was 

designed to facilitate efficient automatic detection of target stimuli, with a target letter T 

distributed amongst the distractor letter O.  In this search condition the target letter T 
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possessed distinctive features, as compared with the letter O distractors in the visual 

display.  Targets in this condition therefore automatically popped out (Schneider & 

Shiffrin, 1977; Treisman & Gelade, 1980).   

In the second condition, the target letter T was distributed amongst the distractor 

letter L.  In this condition the target possessed no distinctive features as both the target 

letter T and the letter L distractors were composed of a horizontal and a vertical line.  An 

effortful, attention demanding controlled search was therefore required in this condition, in 

order to discriminate the particular combination of these two features which composed the 

target stimuli (Beck & Ambler, 1973; Treisman & Gelade, 1980; Wolfe, 2003).   

The PASAT and visual search tasks were conceptualized to rely upon separate 

perceptual modality and motor output systems.  Any dual-task decrement could therefore 

be attributed to interference occurring at central stages of information processing.  The mild 

TBI group was found to be differentially impaired on dual-task performance in the 

condition requiring simultaneous performance of the practiced PASAT task and the 

controlled search condition of the visual search task.  Concurrent performance of the 

PASAT task and the automatic detection condition of the visual search task was not found 

to be impaired relative to matched healthy controls.   

The selectivity of the interference effect argued against the presence of a deficit in 

higher-order processes mediating divided attention, and rather suggested impairment after 

mild TBI was related to a reduction of available controlled processing resources.  

Specifically, the interference effect suggested that following mild TBI, both the PASAT 

and the controlled visual search task were drawing upon the same pool of limited capacity 

central processing resources.  Had the mild TBI group been able to benefit from practice 

and develop more efficient methods for processing the PASAT task, this dual-task 

interference effect would not have been expected to occur.  Rather, performance would 
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have resembled that of the healthy controls, wherein extended training on the PASAT task 

facilitated the development of automatic processes.  Limited-capacity controlled processing 

resources could therefore be redistributed for execution of the attention demanding 

controlled visual search task, without producing a significant decrement in concurrent 

PASAT performance.   

The results of the experiment presented in Chapter 10 were therefore in agreement 

with previous studies which suggest that individuals who have suffered a mild TBI have a 

reduced information processing capacity (Bernstein, 2002; Cicerone, 1996; Cudmore, 

Segalowitz, & Dywan, 2000; Gronwall & Wrightson, 1975; Segalowitz, Bernstein, & 

Lawson, 2001).  Reductions in capacity imply even simple tasks may now consume nearly 

all available processing resources and individuals who have sustained a mild TBI are 

therefore required to constantly allocate maximal information processing resources in order 

to achieve “normal” levels of performance.  Behaviourally, reductions in information 

processing capacity may impair the successful execution of tasks which require 

simultaneous attention to a number of factors and result in an inability to cope with an 

increase in task demands.   

 

11.2 A Revised Theory of Attentional Deficits Following Mild TBI 

Mild TBI constitutes the overwhelming majority of all brain injuries (Annegers, 

Grabow, Kurland, & Laws, 1980; Cassidy et al., 2004; Guerrero, Thurman, & Sniezek, 

2000; Kraus & Nourjah, 1988).  Although cognitive and behavioural symptoms are 

common in the days and weeks immediately following injury (Bazarian et al., 1999; 

Bohnen, Twijnstra, & Jolles, 1992; Hugenholtz, Stuss, Stetham, & Richard, 1988), the 

majority of individuals who suffer a mild TBI appear to make a good recovery from these 

acute symptoms and report no long-term consequences (Binder, Rohling, & Larrabee, 
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1997; Bohnen, Jolles, Twijnstra, Mellink, & Wijnen, 1995; Dikmen, McLean, & Temkin, 

1986; Dikmen, Machamer, Winn, & Temkin, 1995; Gentilini et al., 1985; Iverson, Lovell, 

& Smith, 2000; Kashluba et al., 2004; Levin, Mattis et al., 1987; Macciocchi, Barth, Alves, 

Rimel, & Jane, 1996; Newcombe, Rabbitt, & Briggs, 1994; Ponsford et al., 2000; Schretlen 

& Shapiro, 2003; Vanderploeg, Curtiss, & Belanger, 2005).   

However, a significant sub-group continues to report symptoms of cognitive, 

affective, sensory, and physical dysfunction for several months to years after injury 

(Alexander, 1995; Alves, Macciocchi, & Barth, 1993; Bohnen, Jolles, & Twijnstra, 1992b; 

Dikmen & Levin, 1993; Evans, 1992; Gualtieri, 1995; Leininger, Gramling, Farrel, 

Kreutzer, & Peck, 1990; Masson et al., 1996; Mazaux, Masson, & Levin, 1997; Middelboe, 

Andersen, Birket-Smith, & Friis, 1992; Rutherford, Merrett, & McDonald, 1979; Sherman, 

Strauss, & Spellacy, 1997).  Formal evaluation of these individuals has often produced a 

marked discrepancy between the subjective self-report of the individual and objective 

performance on outcome measures (Zasler, 2000).  While initial studies argued the lack of 

concordance supported a psychogenic explanation for persistent symptomatology 

(Alexander, 1995; Hugenholtz, Stuss, Stetham, & Richard, 1988; Kay, 1993; Lishman, 

1988; Rutherford, Merrett, & McDonald, 1979; Zasler, 1996), continued investigation led 

several authors to conclude that many routine measures lacked the sensitivity to detect the 

subtle but significant changes associated with mild TBI, and that when assessed on suitably 

demanding measures, even in individuals with so-called good recovery, deficits in attention 

and concentration were evident (Bernstein, 1999, 2002; Bohnen, Jolles, & Twijnstra, 

1992b; Cicerone, 1996; Gaetz & Bernstein, 2001; Hugenholtz, Stuss, Stetham, & Richard, 

1988; Packard & Ham, 1996; Raskin, Mateer, & Tweeten, 1998; Segalowitz, Bernstein, & 

Lawson, 2001; Stuss et al., 1985).  Using sophisticated structural and functional imaging 

techniques, a growing association between these objective neuropsychological deficits and 
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structural abnormalities is being reported (Hofman et al., 2001; Mase et al., 2004; Umile, 

Sandel, Alavi, Terry, & Plotkin, 2002), suggesting that a failure to recover as expected 

following mild TBI may be the result of the neuropathological consequences of the trauma 

itself, which may not be readily reversible (Bigler, 2004; Bigler & Snyder, 1995; Elson & 

Ward, 1994; Goodman, 1994; Kant, Smith-Seemiller, Isaac, & Duffy, 1997; McAllister et 

al., 1999; Ruff et al., 1994).   

However, attention is a multi-dimensional concept (Baddeley, 1993; Cohen, 1993; 

Kinchla, 1980; Norman & Shallice, 1986; Schneider & Shiffrin, 1977; Sohlberg & Mateer, 

1989; van Zomeren, Brouwer, & Deelman, 1984), and disagreement rages as to not only 

which aspects of attention are clinically relevant (Mirsky, Anthony, Duncan, Ahearn, & 

Sheppard, 1991; Schmidt, Trueblood, Merwin, & Durham, 1994; Shum, McFarland, & 

Bain, 1990; Spikman, Henk, Deelman, & van Zomeren, 2001; van Zomeren & Brouwer, 

1994) but which components are disrupted in mild TBI (Bohnen, Jolles, & Twijnstra, 

1992b; Chan, 2005; Cicerone, 1996; Dikmen, McLean, & Temkin, 1986; Mathias, Beall, & 

Bigler, 2004; Parasuramen, Mutter, & Molloy, 1991; Ponsford & Kinsella, 1992; Spikman, 

van Zomeren, & Deelman, 1996; Stablum, Mogentale, & Umiltà, 1996; Stuss et al., 1989; 

Stuss, Stethem, Hugenholtz, & Richard, 1989).   

To add to the confusion, some researchers have argued that impairment after mild 

TBI on neuropsychological tests of attention may not reflect a deficit in attention at all, and 

poor performance may be better explained by a reduction in speed of information 

processing (Ponsford & Kinsella, 1992; Robertson, Manly, Andrade, Baddeley, & Yiend, 

1997; Spikman, van Zomeren, & Deelman, 1996).  According to this slowed processing 

hypothesis individuals with mild TBI do not have a specific attentional deficit but rather 

suffer from a generalized slowing of perceptual, motor, and cognitive functioning.   

Within the dual-process theory of information processing proposed by Schneider 
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and Shiffrin (1977) the dimensions of the task characteristics concerning the amount of 

structure the task offers determine the demands placed on an individual’s attentional 

capacity.  In situations where no well-learned course of action is available, capacity-limited 

controlled processing is required to establish novel patterns of integration between long-

term memory, perceptual, evaluative, and attentional systems.  Although the control and 

flexibility offered by this mode of processing makes it ideal for performance in novel or 

inconsistent situations, controlled processes are slow to execute, and tightly rate and 

capacity limited.  In contrast, in routine situations where a learned associative relationship 

between stimulus and response has been established, the conscious allocation of attention is 

not required and task operations can be executed automatically.  Because automatic 

processes are not limited by information processing capacity and allow for simultaneous, 

parallel processing, this mode, though inflexible, is much faster and more efficient than 

controlled processing. 

Several researchers have incorporated this dual-process framework into the 

evaluation of performance after mild TBI and suggest that while slowness of information 

processing may account for many of the reported cognitive deficits observed following 

injury, in addition to slowness, performance on neuropsychological tests of attention is 

moderated by the degree of controlled processing which is required to execute the task 

(Birnboim, 2003; Cicerone, 1996, 2002; Mateer, 2000; Spikman, Henk, Deelman, & van 

Zomeren, 2001).  Therefore, following mild TBI, the degree of impairment on a 

neuropsychological task may be directly related to the level of task structure or difficulty, 

regardless of the component of attention the task is alleged to be tapping (Cicerone, 1996; 

Cicerone & Azulay, 2002; Hugenholtz, Stuss, Stetham, & Richard, 1988; Parasuramen, 

Mutter, & Molloy, 1991; Stablum, Mogentale, & Umiltà, 1996; Stuss et al., 1989).  Such 

findings suggest that when task demands exceed the capacity of available controlled 
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processing resources, individuals with mild TBI are susceptible to higher order deficits in 

complex aspects of attentional control, rather than specific impairment at the lower levels 

of focused, divided, or sustained attention (Mateer, 2000).  These deficits may represent 

dysfunction of the anterior attention network system (Posner & Petersen, 1990) involved in 

the central executive (Baddeley & Hitch, 1974) or supervisory (Norman & Shallice, 1986) 

component of attention, and may be exhibited as a generalized slowing of information 

processing and impaired performance upon tasks of focused, divided, or sustained attention.   

Such subtle but significant decreases in the efficiency of controlled processing may 

be a consequence of disruption of physiological systems critical to the regulation of 

attentional processes which can occur as a result of seemingly minor head injury.  Diffuse 

alteration of axonal tissue and white matter tracts following mild TBI may degrade the 

communication process between distant brain areas which have to interact simultaneously 

during task performance (Au Duong et al., 2005; Milham et al., 2002; Timmerman & 

Brouwer, 1999), thereby disrupting the functional connectivity of attention networks 

(Bernstein, 2002; Cicerone, 1996; Cudmore, Segalowitz, & Dywan, 2000; Mathias, Beall, 

& Bigler, 2004; McAllister et al., 2001; Potter, Bassett, Jory, & Barrett, 2001; Segalowitz, 

Bernstein, & Lawson, 2001; Solbakk, Reinvang, & Nielsen, 2000).  

The capacity for strategic control over attentional resources required for the 

coordination and execution of complex task requirements therefore appears to be disrupted 

following mild TBI (Bohnen, Jolles, & Twijnstra, 1992b; Cicerone, 1996; Hugenholtz, 

Stuss, Stetham, & Richard, 1988; Parasuramen, Mutter, & Molloy, 1991).  As capacity-

limited controlled processing underlies learning of all kinds, including automatic 

processing (Schneider, 1985; Schneider & Detweiler, 1988; Shiffrin & Schneider, 1977), 

the development of automaticity depends on the integrity of executive attention resources 
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available during the period of extended practice (Feldman Barrett, Tugade, & Engle, 2004; 

Schmitter-Edgecombe, 1996; Shiffrin & Schneider, 1977; Unsworth & Engle, 2005).   

According to connectionism/control (Schneider, 1987; Schneider & Chein, 2003; 

Schneider & Detweiler, 1988), cognitive processes, including attention, arise from parallel 

interactions in multiple nodes of a neural network (Mesulam, 1990; Schneider, 1987).   

Information is not stored, represented, or manipulated in any specific node of the network, 

but rather in the pattern of inter-connections of any number of nodes.  Practice leads to 

automaticity by strengthening the associations between the input and output connections of 

a processing network.  Following the consistent execution of a processing operation, 

capacity-limited attentional control can gradually be withdrawn, as a permanent set of 

associative connections facilitating the automatic processing of an input and the automatic 

retrieval of a routine output operation are established. 

Consequently, injury-related loss of a specific node would not be expected to result 

in the loss of a specific piece of knowledge, although it might make information processed 

within the entire network more difficult and less efficient to access (Schneider & Chein, 

2003).  Diffuse axonal injury occurring as a result of mild TBI may therefore contribute to 

attentional dysfunction by interrupting the conduction pathways between cortical areas, 

reducing the efficiency of operation of the global workspace (Dehaene, Kerszberg, & 

Changeux, 1998).  Specifically, the diffuse alterations of axons may disrupt functional 

connectivity and interfere with the strengthening of associations between conceptual nodes 

of temporarily established processing networks (Schmitter-Edgecombe & Rogers, 1997).   

Over a period of extended training individuals who have suffered a mild TBI are 

therefore impaired in their ability to develop automatic processing strategies.  Injury-related 

disruptions in functional connectivity diminish an already limited pool of processing 

resources, reducing the efficiency of controlled processing and interfering with 
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establishment of the permanent sets of associative connections which underlie automaticity.  

As a result individuals who have suffered a mild TBI are delayed in the redistribution of 

limited capacity processing resources, and have to maintain effortful controlled processing 

strategies as performance now remains directly related to the degree of cognitive effort 

applied.   It is therefore suggested that individuals who have sustained a mild TBI are not 

generally incapable of dealing with non-routine situations, but that they profit less from 

repeated learning experiences.   

However, these abnormalities in the development of automatic processing may not 

be readily apparent upon behavioural measures, which generally provide no objective index 

of task demand and limited insight regarding the intensity of underlying information 

processing operations.  Functional measures, including the ERP, which can provide a 

metric of the intensity of cognitive activity underlying task performance, are more likely to 

reveal abnormalities, and demonstrate that following extended practice an individual with 

mild TBI expends an abnormal amount of cognitive effort to achieve a normal level of 

performance.  Although this methodology has a relatively brief history as a diagnostic tool 

to assess for the presence of brain dysfunction, it appears the ERP can provide neurological 

and cognitive parameters of injury which may otherwise be unavailable, and can be of 

significant assistance in describing the nature and scope of attentional dysfunction after 

mild TBI. 

The reduced capacity to benefit from practice and progress to a more efficient form 

of information processing has significant ramifications.  First, due to the lack of a practice-

mediated reduction in effortful processing, cognitive operations are experienced as more 

effortful and less automatic (Cicerone, 1996, 2002; Cudmore, Segalowitz, & Dywan, 2000; 

Gronwall & Wrightson, 1975; Segalowitz, Bernstein, & Lawson, 2001).  This protracted 

reliance on effortful controlled processing may therefore provide an explanation for the 
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robust cognitive and behavioural symptoms composing the post-concussion syndrome 

which are self-reported in the mild TBI literature (Alves, Macciocchi, & Barth, 1993; 

Binder, 1986; Bohnen & Jolles, 1992; Cicerone, 1996; Dikmen, McLean, & Temkin, 1986; 

Evans, 1992; Gasquoine, 1997; Levin, Benton, & Grossman, 1982; Paniak et al., 2002; 

Rimel, Giordani, Barth, Boll, & Jane, 1981; Rutherford, 1989).   

Second, in healthy individuals retrieval becomes easier and faster, and cognitive 

operations become more automatic as the slow, effortful, serial process of acquiring new 

and complex information diminishes with consistent practice.  In contrast, individuals who 

have sustained a mild TBI remain dependent on slow, serial, controlled processes following 

extended training.  Persistent reliance on a less efficient mode of processing may account 

for the frequent finding in the mild TBI literature of a generalized slowing of mental 

operations (Gronwall & Sampson, 1974; Leininger, Gramling, Farrel, Kreutzer, & Peck, 

1990; Levin, Mattis et al., 1987; Ponsford & Kinsella, 1992; Spikman, van Zomeren, & 

Deelman, 1996).  However, rather than reflecting a non-specific reduction in the rate of 

information processing, slowed speed of processing following mild TBI may represent the 

behavioural consequence of an impaired ability to develop efficient, rapid automatic 

processes. 

Third, the development of automatic processes frees up limited-capacity processing 

resources, allowing them to be re-allocated to alternate processing activities.  The sustained 

expenditure of effortful controlled processing resources therefore reduces an already 

limited capacity of processing resources, interfering with the ability to cope with an 

increase in tasks demands or the simultaneous processing of a secondary task.   
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11.3 Implications for Recovery from Mild TBI 

While the aetiology, symptoms, and outcomes of neuropsychological impairment 

following mild TBI have been the focus of numerous research investigations, relatively 

little work has focused on the treatment of mild TBI, even though this category makes up 

the majority of head injury cases.  This shortcoming is presumably a reflection of the 

traditional view that any cognitive and behavioural sequelae of mild TBI are generally 

rapidly resolving.  However the results of the current thesis, and a growing body of more 

recent empirical work, contradict this view, and suggest that the development of 

rehabilitation methods for individuals who have sustained a mild TBI is not only 

appropriate, but long overdue.   

Despite any differences in aetiology and deficit patterns between individuals with 

mild TBI and those with more severe brain injuries, the main therapeutic principles of 

neuropsychological rehabilitation remain the same.  Intervention should occur as early as 

possible after mild TBI to minimize later disability (Kay, 1993; Kay, Newman, Cavallo, 

Ora, & Resnick, 1992).  It is recommended that intervention be administered 

prophylactically, preferably before the person attempts a return to full functioning.  

Delaying intervention til after an individual experiences failure puts the rehabilitation 

processes at a significant disadvantage and puts the individual at risk for a downward spiral 

of further failure, frustration, loss of confidence, anxiety, avoidance, and depression (Kay, 

1993).   

Early preventative intervention should start by giving information and education 

about understanding symptoms, and developing realistic expectations and reasonable 

predictions about recovery (Kay, 1993).  Discussion should focus on the normal 

consequences of mild TBI and the typical time course of recovery, stressing the need for a 

gradual return to functioning.  This knowledge should give the individual an explanation 
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for why they feel the way they do, validating their subjective experience of impairment and 

inability to function, and providing them with an outlet for discussing their injury.  

Understanding of the impact of mild TBI also provides a framework within which the 

individual can re-establish a sense of self and self-efficacy, and lets them know their 

symptoms are manageable (Gronwall, 1989).   

The second element in the rehabilitation process is to provide support and assist the 

individual in coping with social and environmental stressors.  While the aim of 

rehabilitation is to ultimately return the individual to a state of functional independence, the 

individual often needs to accept help and support from external sources until pre-morbid 

levels of independence can be restored.  For example, support might involve the 

development of individualized strategies to assist in problem solving and decision making, 

or education in practical techniques of stress management and relaxation (Gronwall, 1989).   

The next step is to plan a graduated return to pre-morbid levels of occupational and 

social functioning.  Slowly reintroducing functional roles and activities at a rate which does 

not cause the subjective experience of symptoms to increase is one of the most effective 

means of post-injury symptom management (Kay, 1993).  Resumption of functioning 

should take into account the nature and severity of symptoms, the personality and coping 

style of the individual, and the demands and limitations of the environment (Kay, 1993; 

Kay, Newman, Cavallo, Ora, & Resnick, 1992).   

The final component of rehabilitation after mild TBI involves the regular 

monitoring of progress.  In particular, repeat assessment of cognitive functioning to 

determine where the person stands in relation to their cognitive recovery, and the normal 

population, is recommended.  Results of neuropsychological assessment can also assist in 

determining the relative emphasis of the rehabilitation program, evaluating the efficacy of 

interventions, and determining the appropriateness of a return to pre-morbid activities such 
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as work, study, or driving (Gronwall, 1986).  When specific symptoms do not appear to be 

improving spontaneously it is crucial to provide referral for treatment before the 

dysfunction becomes chronic (Kay, 1993; Kay, Newman, Cavallo, Ora, & Resnick, 1992).   

In the case of the current sample of individuals with mild TBI, the results of a 

remediation program reported by Cicerone (2002) are of particular interest.  Cicerone 

speculated that the attentional deficits observed after mild TBI are due to an impairment of 

executive level components of attention.  As a result of impairment in this system, 

individuals who have suffered a mild TBI experience problems efficiently coordinating and 

controlling the processing of multiple streams of information.  These individual can attempt 

to compensate for these difficulties by increasing their reliance upon attentional control 

mechanisms.  Consequently, they experience their cognitive functioning as more effortful 

and less automatic (Cicerone, 2002). 

Cicerone (2002) therefore developed an intervention for attentional deficits 

following mild TBI aimed at improving the efficiency of function of executive attentional 

control.  It was hypothesized that practice on tasks with sufficient controlled processing 

demands would provide patients with the opportunity to consciously improve the regulation 

and allocation of residual attentional resources required for the coordination and execution 

of complex task requirements (Cicerone, 2002). 

Four individuals who had sustained a mild TBI a minimum of three months 

previously participated in the intervention program.  Participants were selected on the basis 

of subjective complaint of attentional difficulties and objective evidence of impairment on 

neuropsychological tests of attention.  Over a series of individual treatment sessions the 

participants were administered a battery of treatment tasks designed to elicit progressively 

more complex controlled processing demands.  In addition to providing feedback and 

discussion on task performance, verbal mediation, rehearsal, anticipation of task demands, 
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self-monitoring, and self-pacing techniques were introduced and practiced to facilitate the 

conscious and deliberate use of strategies to effectively allocate attentional resources and 

manage the rate of information on the treatment tasks (Cicerone, 2002).   

Outcome was assessed on common neuropsychological tests of attention and a self-

report questionnaire.  Following treatments, participants demonstrated significant 

improvement on the neuropsychological measures of attention and self-reported a reduction 

in attentional difficulties in daily living.  The results suggested that the intervention 

program facilitated the development of attentional control strategies to consciously improve 

the regulation and allocation of residual attentional resources.  These strategies enhanced 

the ability to effectively coordinate and execute complex task requirements and improved 

the ability to cope with injury-related attentional deficits (Cicerone, 2002).   

In healthy individuals, following practice, a task utilizes processing capacity more 

efficiently.  For those individuals who have sustained a mild TBI, including the current 

sample, a concerted effort to consciously and deliberately develop processing strategies 

which facilitate the efficient application of remaining limited-capacity controlled 

processing resources may be capable of mimicking the practice-mediated development of 

automaticity observed in non-brain injured individuals.  In other words, the results of 

Cicerone’s (2002) intervention suggest that the subtle attentional deficits reported in the 

current thesis may be amenable to rehabilitation efforts. 

 

11.4 Possible Confounding Factors 

A concern in the current thesis is the possible effect that non-organic processes, 

such as temporary changes in arousal levels or longer-lasting disturbances in behaviour and 

mood, may have had on the late PN elicited in the PASAT task (Halliday, 1993).  While 

efforts were made to control for these factors, there is still a possibility for individual 
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differences.  However, across each experimental session, the similarity between groups in 

the latency and amplitude of the P3 deflection suggests that such state variables were 

unlikely to have contributed significantly to the group differences observed in the 

amplitude of late PN (Granovsky, Sprecher, Hemli, & Yarnitsky, 1998; Polich & Kok, 

1995; Solbakk, Reinvang, & Nielsen, 2000).  Furthermore, current levels of depression, 

anxiety, and stress as self-reported on the Depression Anxiety Stress Scale (Lovibond & 

Lovibond, 1995) were equivalent between the two groups and within the normal range.  

However, the dangers of interpreting non-significant differences in a sample of this size are 

recognized, and further study in this area is warranted.   

 To minimize the impact of potentially confounding factors, the mild TBI group was 

matched with healthy controls on gender, age, and years of education.   Furthermore, the 

two groups did not differ in terms of mathematical ability, estimated pre-morbid IQ, or 

level of effort, all of which were within normal ranges.  However, while there were no main 

effects, there remains the potential for confounding interaction between factors on which 

the groups had been individually matched.   The failure to detect a moderating effect can be 

an important problem, as the differences between groups may be an artifact of complex 

interactions between these factors (Aguinis, Beaty, Boik, & Pierce, 2005).  Multiple 

regression analysis can be useful for identifying and minimizing the impact of these 

interactions, and providing assurance that group differences remain robust even after the 

effects of these moderating factors has been taken into consideration (Aiken & West, 1991; 

Baron & Kenny, 1986; Dawson & Richter, 2006).  While the size of the sample in the 

current study cannot support such analyses, techniques to detect the moderating effects of 

more complex interactions should be considered in future studies.   

Finally, the study cohort was composed of ten individuals who had sustained a mild 

TBI.  As ERP methodology is based on acquiring massive iterations of task performance, 
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statistically and clinically significant findings are often achieved in study populations 

generally smaller than those utilized in studies employing standard psychometric measures 

(Halliday, 1993).  Therefore, in the current data analysis, despite the sample size, it was 

possible to detect statistically significant effects with sufficient power.  However, a larger 

sample size in the current study may have increased the generalizability of the results.  

Furthermore, a larger sample of individuals with mild TBI may allow for an investigation 

into the time course of the observed ERP deficit.  Specifically, it may be worthwhile to 

investigate whether over a longer period of training individuals with mild TBI eventually 

demonstrate reductions in amplitude of late PN on par with healthy controls.  A larger 

sample may also facilitate an exploration of time since injury effects, in order to determine 

whether deficits persist unabated or gradually ameliorate with time.  Individuals recruited 

from a medical setting with documented loss of consciousness or post-traumatic amnesia 

would also strengthen the results reported here, as would the use of a control group of 

individuals with non-central nervous system traumatic injuries. 

 

11.5  Conclusions 

Mild TBI is the most common category of traumatic brain injury, and affects 

millions of people worldwide annually.  A mild TBI can be suffered quite easily, occurring 

in a fall, motor vehicle accident, or sporting injury.  Although a disruption or loss of 

consciousness, the hallmark of mild TBI, is considered evidence of having suffered brain 

injury, the condition is not considered to require hospitalization and individuals treated for 

mild TBI are typically given little or no instructions concerning the risk of neurobehavioral 

sequelae and their temporal course.  This is due, in part to a number of influential studies 

conducted in the 1980s that found that the cognitive and behavioural consequences of mild 
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TBI are typically rapidly resolving and the condition can generally be associated with a 

good outcome.   

However, a significant minority of individuals fail to make a good recovery, and 

continue to report cognitive and behavioural symptoms months and years after mild TBI.  

Furthermore, it has also been suggested that even in those individuals who appear to make a 

good recovery, suitably demanding measures may reveal subtle, long-lasting deficits.  

There is also evidence that in those individuals with so-called good outcome, recovery after 

mild TBI may represent behavioural adaptation rather than a return to pre-morbid levels 

and methods of functioning.   

 These multiple lines of argument have prompted a re-examination of the 

neuropsychological consequences of mild TBI.  Several recent meta-analyses of the 

condition have revealed that mild TBI may disrupt a range of cognitive functions, but most 

likely in the domain of attention and concentration.  However, there is a lack of consensus 

in how to interpret deficits on neuropsychological tests of attention following mild TBI.  

On the one hand, poor performance has been interpreted as the result of a global, non-

specific reduction in information processing speed.  Deficits arise because operations 

cannot be executed rapidly enough, and the demands of the task exceed the individuals 

processing speed.  Alternatively, the degree of controlled processing which is required to 

perform a task has been identified as the critical factor.  Following mild TBI, reductions in 

information processing capacity have been argued to disrupt an individual’s capability to 

strategically control attention in order to coordinate and maintain goal-directed processing 

of stimuli in complex or novel situations.   

 The results of the current thesis provided minimal support for the slowed processing 

theory.  Across all timed tasks, including the PASAT and effortful and automatic visual 

search, there was no behavioural evidence of reduced processing speed relative to healthy 
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controls.  Examination of the ERP latency results, which provided high resolution temporal 

data, also failed to differentiate the mild TBI group from healthy controls. 

 Rather, injury-related disruptions in the strategic control over attentional resources 

were demonstrated to cause a diminution in the capacity to benefit from practice.  In 

individuals who have suffered a mild TBI, following extended training, a task does not 

utilize processing capacity more efficiently.  Decreased cognitive efficiency, either through 

loss of functional connectivity due to structural damage, abnormal resource allocation, or 

some combination of factors, appears to interfere with the establishment of a permanent set 

of associative connections that underlie automaticity.  Individuals with mild TBI are 

therefore impaired in their ability to progress from the stage of effortful controlled 

information processing to a stage of more efficient, automatic processing, and thus suffer a 

subtle attentional deficit heretofore unrecognized.   

In conclusion, the neuropathologic consequences of mild TBI are sufficient to 

produce chronic disability and permanent cognitive impairment.  Following mild TBI, 

individuals learn to perform a skill in a way that is different from non-brain injured 

individuals.  As a result, individuals who have suffered a mild TBI are less able to benefit 

from practice, have less processing resources available to cope with the simultaneous 

performance of a secondary task, and are susceptible to distressing subjective 

symptomatology. 

It is hoped that the results of this thesis spur the recognition that outcome following 

mild TBI may reflect behavioural adaptation rather than return to a premorbid level of 

functioning.  Failure to recover as expected should therefore be interpreted cautiously, and 

the presence of subtle neurotrauma seriously considered.  However, the strength of these 

recommendations would benefit from replication of the current study in an independent 

sample of individuals who have sustained a mild TBI.  Individuals recruited from a medical 
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setting with documented loss of consciousness or post-traumatic amnesia would also 

bolster the confidence of the findings.  Furthermore, a larger sample of individuals with 

mild TBI may allow for an investigation into the time course of the observed ERP deficit.  

Specifically, it may be worthwhile to investigate whether over a longer period of training 

individuals with mild TBI eventually demonstrate reductions in amplitude of late PN on par 

with healthy controls.  A larger sample may also facilitate an exploration of time since 

injury effects, in order to determine whether deficits persist unabated or gradually 

ameliorate with time. 
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Appendix B - Cancellation Task Participant Instructions 
 

 

The following page contains several rows of letters.  Beginning in the top 

left-hand corner, search across the page from left to right, top to bottom, just like 

you are reading.  Your target is the letter T, cross through the target stimulus 

every time you find one.  I would like you to search for the targets as quickly as 

you can, but without making any mistakes.  Let me know when you are finished.  

Do you have any questions?  Okay, begin.  
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Appendix C - Dual-Task Participant Instructions 
   
 

Now I would like you to perform the PASAT task and the visual search task 

at the same time.  In this situation the PASAT task is the more important task.  I 

would like you to focus on keeping your performance on this task as high as it was 

when you completed the task on its own.  However, I would also like you to find as 

many target letter Ts for me as you can.  When you finish one page, go on to the 

next.  Keep working until the PASAT task finishes.  Do you have any questions?  

Okay, begin. 

 

 


