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3. ABSTRACT 

This study was an investigation of early changes in long latency event-related 

potentials with an emphasis on the N200/P300 complex in a group of adults with mild 

traumatic brain injury (TBI). Subjects with mild TBI and a matched group of non-injured 

subjects were presented three auditory oddball tasks differing in degree of difficulty. 

Subjects with TBI were tested within 100 hours of the injury and again at 20 days post-

injury. Non-injured subjects also underwent two test sessions, with visit two occurring 

18 days after visit one. Event-related potentials were recorded from three midline sites 

(Fz, Cz, Pz) during the three oddball tasks, two tone-frequency discrimination tasks and 

one tone-duration discrimination task. The amplitude and latency of both the N200 and 

the P300 were compared between the two groups. 

The amplitudes of the two components did not differ significantly between the 

two groups. However, the latencies of both the N200 and the P300 were prolonged in the 

mild TBI group. This delay interacted significantly with recording site, with the maximal 

between-group difference occurring at Fz for both components. The group effect did not 

interact significantly with the timing of the test session or the difficulty of the oddball 

task. Taking the latencies of the two components as indices of information processing 

speed, the data suggest the presence of reduced processing speed in the mild TBI group 

that persists for at least three weeks post-injury. Increasing task difficulty, at least to the 

level used in the present study, did not enhance the observed difference between the two 

groups. The findings related to recording site are consistent with neurobehavioral, 

neuroimaging, and pathophysiological data which indicate greater effects of injury on 

frontal regions of the brain. 
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4. INTRODUCTION 

With more than 1,000,000 new cases every year, traumatic brain injury (TBI) is 

one of the most common sources of neurological impairment in the United States (Kraus 

& Nouijah, 1989). More than two-thirds of traumatic brain injuries are considered "mild." 

Unlike persons with severe injuries, the majority of individuals with mild TBI will seem to 

recover fiilly, without follow-up treatment, within days or weeks of the injury. There is, 

however, a sub-group of individuals with mild TBI who will present with subjective 

complaints as well as behavioral and neuropsychological deficits for months or years 

following the injury (Alexander, 1995). The reasons for persistence of symptoms in some 

individuals and not others are pooiiy understood. 

There are many factors contributing to the lack of understanding of mild TBI. 

First, when persistent changes do appear, they are often subtle and can take time to 

develop. Second, mild TBI has historically been equated with concussion, a phenomenon 

believed to be benign in nature and involve no permanent neurological consequences 

(Committee on Head Injury Nomenclature of the Congress of Neurological Surgeons; 

Glossary of Head Injury, 1966). It was not until the late 1960s that researchers identified 

microscopic changes in the brains of individuals with clinically mild TBI (Oppenheimer, 

1968; Peerless & Rewcastle, 1967). Finally, computed tomographic scanning (CT), the 

most widely available neuroimaging technique, does not provide sufBcient resolution to 

identify the types of neurological changes that can develop as a result of mild TBI. It is 

only with costly techniques, such as magnetic resonance imaging and radioisotope studies. 
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that the structural and functional abnormalities can be observed. Given the large number 

of individuals who present to the emergency room with mild TBI, these more expensive 

measures are not likely to be put into general clinical use in the near future. 

Cerebral electrophysiological measures provide researchers and clinicians with a 

non-invasive and relatively inexpensive method of investigating the functional integrity of 

neuronal activity. One type of measure in particular, long latency event-related potentials 

(ERPs), has received attention over the last decade as a possible means of studying mild 

TBI. Indeed, long latency ERPs seem well suited for the assessment of individuals with 

mild TBI. The factors that are known to influence long latency ERP component 

characteristics, attention and speed of information processing (Ford et al. 1976; Kllyard et 

al., 1973, Bfillyard & Hansen, 1986; Kutas et al., 19777; Polich, 1987), are among the 

neuropsychological deficits commonly reported in individuals with mild TBI. 

The neuropsychological deficits of mild TBI are often subtle (Bohnen et al., 1992; 

Hugenholtz et al., 1988; Maddocks & Saling, 1996; Raskin & Mateer, 1995), and 

revealing them often requires the use of complex and demanding tasks (Cicerone, 1996; 

Donchin et al., 1973; Ford et al., 1976). Researchers have suggested that one factor 

contributing to these deficits is damage to the fi-ontal lobes, or their connections, and the 

anterior temporal lobes (Halstead, 1947; Mattson & Levin, 1990; Stuss et al., 1985). It is 

thought that certain features of the brain and skull make these regions particularly 

vulnerable to the acceleration/deceleration events most often responsible for mild TBI 

(Levin et al., 1987; Ommaya, 1973). Neuroimaging studies, including positron emission 

tomography (PET) and single photon emission computerized tomography (SPECT), have 
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in fact shown a greater propensity for signal abnormalities in the frontal lobes and anterior 

temporal lobes after mild TBI. 

The use of long latency ERPs in the study of mild TBI has produced mixed results. 

Early work by Curry (1980) included a small group of patients with mild TBI who were 

tested "as soon as possible" after injury. The authors reported changes in waveform 

morphology attributed to the trauma, though the specific abnormality varied across 

subjects. Work by DeSalles and colleagues (1987), using fluid percussion in a cat model 

of mild head injury, demonstrated that the late-positive component, analogous to the P300 

in humans, was suppressed for a period of up to three days following the injury. Pratap-

Chand and associates (1988) compared P300 latency and amplitude between a group of 

20 patients with what they termed "minor head injury" and a group of non-injured 

subjects. The injured subjects were tested initially within four days of the injury and then 

again between one and eight months later. The researchers reported a significant 

between-group difference in P300 latency for the initial test visit. However, the 

magnitude of this difference decreased and was not statistically significant at the follow-up 

visit. Conversely, Werner and Vanderzant (1991) reported P300 amplitudes and latencies 

that were within "normal limits" in a group of ten patients with mild closed head injury 

who were tested within two weeks of their injury. It is worth noting, however, that 

normative data on the P300 component were not reported in the study. More recently. 

Ford and Khalil (1996) studied a group of 54 patients with mild TBI who were referred 

for cerdiral electrophysiological evaluation 30 hours to 22 months post-injury. The 

research findings included differences in both the N200 and P300 components when the 



results from the mild TBI patients were compared to those from a group of 27 non-injured 

subjects. The P300 component of the injured group was found to be smaller than that 

recorded from the non-injured group, with maximal attenuation occurring at the Fz 

recording site. Further, the N200 component showed increased latency and amplitude in 

the injured group, with maximal differences occurring at the C3 recording site. Finally, 

Segalowitz and colleagues (in submission) reported significantly reduced P300 amplitude 

in a group of "weU-fimctioning university students" each of whom had suffered a mild TBI 

an average of more than six years prior to the study. The researchers included task 

difiSculty as a variable in the study, but found no interaction between it and the group 

effect. 

The decision to use long latency ERPs in the above studies was made at least in 

part because of the influence of certain cognitive traits on the component characteristics. 

However, the earlier studies generally used simple oddball paradigms and only analyzed 

recordings from a single lead placed at the vertex of the skull. The influence of recording 

site (Ford & Khalil, 1996) and task difficulty (Segalowitz et al., in submission) have only 

been investigated in subjects who were several months or years post-injury. 

Purpose of the Study 

The purpose of the present study was to compare long latency ERPs of individuals 

who had recently sustained a mild TBI with those obtained from a group of non-injured 

subjects matched for age and education. Key considerations in the present study were the 

influences of time post-injury, task difficulty, and scalp recording site on the magnitude of 
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any observed differences between the two groups. Unlike previous studies, the long 

latency ERPs in the present study were recorded longitudinally within a set timeframe, 

within the first 72 hours post-injury and again approximately 20 days post-injury. Non-

injured subjects were tested twice, with a between-session interval of approximately 18 

days. Further, despite the negative findings of Segalowitz and colleagues (in submission), 

the influence of task difficulty on between-group (MTerences was explored with the idea 

that increasing demands on attentional resources might have more of an effect during the 

early phases of the injury. Finally, for reasons ah-eady mentioned, multiple recording 

electrodes were used to allow for the identification of a possible interaction between 

group differences and recording site. 

Overview of the Dissertation 

Because the approach taken here emphasizes the relationship between the 

pathophysiological changes following mild TBI and observable electrophysiological 

phenomena, the remainder of Chapter 1 will provide an overview of (a) TBI classification 

methods, (b) mild TBI demographics, (c) clinical presentation, (d) pathophysiology, (e) 

theories related to the mechanism of TBI, and (f) studies that have investigated long 

latency ERPs in individuals with mild TBI. This chapter will conclude with the 

presentation of the hypotheses and specific predictions of the present study. Chapter 2 

describes the study method, specifically detailing subject selection and recruitment, aspects 

of data collection, and the techniques used in data analyses. Chapter 3 provides the results 



of these analyses, including both the behavioral and electrophysiological measures, 

results are discussed and interpreted in Chapter 4. 
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These 

Overview of Mild Traumatic Brain Injury 

Classification of TBI 

Just as the exact nature of the traumatic event may vary from victim to victim, with 

seemingly random magnitudes and directions of force, so too can the pattern of the 

cerebral injury and its behavioral consequences. Although most researchers agree that 

placement of a given patient into one or another TBI sub-group should be based on some 

assortment of clinical data and observations, there is little agreement as to which variables 

are most appropriate. Developed initially to facilitate communication among hospital 

persoimel, the score derived from the Glascow Coma Scale (GCS) is the only variable that 

approaches universal use (Jennett & Teasdale, 1975, 1976). The GCS total score, ranging 

from 3 to 15, is the sum of scores from three separate behavioral response categories: 

motor, verbal, and eye opening (Table 1). By design, it is a screening tool intended to 

reflect a patient's overall alertness and responsiveness. When used for the purpose of 

c l a s s i f y i n g  T B I  p a t i e n t s ,  t h e  s c o r e  i s  o f t e n  b r o k e n  d o w n  a s  f o l l o w s :  3  -  8  =  s e v e r e ;  9 - 1 2  

= moderate; and 13 - 15 = mild. 
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Table 1 
Glasgow coma scale 

Eves open 
Never 1 
To Pain 2 
To verbal stimuli 3 
Spontaneously 4 

Best verbal response 
No response 1 
Incomprehensible sounds 2 
Inappropriate words 3 
Disoriented and converses 4 
Oriented and converses 5 

Best motor response 
No response 1 
Extension (decerebrate rigidity) 2 
Flexion abnormal (decorticate rigidity) 3 
Flexion withdrawal 4 
Localizes pain 5 
Obeys 6 
Total 3-15 

Despite the shortcomings of the GCS score (e.g., it does not include a measure of 

pupillary response, an important predictor of survival), it is often used as the sole 

determinant of injury severity in clinical and research settings. However, the GCS total 

score alone has not proven to be a significant predictor of functional outcome at several 

months or years following the injuiy (Clifton et al., 1993; Conzen et al., 1992; Haslam et 

al., 1994; KlonoflFet al., 1986; Levine, 1992). It is likely that the GCS is simply not 

sensitive enough to capture the range of individual patient characteristics. As a result, 

additional clinical and diagnostic variables are often incorporated into classification 
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^sterns in an efiFort to increase the homogeneity of the groups being investigated. Some 

of the more common variables used to this end are the duration of post-traumatic amnesia 

(PTA), duration of loss of consciousness (LOC), presence of specific neurological signs 

(e.g., Babinski, eye blink reflex), type or presence of intracranial lesion, presence of a 

depressed skull fracture, and duration of hospitalization. Although the above variables 

may provide valuable information on the acute status of the patient, no combination of 

variables that allows for accurate outcome prediction has been found. Moreover, if two 

groups of researchers agree on which variables should be used in the classification of TBI, 

they still may differ in their application of those variables (e.g., duration of LOC). Such 

inconsistencies in defining a subject population hinder attempts to compare clinical data 

either within or across studies. 

Definition of Nfild TBI 

Of the three most commonly used descriptors of TBI (mild, moderate, and severe), 

the mild label is intended to be applied to those trauma patients for whom the 

physiological and behavioral consequences of the injury are minimal. Until recently, 

achieving universal agreement on the notion of "minimal" has proven to be difficult. With 

increased inter-professional communication however, there has been progress in the 

development of a more widely accepted definition. One result of this cooperative effort is 

the following definition of mild TBI, proposed by the Head Injury Interdisciplinary Special 

Interest Group of the American Congress of Rehabilitation Medicine (1993); 
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A traumatically induced physiologic disniption of brain fiinction, as 
manifested by one of the following: 1) any period of loss of consciousness; 
2) any loss of memory for events immediately before or after the accident; 
3) any alteration in mental state at the time of the accident (e.g., dazed, 
disoriented); 4) focal neurological deficits, which may or may not be 
transient, but when severity does not exceed the following — loss of 
consciousness for 30 minutes or less; after 30 minutes, GCS of 13-15; 
post-traumatic amnesia not greater than 24 hours. 

One of the controversies surrounding the above definition is absence of any 

mention of neuroradiological criteria. The use of neuroimaging technicpjes, in particular 

computed tomography (CT), is becoming routine practice for all cases involving trauma to 

the head ~ and certainly those in which there was a loss of consciousness (Stein & Ross, 

1991, 1992, 1993). Although the pressures of a litigious society may be partially 

responsible for this trend, there is also empirical evidence supporting the dift*erentiation of 

patients with clinically mild TBI and positive CT findings fi"om those whose CT findings 

are negative (Eisenberg, 1987; Williams et al., 1990). Williams and colleagues 

demonstrated that patients with clinically mild TBI having either skull firactures or 

intracranial findings had more severe neurobehavioral sequelae than patients without 

complications. It is important to note, however, that despite their poorer performance, the 

complicated patients with mild TBI were more similar to the mild group without 

complications than to a group of patients clinically classified as moderate. Although these 

results are suggestive, the issue of whether or not routine neuroimaging is justified in this 

population has yet to be determined. Furthermore, if neuroimaging is used, its influence 

on severity classification will need to be standardized. 
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Incidence of Mild TBI 

Estimates of mild TBI incidence range from 130/100,000 to 180/100,000 

(Alexander, 1995; Kraus & Nouijah, 1989). In 1982, Kraus and Nouijah reported that 

72% of the 3,358 patients with TBI treated in San EHego County were classified as "mild" 

based on their GCS scores. The mild TBI group fiirther constituted 82% of the total 

number of patients with TBI subsequently admitted to hospital service. The most 

common cause of these injuries was motor-vehicle accidents (42%), followed by falls 

(23%), assaults (14%), bicycling accidents (6%), and sports related injuries (6%). 

Although the typical patient with mild TBI was a man in his 20s, the actual distribution of 

ages was observed to be dependent on etiology. For example, the incidence of "falls" 

peaks once during early childhood and then again during late adult life. Finally, Kraus and 

Nouijah (1989) report that the typical length of hospital stay for patients with mild TBI is 

less than three days, though hospitalization can be prolonged by extraneural iiguries. 

Perhaps the most significant finding comes from Alexander (1995), who estimates 

that as many as 15% of all patients with mild TBI will be persistently symptomatic at one 

year post-injury. Based on his incidence estimate of 180/100,000, this works out to a total 

of27/100,000 persons per year. By comparison, he notes that this is equal to the 

combined incidence of Parkinson's disease, multiple sclerosis, Guillain-Barre syndrome, 

motor neuron disease, and myasthenia gravis. Moreover, given the feirly young age of 

most victims and the extremely low mortality rate (1% per Mandel, 1989), Alexander 

fiirther observes that "...this generally young cohort potentially faces decades of disability" 

(1995, p. 1253). It is probably figures like these that led the Wall Street Journal to refer 
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to mild closed head injury and its post-concussion sequelae as a 'silent epidemic' (Nov. 14, 

1984). 

Clinical Presentation 

According to Kraus and Nouijah (1989) less than 40% of all patients with TBI 

arrive at a medical facUity within 30 minutes of injury. Based on the LOC criteria in the 

mild TBI definition previously described, it is safe to assume that the average patient with 

mild TBI will be conscious by the time he or she is first examined by a physician. 

Furthermore, because mild head injury is defined by a score of 13 to 15 on the GCS, the 

patient with mild TBI is alert and somewhat responsive. The physical examination 

typically is unremarkable, with the patient reporting symptoms such as headache, nausea, 

and dizziness, which may have weak localizing value. Some patients may initially appear 

'dazed' and present with some degree of post-traumatic amnesia (PTA). The 

uncomplicated patient with mild TBI will demonstrate a progressive recovery of 

orientation and memory function within the first 24 hours following the injury. In the 

emergency room, emphasis is generally placed on determining whether or not LOC or 

seizures followed the event, as either of these phenomena can suggest the need for fiirther 

diagnostic testing (e.g., neuroimaging and electroencephalography). Finally, following the 

initial examination, and regardless of whether or not the patient is admitted to hospital 

services, the patient's level of consciousness usually is monitored for a period of 24 hours 

following the injury for signs of secondary complications (e.g., hematoma, edema, 

hydrocephalus, and meningitis). 
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The criteria for mild TBI allow for significant variation from the above clinical 

findings. Mandel reports that even mild head injury may "...initially be followed by loss of 

central nervous system fimction manifested by bradycardia, transient blindness, or loss of 

autonomic fimction" (1989, p. 213). Other infrequently observed consequences include 

cranial nerve palsies and post-traumatic epilepsy (Mandel, 1989). The presence of one or 

more of these symptoms might prompt a physician to downgrade a patient's status to 

"moderate." At the opposite end of the spectrum, a patient may have little more than 

slight tenderness of the scalp and headache. In such cases, there may be no mention of the 

term traumatic brain iiqury, however mild, with the patient simply being treated for his or 

her superficial injuries. 

Given the short duration of their stay, patients with mild TBI typically are 

discharged from the hospital with one or more residual symptoms. The symptoms 

commonly experienced by these individuals are collectively referred to as post-concussion 

symptoms, with the person said to be experiencing post-concussion syndrome (PCS). 

Although most patients experience similar symptoms, Rutherford (1989) notes that the 

post-injury course experienced by a given patient tends to be dynamic. For this reason, 

some researchers separate mild TBI symptoms into early and late categories as listed in 

Table 2. The transition fi^om early to late symptoms is not an established point, though In 

many patients it begins at about 2 weeks post-injury (Alexander, 1995; Rutherford, 1989). 

For example, the most common acute symptoms — vomiting, nausea, drowsiness, and 

blurred vision — rarely are observed several weeks foUowing the injury. For some 

however, they are replaced by symptoms that are more cognitive or emotional in nature 
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(e.g., poor concentration or anxiety). In general, as is listed in Table 2, the only two 

persistent physical symptoms are headache and dizziness. 

Table 2 

Post-Concussion Symptoms by onset 

Early Late 
Headache Headache 
E>izziness EHzziness 
Vomiting Irritability 
Nausea Anxiety 
Drowsiness Depression 
Blurred vision Poor Memory 

Poor Concentration 
Insomnia 
Fatigue 
Hearing problems 
Poor vision 

Con^fled from Alexander. 1995; Evans, 1993; & RTitherfard, 1989 

The overall trend for most patients with mild TBI is one of decreasing symptoms 

with increasing time post-injury (Alexander, 1995). However, Rimel and colleagues 

(1981) discovered that, at three months post-injury, the presence of persistent headaches 

and memory-loss was 79% and 59%, respectively. Although these symptoms will 

continue to resolve for most patients, Alexander (1995) estimates that as many as 15% of 

all patients with mild TBI will not have fiiUy recovered by one year post-injury. To this 

sub-group of patients he applies the term persistent post-concussion syndrome (PPCS). 

In addition to the persistent somatic symptoms, patients with mild TBI often 

describe chronic problems pertaining to their emotional stability and cognitive abilities 
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(Alexander, 1995). Studies involving the use of standard neuropsychological batteries 

have documented some deficits which are common in the mild TBI population, including 

difSculties with attention (Bohnen et al., 1992; Leninger et al., 1989), memory (Dikmen et 

al., 1986), and executive flmctions (Raskin & Mateer, 1995). The economic 

consequences of these persistent symptoms can be high, with at least one study reporting 

that approximately 34% of those patients previously employed were without work at three 

months following the injury (Rimel et al., 1981). Work status was not related to subject 

involvement in litigation. More important however, is the impact that such symptoms can 

have on quality of life. 

Post-acute treatment 

Historically, the post-acute treatment for patients with mild TBI has been 

straightforward. As described above, the patient is examined, diagnosed, and sometimes 

monitored in the hospital for signs of secondary complications. Following this, most 

patients are discharged without recommendations for flirther medical treatment, except for 

palliation of somatic symptoms (headaches, dizziness, or nausea). Behavioral therapy, 

including counseling and more direct forms of rehabilitation, seldom is prescribed. 

Although this may stem fi-om the physician's belief that recovery will occur without 

intervention, it may reflect the feet that the onset or recognition of cognitive and 

emotional symptoms is often delayed for most patients. With increasing time post-injury, 

the patient may either not associate the symptoms with the original trauma or be unable to 
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get physician authorization for treatment due to the length of time post-injury and the 

subtle nature of the symptoms. 

NCttenberg and Burton (1994) reported that three most useful forms of 

intervention following mild TBI included education, reassurance that symptoms are a 

natural part of recovery, and helping the patient cope with symptoms. The issue of who is 

to provide this type of support is a crucial one. Although a few specialized multi-

disciplinary treatment programs do exist, the efiBcacy of such programs has yet to be 

proven (Rosenthal, 1993). Moreover, considering the large number of patients with mild 

TBI, a few specialized centers are not likely to prove sufiBcient. 

Pathophysiology of Mild Traumatic Brain Injury 

One of the enduring controversies surroimding mild TBI is whether or not 

pathophysiological changes are responsible for the persistence of symptoms. Moreover, if 

there are pathophysiological changes within the brain after mild TBI, to what extent are 

those changes reversible? Certainly, at some point force is applied at just the right vector 

and at just the right level of magnitude to begin to produce physical damage to the central 

nervous system. The historical viewpoint, depicted in Adams and Victor's Textbook of 

Neurology, is that, with concussive injury "... there are probably no gross or microscopic 

pathologic changes" (1993, p. 754). Since the early 1940s however, researchers have 

been reporting, based on data from both human and non-human models, that microscopic 

pathophysiological changes may be more the norm than the exception in mild TBI (Denny-

Brown & Russell, 1941; Jane et al., 1985; Oppenheimer, 1968; Peeriess & Rewcastle, 
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1967; Strich, 1956, 1961; Symonds, 1962). Beginning with the eariy eflForts of Strich in 

the 1960s, and aided by modem imaging techniques, our understanding of these 

microscopic changes has steadily increased. 

The major pathophysiological feature associated with mild TBI is difilise axonal 

injury (DAI). EHfiiise axonal injury refers to visible microscopic changes occurring at the 

level of the individual neuron. Although it had been observed in non-human animal 

models (Windle et al., 1944), it was not until 1956 that Strich first described evidence of 

DAI in traumatically brain-injured humans. In her 1956 and 1961 publications, Strich 

presented post-mortem findings fi'om 20 victims of severe TBI ~ all of whom survived for 

up to one and a half years post-injury in what now would be described as a 'Vegetative 

state." Though evidence of gross pathology was found in some patients, in none were the 

findings deemed extensive enough to account for the patients' clinical status. What was 

notable was the widespread white matter degeneration. On histological examination, 

Strich discovered numerous retraction balls and microglial clusters throughout the brains. 

This finding, consistent with what had been reported by Windle and colleagues (1944) 

fi'om their work with guinea pig models, suggested that eixons had separated and were in 

the process of undergoing phagocytosis. With regard to mechanism, Strich proposed that 

the changes "... represent a secondary degeneration of nerve-fibres which had been 

stretched or torn by shear stresses and strains set up during rotational acceleration of the 

head at the time of the accident" (1961, p. 448). 

Shortly thereafter. Sir Charies Symonds, defining concussion as any disturbance of 

consciousness, stated; "It is, I think, questionable whether the effects of concussion. 
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however slight, are ever completely reversible." (1962, p. 3). Referring to comemporary 

findings related to DAI, he fiirther suggested that despite a rapid and complete recovery, 

the possibility of structural damage could not be excluded. Several years later, a pair of 

post-mortem studies appeared in the literature confirming that DAI was indeed a possible 

consequence of mild TBI (Oppenheimer, 1968; Peerless & Rewcastle, 1967). In a 

clinically mild TBI patient who died 13 days post-injury of extraneural complications, 

Oppenheimer observed "... some myelin destruction and numerous axonal retraction bulbs 

in the midbrain lesion" (1968, p. 301). Moreover, Oppenheimer reported that the 

structural damage was not isolated to any particular region of the brain, with each brain 

section studied demonstrating the presence of at least one microglial cluster. Along with 

Strich's work, these findings helped spur the investigation of DAI as a distinct 

pathophysiological entity, not necessarily related to the gross structural changes 

commonly found in more severe cases of TBI. 

The feet that DAI can be present at all TBI severity levels underlines the 

importance of considering the key components of its etiology. In almost every case TBI 

results when inertial forces are rapidly imparted to the cranium and its contents setting the 

two into relative motion (Ommaya, 1973). It has been shown that the severity of the 

ensuing neuronal damage is related to the magnitude and direction of the inertial forces 

imparted to the head (Gennarelli et al., 1982; Ommaya, 1973). Thus, with regard to DAI, 

Alexander notes that in mild TBI"... the pathology is the same as in the severe cases; 

there is simply less of it" (1995, p. 1255). This idea also is observed behaviorally, as 

several researchers have identified relationships between DAI severity and subsequent 
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neurological abnormality in TBI victims (Kibby & Long, 1996; Levin et al., 1988; 

Povlishock, 1986). Most important however, is the possibility that mild TBI provides 

researchers with a unique opportunity to observe and peiiiaps treat DAI in the absence of 

the gross morphological changes that may limit treatment efiBcacy and the interpretation of 

lesion-behavior relations in more severe cases. Knowledge gained about DAI from mild 

cases may then be applied to the more severe and pathophysiologically complicated TBI 

cases. 

DAI - Microscopic Findings 

When present, DAI usually is spread throughout the affected brain. Although 

some researchers emphasize that it should be viewed precisely as a "difiuse" type of injury 

(Povlishock, 1993), others stress that DAI is not nearly so uniform or random as its name 

might suggest and instead concentrates in predictable regions of the brain (Goodman, 

1994; Jane et al., 1985; Ommaya, 1973, 1979; Oppenheimer, 1968). Such areas include 

the cortical gray-white interface, splenium of the corpus callosum, hippocampus, fornix, 

and rostral midbrain (Goodman, 1994; Jane et al., 1985). Combining theoretical physics 

and clinical observation, Ommaya (1973) proposed that the effects of trauma-induced 

strain should diminish from surface to center, be greater where boundaries or sudden 

transitions in tissue density occur, and be less at surfaces adjacent to the skull. 

Furthermore, the rdative distribution of damage may reflect the nature of the injury event 

itself specifically with respect to the magnitude and direction of the forces that set the 

cranial unit into motion. For example, concentrated damage within the corpus callosum 
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may signify that one component of the injury was rapid rotation of the head along a 

horizontal plane. This type of movement potentially could set the two hemispheres of the 

brain into motion. Once in motion, factors related to their relative density or freedom of 

movement could cause the hemispheres to move out of phase with respect to one another, 

placing strain on any interconnecting tissues. In this case, the interconnecting tissue 

would be the millions of axons constituting the commissural fiber tracts. This example 

serves to illustrate the potential for concentrated damage. 

At the neuronal level, the structural abnormalities observed in DAI most often are 

focused at a single, usually nodal, point along a given axon's length. Maxwell and 

colleagues (1991) noted that, using techniques that were unavailable to earlier researchers 

like Strich and Oppenheimer, these abnormalities could be detected within as few as 15 

minutes after the injury. The types of abnormalities described included axolemmal 

enfolding (Povlishock, 1993) and membrane-bound blebs of detruded axoplasm (Maxwell 

et al., 1991). Though reactive swelling probably begins immediately, it is only apparent if 

the victim survives for 6 to 12 hours after the injury event. The swelling is considered to 

reflect in part the accumulation of cellular organelles that normally would pass through the 

damaged region as they are transported to and from the cell body. At 24 to 72 hours 

post-injury, frank separation of the axon can occur, resulting in the appearance of two 

separate retraction balls. With no cell body to support it, the distal segment eventually 

will undergo Wallerian degeneration with microglial phagocytosis. A complex series of 

changes also occurs in the proximal segment, with some neurons actually dying as a result 

of the transection (Jessell, 1991). Perhaps one of the most fascinating findings related to 
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affected by the trauma. Although some propose selection factors including axon size, 

proximity to blood vesseb, and pattern of decussation, this difiuse and seemingly random 

aspect of DAI is still not completely understood. 

The finding that the post-concussion symptoms of mild TBI could have an organic 

basis was, by itself of little immediate clinical value. Although it may have prompted 

some physicians to regard their patients' complaints more seriously, there was no real 

impact on intervention strategies. The only intrinsic value of the finding was the hope that 

some means could eventually be developed to reduce the amount of damage. 

Unfortunately, early reports allowed for the possibility that complete and irreversible 

transection was an instantaneous effect of the forces present during the injury event 

(Adams et al., 1977; Strich, 1961). This belief, combined with the view that regeneration 

is extremely limited and essentially non-functional in the central nervous system, meant 

that little could be done to prevent or reverse the injury. The tearing of vessels and axons 

was considered to be complete long before medical personnel could treat the patient. 

Although this latter point is still true today, modem theories related to the mechanism of 

DAI emphasize that it is a time-dependent process, offering more hope for acute 

intervention. 

Mechanism of DAI 

Although most researchers agree with Strich's original conclusion that DAI is the 

end result of the 'stresses' and 'strains' established by rotational forces generated during the 
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the earliest theories proposed that axonal shearing was a direct and immediate effect of 

these tensile forces (Adams et al., 1977; Strich, 1961), leaving little room for 

neuropharmacologic or other forms of treatment. More recently however, it has been 

established that the signs of axotomy (e.g., retraction balls, microglia) are not present 

unless the patient survives for at least 24 hours post-injury (Erb & Povlishock, 1988; 

Maxwell et al., 1991). These findings have led to the notion that tensile forces may initiate 

a chain of events within the tissues of the brain which, over time, leads to fi-ank separation 

of axons (Adams et al., 1988, 1991). Because both axons and blood vessels are capable of 

being stretched with low magnitude forces, and because both play an important role in 

neuronal function, several theories have been proposed which emphasize the potential 

consequences of applying tensile force to one or both of these structures. None of the 

proposed mechanisms is exclusive, allowing for the possibility that DAI results from a 

combination vascular, neuronal, and glial changes induced by the traumatic event. 

Effect of Strain on the Neuron 

The axon is a long and usually imbranched extension of the neuron that transmits 

signals away from the neuronal cell body. A network of cytoskeletal components 

reinforces its structure, the most significant of which are neurofilaments. These latter 

structures run parallel to the long axis of the axon and serve as avenues along which 

materials are transported to and from the cell body. When the axon is strained, both its 

plasma membrane (axolemma) and its cytoskeletal structure can be affected. Much of 
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what is known or believed regarding the possible efifect of strain on the axon itself comes 

from the work of Povlishock and colleagues (Erb & Povlishock, 1988; Grady et al., 1993; 

Povlishock, 1992, 1993; Yaghmai & Povlishock, 1992). Over the past several years, this 

group has examined the possible effects of strain on the components of the axon, both 

individually and in combination. 

Cvtoskeletal Effect 

From a mechanical viewpoint, it is expected that any degree of force capable of 

stretching the axon could physically disrupt its cytoskeletal components. Disruption of 

neurofilaments can alter or even prevent the normal flow of intracellular materials past the 

affected region of the axon. Similar to the derailment of a train, the transport materials 

may be released from the neurofilament structure and build up at the disrupted segment. 

Having no alternate pathways, these materials begin to accumulate in the region of the 

axolemmal enfolding. Although some cells may recover, others may be unable to repair 

the damage and begin to swell. If not corrected, the segment ultimately will undergo frank 

separation by a mechanism that is still not well understood. As this occurs, the membrane 

of each stump re-seals around itself forming the swollen endings referred to as retraction 

balls. These endings may continue to grow after separation as both segments attempt to 

transport materials through the transected site. 
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Axolemmal / Biochanical Effects 

It has also been suggested that stretching the axolemma indirectly results in the 

breakdown of the cytoskeleton by disrupting the otherwise tightly regulated permeability 

of the plasma membrane (Povlishock et al., 1983). One of the early suspects in this 

biochemical process was the calcium ion (Adams et al., 1991). Normally, the extracellular 

concentration of calcium is maintained at a much higher level than that of intraceUular 

calciimi. A breakdown of the regulatory system responsible for this difference results in a 

rapid movement of calcium down its concentration gradient into the cell. IntraceUular 

calciimi ions can activate any number of calcium-dependent proteases and free radical 

elements which, in turn, could disrupt the cytoskeleton of the axon causing an effect 

similar to that described earlier (Povlishock et al., 1983). 

Blood-Brain Barrier Effects 

The axon is only one of the structures within the brain that can experience tensile 

force as a result of trauma. Oppenheimer (1968) originally noted that axons were more 

likely to be injured if they were adjacent to blood vessels. Like axons, blood vessels cross 

long distances as they carry out their job of nourishing neurons and neuroglia. The 

occurrence of intraparenchymal hemorrhages in more severe TBI illustrates that blood 

vessels can break as a result of trauma. It is possible that, in mild TBI, vascular damage is 

limited to smaller diameter vessels, because they are comprised of tissue that is less elastic 

than that found in larger vessels. Similar to axonal stretching, traumatic lengthening of 

these vessels may compromise theu- integrity and, as a result, disrupt the otherwise tightly 
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regulated blood-brain barrier. If such a disruption occurred it could significantly alter the 

extracellular environment of neurons, with potentially toxic eflfects. Povlishock and 

Kontos (198S) found that, following mild to moderate percussive injury, pial arterioles 

displayed functional abnormalities secondary to dilation and other morphological changes. 

Biochemically, this coincided with an increase in the concentration of superoxide anions 

within the brain's ectracellular medium. Even if these changes do not directly influence or 

damage otherwise healthy neurons, it is possible that altering the extracellular medium 

may serve to further endanger an axon that already is physically compromised. 

Excitotoxic Efifects 

Walker and colleagues (1970) suggested that a possible consequence of the 

extracellular biochemical changes already noted is generalized neural agitation. In such an 

agitated state, neurons adjacent to the disrupted blood-brain barrier may undergo a brief 

period of high-intensity activation. The authors proposed that the concussive effects 

produced by TBI might actually represent the ensuing exhaustion of those neurons that are 

over-stimulated. They compared the confiision seen in most acute patients to the 

confusion that commonly follows a generalized epileptic seizure. Concerning cell death, 

this high-intensity activation of neurons may result in an increase in the synaptic 

concentration of excitatory neurotransmitters to toxic levels. Excitatory neurotransmitters 

(e.g., glutamate) can damage or kill neurons when present in large quantities. Duhaime 

(1994) recently supported this notion by demonstrating that the pattern of ceU death 

observed in trauma appears to be associated with glutamate receptor density. One major 



problem with this theory is that the type of damage expected to occur, because of 

excitotoxic effects, does not seem to correspond to the pathophysiological characteristics 

of DAI. Briefly, there is no reason to expect that excitotoxic activation of the receptors in 

the neuron's dendrites and soma would cause an axon to spontaneously fold inward and 

separate at a single region along its entire length. It is possible however that the 

excitotoxic effects may increase the amount of the DAI, independently or by further 

weakening a mechanically injured cell. 

The previous description details only a small portion of the physiological and 

biochemical changes that may play a role in the development of DAI. It has been 

suggested that rapid changes in cerebral blood flow brought on by trauma also may result 

in ischemia and severe metabolic changes. In response, the neuronal mitochondria may 

shift from aerobic to anaerobic metabolic pathways (Casey & Mcintosh, 1994). If this 

persists, significant changes are bound to occur in the biochemical composition of both the 

intracellular and extracellular fluid. Yang and colleagues (1985), for example, found 

significant increases in lactate levels throughout the brains of mildly concussed cats. 

Additionally, Mcintosh and Vink (1987) reported a decrease in intracellular free 

magnesium that was proportional to the perceived level of injury severity, citing more than 

ten different physiological processes which may be disrupted as a result of this decrease. 

At this time however, it is not clear if these or any of a number of other changes actually 

contribute to DAI. In all likelihood, the presence and severity of DAI reflects a 

combination of several co-occurring processes. Jenkins and colleagues (1988) observed 

that neither trauma nor ischemia, in isolation, caused much, if any ceU loss in the brain. 
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However, when preceded by a traumatic event, ischemia can have a significant impact on 

cell loss. This suggests that, in an otherwise healthy environment, axons would perhaps be 

able to recover fi-om the mechanical strain imposed upon them by the traumatic event. 

Future treatment for mild TBI may focus on creating this environment. 

DAI - Macroscopic Findings 

Until recently, neuroimaging methods have been of little use in the study of 

patients with mild TBI. Although computed tomography (CT) is used with clinically mild 

patients in an efiFort to mle out mass lesions, by definition CT findings must be negative 

for the injury to be considered mild. Fortunately, there are other imaging methods. 

Magnetic resonance imagmg (MRI) and single photon emission computed tomography 

(SPECT) are beginning to show promise as diagnostic tools for mild TBI. 

For reasons including cost, the lack of normative data, and low yield, MRI and 

SPECT are not commonly used in the clinical assessment of patients with mild TBI. Their 

use is however, becoming more prevalent in research. Magnetic resonance imaging has 

been found to identify more lesions in more patients than CT technology (Levin et al., 

1987, 1993; Mittl et al., 1994). In the study by Levin and colleagues (1987), 44 lesions 

that went undetected with CT were found in 17 of 20 individuals with mild to moderate 

head injury. Although authors do not specifically discuss the results for the subjects with 

mild TBI, the description of at least five of the subjects in that study is consistent with the 

definition of mild TBI presented earlier. Overall, the majority of the additional lesions 

were intraparenchymal, concentrated at the gray-white interface in the fi-ontotemporal 
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regions. Given that this interface incorporates a change in tissue density, this finding is in 

agreement with the mechanical theory of Onmiaya presented earlier. 

With costs even greater than those for MRI, and limited availability of both 

equipment and isotopes, the use of most functional imaging methods is limited to the 

research setting. However, the research that has been done clearly indicates that the bigger 

and better the magnifying glass, the more readily evidence of organic changes seems to 

appear. Several groups have demonstrated that SPECT allows for the identification of a 

greater number of abnormalities than both CT and MRI (Gray et al., 1992; Newton et al., 

1992). The majority of these newly identified lesions are located in the frontal and 

anterotemporal-fi-ontal regions (Gray et al., 1992). As with MRI, the findings may not be 

of inmiediate clinical use, but they do provide researchers with a focus point for future 

investigation into treatment options for patients with mild TBI. 

Electrophysiology 

Using electroencephalography (EEG) and event-related potentials (ERP) 

researchers are able to observe and make inferences about the electrical fields generated 

by the nervous system. In both cases, the potentials recorded are believed to result fi-om 

large extracellular currents that develop as a result of the discharge of numerous synaptic 

potentials. The activity viewed on an EEG is believed to reflect primarily the activation of 

nerve cells and fibers closer to the surface of the brain. In most individuals, low-pass 

filters reveal that this seemingly random activity is actually composed of various biological 

rhythms (e.g., alpha, delta). The spatial predominance of these rhythms across the surface 
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of the scalp is consistent among non-injured individuals with their timing thought to be 

regulated by subcortical nuclei. The stability of these patterns makes them a useful clinical 

tool in many pathological populations. 

Whereas the EEG is a continuous tracing of electrical activity over time, an evoked 

potential is a single averaged waveform that reflects the time-locked standard response of 

the nervous system to a given sensory stimulus. For example, an auditory evoked 

potential (AERP) represents the sequential generation of electric fields that result fi-om the 

transmission of the information about the acoustic event, via neurons and their processes, 

fi-om the inner ear to primary auditory and association cortex. This is all made possible by 

the fact that the nervous system's response to sensory stimulation occurs in a time-locked 

maimer. Thus, averaging repeated trials enhances the presence of the temporally 

consistent evoked response Although reducing the random background EEG activity. The 

use of filters to reduce the contribution of the low-fi^equency biological rhythms as well as 

artifact rejection techniques to remove signals contaminated by movements (i.e., EMG) 

also helps to enhance the resulting signal. Technological advances, in particular the 

widespread availability of digital computers, have made the study of both EEG and ERPs 

more economical and accessible in the critical care center. 
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Electroencephalography 

The EEG is useful in the investigation of head injury, particularly when 
serial records are taken at 24-hour intervals during the acute phase and at 
longer intervals for the follow-up investigation. (Gilroy & Meyer, 1979, p. 
465). 

Electroencephalography is of little use in the diagnosis of acute head injury 
or in predicting the outcome. (Bakay & Glasauer, 1980, p. 45) 

The above quotes summarize the controversy surrounding the use of EEG to 

monitor patients with TBI. Most studies based on visual inspection of the waveform 

either fail to reveal abnormalities or do not permit the differentiation of observed 

deviations from the wide range of responses in the normal population (Schoenhuber et al., 

1986, 1987, 1988). Studies of non-hunwn animals have shown that, although consistent 

and uniform EEG amplitude reduction does occur, the visualized waveform tends to 

normalize within a matter of minutes following the injury. As a result, it is likely that by 

the time a patient could be evaluated, any changes in waveform morphology would have 

resolved. 

Currently, quantitative analysis techniques (e.g., spectral analysis), made possible 

by the widespread availability of microcomputers, are proving to be capable of detecting 

more subtle waveform changes than cannot be seen with the naked eye. This includes 

changes that occur within individual biological rhythms (e.g., alpha and delta). The most 

encouraging of these works comes from Thatcher and colleagues (1990). This group 

reported that the use quantitative analysis methods allowed patients with mild TBI to be 

distinguished from normal controls with 90% accuracy. In addition, Mandel (1989) 
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rq)orted that spectral analysis of EEG helped to detect the presence of frontotemporal 

cortical lesions in patients with mild TBI with suspected diffiise axonal injury. Finally, 

several researchers have attempted to analyze the EEG waveform to provide detailed 

information about those changes seen within distinct frequency bands (Montgomery et al., 

1991; Tebano, 1988). Although there is little ^eement regarding the precise nature of 

the fluctuations observed, it appears abnormalities are detectable in more patients than 

previously believed and that these abnormalities can last for several weeks to months 

following the initial insult. 

Evoked Potentials 

The three most commonly used modalities in the study of evoked potentials (EP) 

are auditory (AEP), visual (VEP), and somatosensory (SSEP). As mentioned, the 

averaged waveform for each ERP type is interpreted to reflect the electrical activity 

generated by the movement of the afferent signal from the site of the stimulus (auditory = 

basilar membrane; visual = retina; somatosensory = peripheral receptor) to the respective 

primary and association cortex. The major structures along the path between the sensory 

organ and primary cortex are listed below for each type. 

AEP Auditory nerve — cochlear nuclei — trapezoid body — lateral lemnisci 
— inferior coUiculi — brachii of the inferior colliculi — medial 
geniculate bodies of thalamus - multiple cortical locations, including 
primary auditory cortex. 

VEP Retina — optic nerve — optic chiasm — optic tract — lateral geniculate 
bodies of the thalamus - primary visual cortex — secondary cortical 
sites and beyond. 
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SSEP Upper limb: Median nerve at wrist — brachial plexus — fasciculus 
cuneatus — nucleus cuneatus ~ contralateral medial lemniscus — 
ventralis posterolateralis and posteromedialis of the thalamus -
multiple cortical locations, including primary sensory cortex. 
Lower limb: Peroneal nerve at knee — cauda equina — fasciculus 
gracilis — nucleus gracilis — contralateral medial lemniscus — 
ventralis posterolateralis and posteromedialis of the thalamus -
multiple cortical locations, including primary sensory cortex. 

It is important to note that these are simplified examples, providing only a partial listing of 

the structures thought to be involved. For each modality, multiple parallel pathways and 

feedback loops have been identified. 

Once the EP has been recorded and averaged the waveform components can be 

analyzed. The waveform consists of a series of peaks that are labeled based on a 

combination of their latency and polarity. Latency refers to the amount of time, usually 

expressed in milliseconds (ms), fi-om the end of the stimulus artifact to the peak of a 

specific component. Polarity arbitrarily describes the peak as being either negative or 

positive depending on the direction in which the trace is deflected on the waveform. 

Latency can further be used as a means of categorizing the timing of waveform 

components into short, middle, and long latency groups. Whereas the actual boundary of 

these time categories varies by modality, the following are some commonly used 

guidelines; a) short latency (0 to 30 ms); b) middle latency (30 to 75 ms); and c) long 

latency (75 ms +) (Chiappa, 1983). In AEP testing, for example, short latency refers to 

the study of those components arising firom within the brainstem, components that usually 

comprise the first 10 ms or so of the waveform. By 30 ms, the response includes 

contributions fi'om thalamic structures and thalamocortical projections. These latter 



42 

events, as well as longer latency events, are much more prone to a subject's mental state. 

It is partly for this reason that short latency components are used in clinical settings, but 

the actual window that is analyzed will vary with the pathway being examined. 

Short Latency EvokftH Pntftntiak 

Though all three types of short-latency EPs are similar in that they assess the 

integrity of a particular neural pathway, the types and etiologies of the disorders suggested 

by signal abnormality may differ for each. Further, the nature of the damage from any 

given disease or lesion can result in the generation of an abnormal signal from only one EP 

type as the other two systems may have been left anatomically and functionally uitact. For 

example, the presence of an acoustic neuroma results in alteration of the short-latency 

AEP waveform that leaves the SSEP and VEP waveforms unaltered. In contrast, damage 

which is less focused (e.g., di£Rise axonal injury, increased intracranial pressure) or 

damage that occurs at multiple sites (e.g., in multiple sclerosis) may be reflected in the 

ERP waveforms of all three sensory modalities. For TBI, this diversity provides an 

advantage for the investigator. On one hand, because each EP type involves a somewhat 

separate system of nuclei and pathways, the combination is of great value in assessing the 

nature and extent of the injury. For example, in a patient who is believed to be comatose 

secondary to severe brainstem damage the finding of normal VEP results with abnormal 

AEP or SSEP results would lend support to this hypothesis as the former does not 

necessarily reflect pathways which traverse the medulla, pons, and caudal midbrain. On 
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the other hand, the acquisition of such data requires the use of all three EP types, each of 

which requires slightly different equipment and increased protocol time. 

Overall, short-latency EPs have not proven to be of much value in the study of 

mild TBI (Werner & Vanderzant, 1991). The primary reason is the lack of a consistent 

relationship between the presence of short-latency EP findings and symptoms 

(Schoenhuber et al., 1988). Overall, estimates of short-latency AEP abnormalities in the 

mild TBI population range fi"om 10% (Schoenhuber et al., 1987, 1988) to as high as 50% 

(Jane et al., 1985; Montgomery et al., 1991). Noting that the incidence of post-

concussion symptoms is much greater than 10%, Schoenhuber and colleagues (1988) 

suggest that the relative rarity of abnormal AEP findings argues against their clinical 

significance. More importantly, all three groups found that the waveforms tended to 

normalize over time following the injury, even in the presence of persistent symptoms. 

Long Latency Event Related Potentials 

Long latency brain potentials also are elicited by the presentation of sensory stimuli 

to a subject. However, unlike their short latency counterparts, the component features of 

this area of the waveform are not strictly related to the characteristics of the stimulus 

itself. The components are generally elicited during a psychological task and thought to 

reflect the mental processing of the stimulus by the subject. One of the most commonly 

used tasks is the oddball paradigm, where subjects are asked to identify a rare target 

stimulus amidst a field of non-target tones. The characteristics of the components, for 

example their peak amplitude and latency, have been shown to be influenced by the 
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difficulty of the discrimination (Donchin et al., 1973; Polich, 1987; Ritter et al., 1979; 

Sams et al, 1985), the relative probability of the target tone (Banquet et al., 1981; Polich, 

1987), the level of attention (Ford et al., 1976), recording site (Squires et al., 1975), as 

well as a number of pathological states, including TBI (Rappaport et al., 1991; Rappaport 

& Clifford, 1994; Rugg et al., 1988), schizophrenia (Merrin & Floyd, 1994), and 

dementing illnesses (Goodin et al., 1983). Because they are not simply evoked by a 

repetitive stimulus, but rather reflect mental events related to the stimuli, the later 

components of the waveform are termed long latency event-related potentials (ERP). The 

two major components of interest in the present study are the N200 and the P300, both of 

which can be elicited by an auditory oddball paradigm. 

N200 

The N200 is a negative potential with a peak latency in the area of 200 

milliseconds after a sensory stimulus. Though not nearly as well studied as the P300 

component, several task variables have been found to influence the characteristics of the 

N200 component. Increasing the difficulty of the target discrintiination, for example, has 

been shown to be correlated with a prolongation and augmentation of the N200 

component (Ritter et al., 1979). The scalp topography of N200 is such that its peak 

amplitude is maximal at the Fz or Cz recording sites (Coles et al., 1990; Sams et al., 

1985). 

Ritter and colleagues (1979) reported that changes in task difficulty similarly 

influenced the latency of the N200 component, the latency of the P300 component, and 
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subject reaction time. The authors concluded that the neural activity responsible for 

producing the N200 component initiate, in parallel, the process responsible for both the 

P300 component and the subject's motor response. Although such a simple linear 

relationship is likely an oversimplification, these findings support the N200 as the earliest 

reflection of the mental process associated with identification of the target stimulus. 

Relative to the P300 component however, the processing indexed by the N200 is thought 

to be automatic (Sams et al., 1985) not necessarily requiring that the subject attend to the 

stimuli (Squires et al., 1975). 

P3Q0 

The target stimulus in an oddball paradigm elicits a broad positive potential that 

peaks between 200 and 700 milliseconds after the onset of the stimulus. This potential, 

called the P300, has received the greatest amount of attention fi-om researchers. Like the 

N200, its characteristics are influenced by the probability of the target tone, the difficulty 

of the sensory discrimination, and the site from which the waveform is recorded. 

Decreasing the probability of a target tone increases the amplitude of the P300 and 

shortens its latency (Polich, 1987). Increasing the difficulty of the discrimination between 

the target and non-target tone causes the amplitude of the P300 to decrease and its latency 

to increase (Polich, 1987; Ritter et al., 1979). Finally, studies involving large electrode 

arrays have demonstrated that P300 is largest at midline recording sites for auditory tasks, 

with a maximum amplitude at Pz (Naumann et al., 1992; Polich & Heine, 1996; Squires et 

al., 1975). Its distribution is generally such that amplitude decreases as the recording site 



moves further away from Pz. For example, the P300 amplitude decreases from Pz to Cz 

and then again from Cz to Fz in normal individuals (Naumann et al., 1992; Polich & 

Heine, 1996; Ritter et al., 1979; Squires et al., 1975). 

As mentioned above, the latency of the P300 component has been shown to be 

correlated with both reaction time and the latency of the N200 component (Kutas et al., 

1977; Ritter et al., 1973, 1979). Unlike N200 latency however however, the magnitude of 

the correlation between P300 latency and reaction time is highly dependent upon the 

nature of the instructions given to the subject. Whereas emphasis on performance 

accuracy results in a significant correlation between P300 latency and reaction time, 

emphasis on speed of performance does not (Kutas et al., 1977). This type of relationship 

supports a role for P300 latency as an index of stimulus evaluation time. The dependence 

of the P300 on target identification and categorization led Hillyard and Picton (1979) to 

propose that the P300 is dependent upon a subject's attentional resources. 

Prior Studies of TBI using Long Latency ERPs 

Comparing subjects with severe TBI and a group of non-injured controls, Rugg 

and colleagues (1988) found significant differences in the characteristics of the N200 and 

P300 componerns. Specifically, the N200 was larger in amplitude with delayed peak 

latency and the P300 was smaller in amplitude. The authors concluded that these findings 

reflected an increase in both the time and effort required by the TBI group to complete the 

task. Other researchers have attempted to correlate various component characteristics 

with clinical and behavioral findings. Using a subject group of mixed severity level. 
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Papanicolau and colleagues (1984) found that P300 latency was significantly shorter in 

oriented subjects as opposed to those who were still suffering fi-om PTA. 

In 1987, DeSalles and colleagues observed that low level cerebral concussion of 

cats was associated with suppresion of the late positive component, a component 

analogous to the P300 in humans. Suppression of the component occurred within minutes 

of the injury and endured for at least three days post-injury. This was despite the fact that 

the cats demonstrated recovery of reflexes, motor coordination, and orienting response 

within two hours of the injury. Whereas their model was such that the forces were 

concentrated at the level of the brainstem, the authors conclude that their findings were 

consistent with the idea that higher mental activities can be disrupted by a 'low level' 

injury. Further evidence for this has been provided by work with human subjects. Onofij 

and colleagues (1991) tested a group of moderate TBI subjects at four time points during 

the first twenty days post-injury. Though a significant delay in P300 latency was observed 

at day two post-injury, the magnitude of the difference between the subjects with TBI and 

the non-injured subjects decreased progressively over time post-injury. These changes 

were significantly correlated with the performance of the subjects on neuropsychological 

tests (e.g., digit span). Finally, Harmony and Alvarez (1981) followed a mixed group of 

mild and moderate subjects for one year post-injury. Although their subject population 

was diverse, and no comparison group was used, their results suggested a strong 

relationship between evoked responses derived fi"om both the visual and auditory 

modalities within the first 24 hours after the injury and the patient's course of recovery. 
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Very few long latency ERP studies have focused on or included subjects who 

would meet the criteria for mild TBI presented earlier. Of those that have, only two 

recorded from injured subjects within two weeks of the injury. First, Pratap-Chand and 

colleagues (1988) recorded P200 and P300 values from a group of 20 subjects with mild 

TBI soon after injury (< 4 days) and then again 30 and 240 days post-injury. During the 

acute stage, abnormalities of the P200 and P300 were observed in 20% and 35% of the 

subjects, respectively. As a group, only the delayed P300 latency was significant. Similar 

to Onofij, the authors observed significant improvements in the injured group, with all 

patients demonstrating values within normal limits by the time of follow-up testing. 

Attempts were made to correlate these findings with other clinical findings, including 

GCS, LOC duration, PTA, and PCS; however, no significant relationships were observed. 

Second, Werner and Vanderzant (1991) examined the P300 component as part of their 

multimodality testing. They recorded long latency ERPs from 10 of their 18 injured 

subjects using an auditory oddball paradigm. The authors report the results to be "within 

normal limits", however data from the non-injured group and specific statistical resuhs are 

not reported. 

Two studies have examined the chronic effects of mild TBI on the long latency 

ERP waveform. Ford and Khalil (1996) examined a group of 54 patients, the majority of 

whom met the definition of mild TBI given above. At least one of the subjects however, 

had an LOC of approximately one hour. The subjects were tested by referral anywhere 

from 30 hours to 22 months post-injury. Based upon the fact that the subjects were 

comprised of individuals who had been referred for electrophysiological testing, it is not 
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certain if they represent a more severe sub-population of individuals with mild TBI. In any 

case, using both visual and auditory evoked potential paradigms, the authors found a 

significant decrease in P300 amplitude in the injured group. In that same study. Ford and 

Khalil also examined what they termed the middle latency components and found 

amplitude increases for the auditory PI, P2, and N200 components. 

Finally, recent work by Segalowitz and colleagues (in submission) supports the 

persistence of electrophysiological changes following mild head injury. The mild TBI 

group in the study was comprised of university students who reported experiencing a mild 

head injury. The average time post-injury for the injured group was 6.4 years. The 

authors analyzed the N200 and P300 latency and amplitude of the injured group relative to 

a non-injured control group. In addition, the authors looked at the influence of task 

diJBBculty on any observed differences. Of the four component characteristics, only P300 

amplitude was significantly attenuated in the mild TBI group. This difference was not 

influenced fiirther by the difficulty of the task being performed. The authors conclude that 

although the two groups presented with similar speed of information processing, the 

decreased P300 amplitude of the mild TBI group suggests a reduction in overall 

information processing capacity. 

Thus, there is sufficient evidence to indicate that a change in the morphology of 

the long-latency waveform is a possible consequence of mild TBI. As mentioned 

previously, such changes would imply an alteration of the victim's underlying 

physiological and psychological state. The magnitude and variability of such changes over 
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time post-iigury may reflect the presence or permanence of the victim's behavioral 

symptoms. 

Research Hypotheses 

The hypotheses presented here are based in part on prior research in other TBI 

populations as well as other disordered groups. The "component characteristics of 

interest" referred to below are N200 latency and amplitude (N200L and N200A), and 

P300 latency and amplitude (P300L and P300A). The null hypotheses were; 

HI; At visit one, there would be no difference in the characteristics of the 
components of interest between the group of individuals with mild TBI and 
the non-injured subject group. 

H2; At visit two, there would be no difference in the characteristics of the 
components of interest between the group of individuals with mild TBI and 
the non-injured subject group. 

H3; The magnitude of the difference in the characteristics of the 
components of interest would not differ across visits. 

H4; There would be no significant group difference on task complexity for 
the characteristics of the components of interest. 

H5; The magnitude of the difference between the characteristics of the 
componems of interest would not differ with respect to site of recording. 

Research Predictions 

At Visit 1, it was expected that the two groups would differ with respect to the 

measured amplitudes and latencies of their N200 and P300 components for all three tasks 

at each recording site. The magnitude of this difference was expected to be greater for the 
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more difBcult task(s) and at the anterior recording sites. By Visit 2, it was expected that 

this difference, though still present, would only reach significance at the most anterior 

recording site (Fz) and only for the most difBcult task (Task 3). With regard to the 

specific difierences, the following were expected: a) the latencies of both the N200 and 

P300 component would be longer in the injured group, b) at Visit 1, the amplitude of the 

N200 component of the injured group would be diminished relative to the non-injured 

group, reflecting a desynchronization of neuronal firing, c) at Visit 2, the amplitude of the 

N200 component of the injured group would be larger than that seen for the non-injured 

group, reflecting a greater effort on the part of the injured group in order to complete the 

oddball tasks, and d) the amplitude of the P300 component would be diminished in the 

injured group at both visits. 



5. METHODS 

Subjects 

Individuals were considered for the study based on the following criteria; a) 

dascow Coma Scale score of 13 or higher, b) loss of consciousness (LOC) of 30 minutes 

or less; c) post-traumatic amnesia lasting 24 hours or less; d) negative CT findings; e) 

limited extraneural complications; f) age 18 to 49; g) no history of prior head injury 

involving loss of consciousness or focal neurological symptoms; and h) no history of pre

morbid central nervous system disorder, including learning disability, attention deficit 

hyperactivity disorder. Potential subjects were contacted within 24 hours of their injury 

and underwent their initial evaluation. Visit 1, within 100 hours of injury. At that time, 

subjects were scheduled for two additional foUow-up visits, one at day 6 post-injury (± 1 

day) and the other at day 20 post-injury (± 2 days). 

A total of 22 subjects participated in this study. Eleven subjects with mild TBI 

were recruited fi-om consecutive admissions to the Joint Trauma Service at the University 

Medical Center and Tucson Medical Center in Tucson, AZ. Loss of consciousness was 

documented in ten of the eleven of the subjects with mild TBI. The duration of LOC 

ranged from less than one minute to a maximum of thirty minutes. Upon examination in 

the hospital emergency room, four subjects were given a GCS score of 14, with the 

remainder receiving a score of 15. Subjects were treated in the emergency room and 

released within 24 hours. All subjects were contacted, either by telephone or in the 

emergency room, within 24 hours of their injury. Only those individuals scoring 90 or 



higher on the Galveston Orientation Amnesia Test within that time period were included in 

the study. 

All subjects in the mild TBI group achieved a score of 100 on the GOAT by Visit 

1. Of the 12 injured subjects enrolled in the study, six subjects returned for the day 6 visit 

and eight for the day 20 visit. Because of the low number of subjects returning at day 6, 

data for that visit were excluded from the analyses. Henceforth, the day 20 visit will be 

referred to as Visit 2. 

Nine of the eleven subjects in the mild TBI group had been regularly employed up 

to the time of the accident. Of those nine, seven had not returned to work by the time of 

Visit 1. Only one of the eight subjects followed to Visit 2 had not yet returned to work 

because of back pain. Overall, workdays missed ranged from one day to ten days 

following the injury with an average of 3.7 days. 

Subjects in the mild TBI group were individually matched by age (± 5 years), 

gender, and level of education (± 2 years) to a non-injured subject. Non-injured subjects 

reported a negative history of head injury, learning disability, attention deficit hyperactivity 

disorder or other central nervous system disorder. 

Data Collection 

Participants were encouraged to participate in all three testing sessions. Non-

injured subjects were scheduled for testing at time intervals similar to those specified for 

their respective injured counterpart. All visits included administration of the Rivermead 
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Post-Concussive Symptom Questiomiaire (RPCS-Q - see Appendix A) and a series of 

three randomly ordered auditory oddball tasks. A modified version of the RPCS-Q 

instructions was used with the non-injured subjects (Appendix B). The purpose of this 

test was to confirm that the subjective complaints of the mild TBI group were similar to 

the symptom patterns reported in previous studies and greater in number and severity than 

those reported by the non-injured group. In addition, patient history was taken during 

Visit 1 (Appendix C). 

Electrophvsiologv 

Silver chlorided disk electrodes were placed according to the international 10-20 

system (Jasper, 1958) at sites Fpz, Fz, Cz, and Pz. A pair of electrodes placed 

immediately superior and lateral to the right eye monitored eye movement. A ground 

electrode was placed on the left side of the forehead just below the hairline. Linked 

earlobes, A1 and A2, served as bilateral reference. Impedance values were checked before 

and after testing, with values maintained between 1 kH and 5 kQ. Responses were 

amplified 20,000 times with a bandpass of 0.5 and 50 Hz. The separation of target and 

non-target tones, as well as signal averaging, was performed on an IBM compatible 

computer using a C-language program developed by Grant Morris, PhD, Department of 

Psychology, University of Northern Colorado. A separate C-language program allowed 

for the reading of latency and amplitude values for each active electrode site. 
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Subjects were seated in a reclined plastic chair and asked to maintain their gaze 

within a hoUow circle sbc inches in diameter placed approximately sbc feet from the 

subject. The auditory oddball paradigm consisted of the presentation of a series of 

randomly ordered target and non-target tones in a ratio of 1 to 4. Before the presentation 

of any of the formal tasks, the subject was presemed an introductory sequence consisting 

of 20 examples of the non-target and target tones. The purpose of this sequence was to 

allow the subject to become familiar with the two tones. The sequence was re-played at 

the subject's request. Each session started with a practice series that was presented free 

field to allow the examiner to monitor and train the subject. For each task, the subject was 

asked to respond to the target tone by clicking a button placed in a comfortable position in 

his or her self-reported dominant hand. Data were not recorded during the practice task. 

When the subject indicated that he or she felt comfortable with the nature of the task and 

the type of response required the formal task was initiated. 

Three formal auditory oddball tasks of varying levels of diflBculty were used for 

data collection. Based upon pilot work with normal functioning university students and 

the findings of Other researchers (Segalowitz et al., in press), the tasks were organized 

according to increasing difficulty and numbered 1 to 3, respectively. The non-target tone 

was 1,000 Hz for all three tasks. The target tone used for Tasks 1 and 2 had a diflferent 

frequency than the target tone. For Task 1 the target frequency was 1500 Hz and for 

Task 2 it was 1030 Hz. Thus, the magnitude of the inter-stimulus frequency difference 

was markedly less for Task 2. The duration of all the tones used in Tasks 1 and 2 was 111 

ms. In Task 3, the two tones had the same frequency but the duration of the non-target 



tone was 50% greater than that of the target tone. Thus, while the duration of the non-

target tone was 167 ms. the duration of the target tone was 111 ms.. For each task, the 

minimum inter-stimulus interval was variable with a minimum of 1033 ms.. The sampling 

time per trial was 1000 ms.. 

All tones were presented binaurally at a comfortable listening level through a pair 

•fSonv (MDRrV600) headphones. .££u:h of the three ni^ tasks consisted of200 tpi 
win ap^se after evdyTOatones. Tne non-target andtS^eTwavefonns generMea 

therefore consisted of the averaged response to 160 and 40 tones, respectively. Subjects 

were asked to focus their gaze on a hollow circle pattern placed at a comfortable viewing 

height, approximately six feet from the subject. The subject was then instructed to 

respond, as quickly as possible, to the tone previously identified as the target by clicking a 

modified computer mouse with the right index finger. Clicking the mouse button closed a 

1.5-volt direct current circuit producing a square wave pulse that was directed to an 

additional channel on the amplifier. This pulse allowed measurements of task performance 

and reaction time to be obtained. 

Data Analysis 

Statistical analysis was performed on the following measures; total score on the 

modified R-PCS questionnaire, performance accuracy on the auditory oddball task, 

median subject reaction times, and latency and amplitude of the N200 and P300 

components. All data were analyzed using repeated measures ANOVA with a criterion 



alpha-level of 0.05. Planned post-hoc comparisons were performed on all main effects as 

well as the interactions of interest as set forth by the hypotheses. Additional post-hoc 

comparisons were performed to verify relations among task difi5culty, recording site, 

reaction time and component latencies and amplitudes. Bonferroni corrections were 

applied to control for alpha slippage. Specific alpha-levels are reported with the results of 

the post-hoc tests. 

The purpose of analji'zing the post-concussion symptom data was to confirm that 

the mild TBI group used in the present study reported similar subjective complaints as 

individuals in other studies (between group comparison) and to monitor any changes 

associated with time post-injury (within group comparison). Post-concussion symptom 

data were analyzed for group and visit effects. Inspection of the between group data 

revealed that the requirement of equal variance was not satisfied, thus between group data 

were analyzed descriptively. A parametric analysis was possible for the visit effect. 

Reaction time data were analyzed using group, task, and visit as independent 

variables. The median response time of each individual was used because the data became 

skewed towards shorter latencies as the subjects learned the task. It was expected that the 

differences in reaction time between the tasks would confirm their complexity hierarchy as 

set forth in this study. Group by task interactions were investigated to look at the effects 

of increasing task complexity, and therefore increasing demand on attentional resources, 

on performance. The effect of time post-injury on task performance was investigated 

through group by visit interactions. 



Values for N200 and P300 components were recorded at the intersection of 

extrapolated lines from the leading and trailing slopes of each peak. The N200 was 

operationally defined as the second negative potential in the waveform whose peak did not 

occur before ISO milliseconds. The P300 was defined as the largest positive potential with 

a peak occurring between 250 and 700 milliseconds. The distribution gradient of this peak 

was eq}ected to decrease in amplitude and increase in latency from scalp electrodes placed 

at the vertex of the head to the other descending leads. 

Latency values were determined independently by the investigator and a second 

judge (C.B.), with the latter blind as to subject and group. AH judgements were compared 

for inter-rater reliability. A pair of ratings was considered not to agree if the difiference in 

latency was greater than 10 milliseconds for the N200 component and 20 milliseconds for 

the P300 component. Any difference in peak latency judgement larger than these values 

was resolved by a third judge (L.T.). This judge was also blind to subject and group. 

Amplitude measures for the two components were taken as a time-window 

average centered on the peak latency of the component. This technique was used to allow 

for peak bifurcations and waveform irregularities. Because the two components have 

distinctly different morphology, with the N200 being a more distinct and brief event than 

the P300, the time-window used was different for each. A 30-millisecond window was 

used for the N200 component and a 50-millisecond window was used for the broader 

P300 component. 

There is some question as to test-retest reliability of the component measures 

(Segalowitz and Barnes, 1993). Between-session reliability was analyzed separately for 



59 

each of the groups and involved the comparison of the component characteristics between 

Visit 1 and Visit 2. A total of four comparisons were made; 1) N200 amplitude, 2) N200 

latency, 3) P300 amplitude, and 4) P300 latency. The results of this analysis for the non-

injured group will address the trait reliability and serve as a control against which to 

compare the correlation coefficients of the mild TBI group. Any between-group 

differences in the reliability observed will be discussed in terms of the efifects of injury and 

time-post injury on the waveforms. 

Measures of amplitude and latency for each component were analyzed separately 

using a four-way repeated measures ANOVA with group, visit, task, and site as 

independent variables. Analyses of interactions were hypotheses driven, with group by 

visit, group by task, and group by site interactions of particular interest. More complex 

interactions involving group are included where applicable. 
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6. RESULTS 

The results are arranged in the following order PCS data, reaction time data, and 

electrophysiological data. For the electrophysiology data, effects related to the research 

hypotheses are presented first, followed by effects pertinent to the expected effects of 

task and site. For ease of reading, the following two conventions are used; 1) dash lines 

connect the means of the data points in all figures, and 2) only significant comparisons 

are reported for the electrophysiological data analyses. 

Post-Concussion Symptom Checklist 

Data from the PCS checklist are sunmiarized in Table 3. Regardless of visit, the 

mild TBI group (Mdn = 6.0, Range = 2-16) presented with a greater number of 

symptoms than the non-injured group (Mdn = 0.0, Range = 0-1). The mild TBI group 

(Mdn = 7.5, Range = 0-41) also had a higher total score on the PCS symptom checklist 

Table 3 
Post-concussion symptom checklist results. 

Iniured Non-iniured 
Mdn (Range) Mdn (Range) 

# of Symptoms 

Visit 1 6.0 (2-16) 0.0 (0-1) 

Visit 2 5.0 (0-13) 0.0 (0-1) 

Total Score 
Visit 1 9.0 (2-41) 0.0 (0-1) 

Visit 2 7.0 (0-32) 0.0 (0-1) 
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than the non-injured group (Mdn = 0.0, Range = 0-1). As shown by the ranges in Table 

3, individuals in the mild TBI group exhibited a wide range of number of symptoms. 

However, this range was skewed towards a lower number of symptoms and therefore a 

lower total PCS score. 

Although there did appear to be a trend for the injured subjects to have lower PCS 

scores at Visit 2, a Mann-Whitney Rank Sum Test revealed no significant effect of visit, 

U(18) = 0.33, ns- The two graphs in Figure 1 illustrate the change from Visit 1 to Visit 2 

in average PCS score (la) and total number of symptoms (lb) for the each injured 

subject. It can be seen from either graph that there was no set pattern of recovery for the 

subjects. In addition, it is worth noting that for two individuals the total number of 

symptoms increased from Visit 1 to Visit 2 even though the average PCS score for those 

individuals either decreased (SS) or remained the same (TC). 

Oddball Task 

Performance Accuracv 

IXiring each oddball task, subjects were presented with a total of 40 target tones. 

Performance accuracy was compared between the injured and non-injured groups on each 

of the three tasks. A three-way repeated measures ANOVA revealed no significant 

effects or interactions involving group. Observations did include a significant task effect, 

F(2, 22) = 5.36, p < 0.01, and visit by task interaction, F(2, 25) = 6.11, g < 0.01. Overall, 

the level of accuracy observed was consistent with that reported in previous research 
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Figure 1. Total Score fa) and Total Number of Symptoms fb) for the 
Mild TBI Group from the Rfyermead PCS Questionnaire. 
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(Rugg, Cowan, Nagy et al, 1988) and therefore was considered sufficient for this 

research. 

Reaction Time 

Reaction time means and standard deviations, organized by group, task and visit, 

are presented in Table 4. A three-way repeated measures ANOVA revealed a significant 

task effect, F(2, 22) = 63.08, p < 0.01, and group by task interaction, F(2, 40) = 4.61, p = 

0.016. There was no main effect of group or visit and no interaction of group by visit, 

thus post hoc analyses were performed with Visit 1 and Visit 2 combined. 

Figure 2 is a scatto'gram of the individual median reaction times displayed by 

group and task. Analysis of the group by task interaction required seven comparisons 

(Bonferroni correction: 0.05 / 7 = 0.007). Although the performance of the two groups 

did not differ on Task 1, t(38) = -0.22, ns, and Task 2, t(34) = 0.6, ns, the difference 

observed for Task 3 was significant, t(35) = 3.18, p < 0.007. 

As illustrated in Figure 2, median reaction times increased from Task 1 to Task 2 

and from Task 2 to Task 3 regardless of group. The presence of a group by task 

interaction required that the effect of task on reaction time be looked at separately for 

each group. However, the results were the same for both groups. Post-hoc comparisons 

revealed that the difference in reaction time reached significance between Task 2 and 

Task 3 for both the mild TBI group, t(33) = -4.14, p < 0.007, and the non-injured group, 

t(37) = -2.15, p = 0.007. The difference between Task 1 and Task 2 was not significant 

for either the injured subjects, t(35) = -1.98, p = 0.07, or the non-injured subjects, t(36) = 



Table 4 
Comparison of reaction time and target discrimination accuracy between injured 
and non-iniured subjects organized bv oroup. task and visit. 

Reaction Time Target Discrimination Accuracy 
Injured Non-iniured Injured Non-iniured 
M (SD) IW (SD) M (SD) M (SD) 

1500 Tasit 
Visit 1 41 (10.2) 40 (4.2) 39.7 (0.8) 40 (0.0) 

Visit 2 39 (10.9) 42 (5.3) 39.6 (0.7) 40 (0.3) 

1030 Task 
Visit 1 46 (6.9) 44 (6.8) 38.2 (3.2) 38 (3.8) 

Visit 2 45 (7.0) 45 (4.3) 36.9 (4.4) 38 (4.8) 

Duration Task 
Visit 1 54 (5.1) 49 (5.0) 37.2 (2.7) 38 (3.1) 

Visit 2 58 (10.5) 49 (4.0) 38.1 (2.5) 39 (2.3) 

£ 
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Figure 2. Individual Reaction Time Medians: Injured vs. Non-
iniured bv Task. 
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-2.85, g = 0.04. Using reaction time as an index of task difficulty, an assumption that has 

previously been employed in other reports (Segalowitz et al., in submission), these results 

support the task hierarchy proposed in the present study. 

Event-Related Potentials 

The average waveforms for each subject group are presented in Figures 3 through 

6. Figure 3 consists of nine graphs representing the waveforms of the two subject groups 

at Visit 1 and organized with the three tasks as the columns and the three recording sites 

as the rows. Figure 4 is similarly organized to allow for comparison of the two groups at 

Visit 2. Figures 5 and 6 are similarly organized to depict the changes in the average 

waveforms within the two groups across visits. The waveforms recorded from the 



Figure 6. Average waveforms for the non-injured group at Visit 1 and Visit 2 organized by Tasl( and recording Site. 
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Figure 5. Average waveforms for the injured group at Visit 1 and Visit 2 organized by Task and recording Site. 
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Figure 4. Average waveforms for the injured and non-injured groups at Visit 2 organized by Tasl( and recording Site. 
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Figure 3. Average waveforms for the injured and non-injured groups at Visit 1 organized by Tasl( and recording Site. 
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injured subjects are presented in Figure 5, with those from the non-injured subjects in 

Figure 6. A typical collection of waveforms from which these averages were derived is 

presented in Figure 7. 

RgureZ. ERPsfromeachmentieroffhe non-injured group for 
responses to the target stimuli recorded fironi electrode site Cz. 
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Rater Reliability 

Inter-rater agreement for the N200 component was 82% for 302 latency 

judgements. This percentage of agreement was the same for both groups. For P300, the 

judges had 81% agreement on 304 component peaks. Agreement was higher for the non-

injured group (84%) than for the mild TBI group (78%). The third judge resolved all 

disagreements. 
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Independence of the Measures 

Pearson product-moment correlation was used to determine the degree of inter

dependence between the N200 and P300 components. The resuhs of this analysis on 

latency revealed a significant correlation between the two components, r = 0.83, b < 0.01, 

n = 269. For the amplitude measures, the correlation was smaller but still significant, r = 

0.31, p < 0.01, n = 277. 

Test-Retest Reliability 

Pearson product-moment correlation coefficients representing between-session 

reliability are displayed in Table 5. All correlation coefficients were significant with the 

exception of P300 amplitude for the mild TBI group. The values presented for the non-

injured group are consistent with previous reports of between-session reliability 

Table 5 
Comparison of Pearson product moment correlation 
coefficients of test-retest reliability. 

Iniured 
r 

Non-iniured 
r 

Latency 
N200 0.71 ** 0.74 

P300 0.75 ** 0.84 ** 

Amplitude 
N200 0.37 0.81 " 

P300 0.14 0.61 ** 

p < 0.01 
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(Segalowitz and Barnes, 1993), and therefore considered sufficient for the type of group 

analysis being performed in this study. Values for the mild TBI group were consistently 

lower than those for the non-injured group, though the magnitude of that difference varies 

considerably. The largest differences are seen for the amplitude measures. 

Findings for the N200 Componern 

Latencv 

Means and standard deviations for N200 latency are displayed in Table 6. Figure 

8 is a collection of three graphs that are relevant to the research hypotheses, representing 

the influence of visit (8a), task (8b), site (8c) on any between group differences. A four-

way repeated measures ANOVA revealed significant effects of group, F(l, 20) = 6.86, p 

= 0.02, and task, F(2, 20) = 89.85, p < 0.01, as well as an interaction of group by site, 

F(2, 40) = 3.49, g = 0.04, and task by site, F(4, 59) = 4.10, p < 0.01. 

Although there was no main effect or interaction that involved visit, it can be seen 

in Figure 8a that the N200 latency of the mild TBI group was longer than that of the non-

injured group at both visits. Furthermore, the magnitude of this difference increased 

from Visit I to Visit 2. From the graph, it is evident that this change is attributable to an 

increase in average N200 latency for the mild TBI group, as the average value for the 

non-injured group remained stable. 

As illustrated by Figure 8b, there was a trend of increasing latency of the N200 

component from Task 1 to Task 3 for both groups. For all three tasks, the latency of the 
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Table 6 
Comparison of N200 latencies (in ms  ̂bv Group. Visit and Task. 

Injured Non-iniured 
M (SD) M (SD) 

Visit 1 

1500 Task 
Fz 241 (24) 225 (13) 

Cz 224 (30) 224 (10) 

Pz 223 (30) 229 (10) 

k 
Fz 263 (14) 243 (22) 
Cz 256 (19) 231 (16) 

Pz 253 (18) 231 (12) 

Duration Task 
Fz 289 (33) 274 (35) 
Cz 296 (19) 295 (28) 

Pz 294 (17) 309 (36) 

Visit 2 
1500 Task 

Fz 246 (38) 231 (23) 

Cz 232 (48) 211 (11) 

Pz 233 (42) 214 (13) 
1030 Task 

Fz 280 (39) 243 (47) 
Cz 265 (29) 248 (33) 

Pz 257 (30) 233 (23) 
Duration Task 

Fz 304 (14) 285 (34) 
Cz 307 (8) 286 (27) 
Pz 300 (17) 294 (31) 



Figure 8. iiiustrations of between group interactions for Visit (a), Tasl( (b), and Site (c) for N200 latency. 
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N200 component tended to be longer for the injured subjects. Despite the lack of a group 

by task interaction, this trend was not consistent, being greatest in magnitude for Task 2. 

The group by site interaction, shown in Figure 8c, is the only statistically 

significant interaction pertinexit to the research hypotheses. As illustrated by the figure, 

the mild TBI group generally presented with longer N200 peak latencies at each of the 

three recording sites, with the magnitude of the difference increasing towards the fi-ontal 

leads. Post-hoc analysis of the interaction revealed that this difference was statistically 

significant at the Fz recording site, t(91) = 2.44, g = 0.016 (Bonferroni correction: 0.05 / 

3 =0.017). 

The task by site interaction, shown in Figure 9, relates to the expected effects of 

Figure 9. N200 Mean Latency Values bv Task and Site. 
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task difficulty and recording site on N200 latency. Because the interaction did not 

involve group, the two groups are combined in this figure. From this figure, it is evident 

that there is an increase in N200 latency fi'om Task 1 to Task 3 across all three recording 

sites. This finding is consistent with the expected effects of increased task difficulty on 

N200 latency. 

Amplitude 

Means and standard deviations for N200 amplitudes, given in computer units, are 

displayed in Table 7. Figure 10 is a collection of three graphs representing the influence 

of visit (10a), task (10b), and site (10c) on any between-group differences. Analysis of 

these data, using a four-way repeated measures ANOVA, revealed a significant main 

effect of task, F(2, 20) = 12.77, p < 0.01, and site, F(2, 20) = 19.77, p < 0.01, as well as 

an interaction of visit by task, F(2, 22) = 4.00, g < 0.05, and group by visit by task, F(2, 

22) = 3.46, E < 0.05. 

As illustrated in figure 10a, the mean amplitude for the mild TBI group remained 

relatively stable across visits, with that of the non-injured group tending to decrease from 

Visit 1 to Visit 2. Figure 10b illustrates that the amplitude of N200 increased for both 

groups as the difficulty of the task increased. However, as shown in the figure, the 

magnitude of the difference between the two groups varied little across tasks, actually 

showing the greatest difference for Tasks 2 and 3. 

Finally, the relationship between recording site and N200 amplitude is illustrated 

in Figure 10c. Regardless of group, the amplitude of the N200 component tended to 
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Table 7 
Comparison of N200 Amplitudes fin computer units) 
bv Group. Visit and Task. 

Injured Nonnniured 
M (SD) M (SD) 

Visit 1 

1500 Task 
Fz -16.73 (19.74) 

o
 t (16.06) 

Cz -7.23 (15.94) -15.63 (18.4) 
Pz -1.57 (10.49) -4.97 (12.92) 

1030 Task 
Fz -17.76 (10.47) -24.43 (14.32) 
Cz -13.79 (11.02) -24.43 (12.66) 
Pz -4.17 (9.71) -10.80 (13.47) 

Duration Task 
Fz -14.60 (19.48) -30.40 (18.3) 
Cz -26.70 (18.59) -28.61 (15.16) 
Pz -12.79 (13.66) -12.76 (8.65) 

Visit 2 
1500 Task 

Fz -10.50 (13.17) -9.77 (18.39) 
Cz -6.22 (12.68) -4.86 (19.96) 
Pz 3.38 (13.15) -4.91 (12.9) 

1030 Task 
Fz -15.22 (13.89) -4.78 (4.91) 
Cz -13.62 (13.33) -9.13 (8.09) 
Pz -4.62 (10.65) -1.78 (9.22) 

Duration Task 
Fz -31.04 (21.05) -25.13 (19.15) 
Cz -26.67 (10.83) -27.71 (12.47) 
Pz -18.78 (7.63) -10.95 (5.82) 



Figure 10. Iliustrations of between group interactions for Visit (a), Task (b), and Site (c) for N200 amplitude. 

0.0 

-2.0 

-4.0 

01 -60 
•§ -8.0 

=5. -•'OO 
E -12.0 
^ -14.0 

-16.0 

•18.0 

-20.0 

Figure 10a. Group by Visit Interaction 

O 
visit 1 Visit 2 

Visit 

• Injured 

O Non-lnjurad 

Figure 10b. Group by Tasic Interaction 

0.0 

-5.0 

0) 
I .10.0 

a. 

I 
•20.0 

-25.0 

o 

8 
Taski Task 2 Task 3 

Task 

0.0 

-5.0 

w 
-10.0 

3. 
E -15.0 
< 

-20.0 

-25.0 

Figure 10c. Group by Site Interaction 

O 

F* 

o 

Cz 
site 

• Injured 

O Non-Injured 

Pz 

• Injured 

O Non-Injured 



79 

increase from Task 1 to Task 3. Post-hoc comparisons of this effect revealed significant 

differences between sites Fz and Pz, t(203) = -5.28, g < 0.01, and sites Cz and Pz, t(204) 

= -4.63, g < 0.01 (Bonferroni correction; 0.05 / 3 = 0.017). 

Figure 11 displays the data for the group by visit by task interaction. With one 

exception, the data followed the expected trend for task effect. Although increasing task 

difficulty generally led to an increase in N200 amplitude, this was not true for the non-

injured group at Visit 2. Furthermore, whereas the non-injured group demonstrated a 

decrease in amplitude for all tasks from Visit 1 to Visit 2, this was only true for the mild 

TBI group on Task 1. Post-hoc analyses were performed specifically on those 

comparisons involving between group differences. None of these comparisons was 

significant. 

Roure 11. N200 Mean AinDlitude Values fin computer units  ̂
bv Group. Visit and Task. 
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Findings for the P300 Component 

Latency 

Means and standard deviations for P300 latency are displayed in Table 8. Figure 

12 is a collection of three graphs that are particularly relevant to the research hypotheses, 

representing the influence of visit (12a), task (12b), site (12c) on any between-group 

difference. A four-way repeated measures ANOVA revealed significant effects of group, 

F(l, 20) = 16.89, g < 0.01, and task, F(2, 20) = 176.86, p < 0.01, as well as a group by 

site interaction, F(2, 40) = 3.81, p = 0.031. 

There was no main effect or interaction related to visit. Figure 12a illustrates the 

relationship of visit and P300 latency difference between the two groups. Regardless of 

group, there was a tendency for the latency of the P300 component to decrease at the 

second visit. 

The relation between task and P300 latency is illustrated in Figure 12b. Although 

the magnitude of the difference between the two groups varies by task, being largest for 

Task 2, there was no interaction between group and task. As such, post-hoc analyses 

were performed with the values for the two groups collapsed. For both groups, there is 

an increase in P300 latency from Task 1 to Task 3. Post-hoc comparisons revealed 

significant differences between Task 1 and Task 2, t(189) = -6.84, p < 0.01, and Task 2 

and Task 3, t(180) = -13.93, p < 0.01 (Bonferroni correction: 0.05 / 2 = 0.025). These 

results are consistent with the previously reported effects of task difficulty on P300 

latency. 
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Tables 
Comparison of P300 latencies (In ms) bv Group. Visit and Task. 

Iniured Nonnniured 

Visit 1 

Visit 2 

M (SD) M (SD) 

1500 Task 
Fz 345 (30) 313 (12) 
Cz 327 (30) 309 (12) 
Pz 328 (24) 323 (20) 

1030 Task 
Fz 390 (33) 328 (15) 
Cz 364 (23) 329 (11) 
Pz 374 (23) 332 (14) 

Duration Task 
Fz 452 (31) 406 (41) 
Cz 460 (23) 422 (37) 

Pz 456 (24) 436 (40) 

1500 Task 
Fz 335 (62) 308 (32) 

Cz 336 (61) 287 (20) 

Pz 314 (11) 300 (24) 
1030 Task 

Fz 375 (33) 337 (38) 
Cz 373 (26) 337 (33) 

Pz 371 (26) 330 (25) 
Duration Task 

Fz 438 (40) 391 (24) 
Cz 423 (25) 392 (39) 
Pz 440 (30) 410 (37) 



Figure 12. iliustrations of between group interactions for Visit (a), Task (b), and Site (c ) for P300 latency. 
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The group by site interaction, illustrated in Figure 12c, is the only significant result 

pertinent to the research hypotheses. As was seen with N200 latency, the magnitude of 

the difference between the P300 latencies of the two groups increases towards the frontal 

leads. Post-hoc comparison of the three sites revealed that the difference in P300 latency 

between the two groups was significant for sites Fz, t(94) = 3.63, p < 0.01, and Cz, t(92) 

= 2.80, p < 0.01 (Bonferroni correction: 0.05 / 3 = 0.017). 

Amplitude 

Means and standard deviations for P300 amplitude, given in computer units, are 

displayed in Table 9. Figure 13 contains three graphs representing the influence of visit 

(13a), task (13b), site (13c) on any between-group differences. Analysis of these data, 

using a four-way repeated measures ANOVA, revealed a significant effect of visit, F(l, 

20) = 4.97, p < 0.05, task, F(2, 20) = 5.32, p < 0.01, and site, F(2, 20) = 12.10, p < 0.01, 

with no interactions. 

As can be seen in figure 13a, the visit effect involved a decrease in the average 

P300 amplitude from Visit 1, (M = 35.00, SD = 24.24) to Visit 2 (M = 24.01, SD = 

20.16). Although the difference in mean amplitude between the two groups was greater 

at Visit 1, no interaction was observed between group and visit. 

As illustrated in figure 13b, a general trend of decreasing P300 amplitude from 

Task 1 to Task 3 (increasing task complexity) occurred in both groups. For all three 

tasks, the mild TBI group had lower P300 amplitudes than the non-injured group. 

Although the magnitude of this difference tended to increase from Task 1 to Task 3, there 



Table 9 
Comparison of P300 Amplitudes Hn computer units) 
bv Group. Visit and Task. 

Injured Nonnniured 
M (SD) M (SD) 

Visit 1 
1500 Task 

Fz 22.94 (32.13) 38.22 (17.60) 
Cz 37.94 (26.34) 49.04 (24.11) 
Pz 42.53 (20.54) 40.53 (17.46) 

1030 Task 
Fz 24.80 (27.81) 42.70 (11.38) 
Cz 40.22 (31.06) 48.93 (29.32) 
Pz 41.00 (28.54) 45.35 (30.33) 

Duration Task 
Fz 16.68 (7.54) 23.44 (17.35) 
Cz 21.80 (18.06) 26.15 (19.45) 
Pz 26.98 (17.80) 41.00 (28.34) 

Visit 2 
1500 Task 

Fz 15.00 (18.75) 22.50 (14.71) 
Cz 32.28 (29.08) 36.43 (20.28) 
Pz 41.25 (23.05) 36.63 (16.34) 

1030 Task 
Fz 10.00 (19.81) 14.43 (19.76) 
Cz 18.67 (21.03) 25.57 (16.18) 
Pz 22.00 (12.50) 26.71 (18.53) 

Duration Task 
Fz 11.28 (17.73) 16.87 (19.43) 
Cz 16.00 (19.53) 28.00 (24.84) 
Pz 20.43 (6.73) 30.62 (19.02) 



Figure 13. Illustrations of between group interactions for Visit (a), Tasic (b), and Site (c ) for P300 amplitude. 
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was no interaction between the groups. Because there was no interaction, post-hoc 

testing was performed with the data from the two groups collapsed. Analysis of the 

observed effect of task revealed a significant difference in P300 amplitude between Task 

I and Task 3, t(204) = 3.85, p < 0.01 (Bonferroni correction; 0.05 / 3 = 0.017). 

Finally, as reported in the literature, there was a trend of decreasing P300 

amplitude from site Pz to Fz for both groups (figure 13c). Although there is a notable 

difference between the two groups at all three sites, with increasing magnitude moving 

towards the anterior recording sites, there was no interaction of group by site. Post-hoc 

comparisons of the site effect revealed significant differences for sites Fz and Cz, t(187) 

= -3.33, g < 0.01, and Fz and Pz, t(194) = -4.52, p < 0.01 (Bonferroni correction; 0.05 / 3 

= 0.017). 
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7 DISCUSSION 

The aim of the present study was to characterize differences in the latency and 

amplitude of the N200 and P300 components between a group of individuals with mild 

TBI and a matched non-injured group. A longitudinal repeated-measures design was 

employed in an effort to observe the influence of recovery on any between-group 

difTerences. Further, based upon prior neuropsychological and neuroradiological 

findings, the influence of task difficulty and recording site on the magnitude of the 

difference in component characteristics between the two groups was also investigated. 

The results of the present study indicate that: (a) the latency of the N200 and P300 

components of long latency ERP waveforms elicited by an auditory oddball 

discrimination task are prolonged in a group of subjects with mild TBI; (b) these effects 

can persist as long as 3 weeks post-injury; (c) the difference observed is not influenced 

by the difficulty of the discrimination task, at least up to the level of difficulty offered in 

the present study; (d) the difference observed is influenced by scalp recording site such 

that its magnitude is greatest for anterior leads; and (e) measures of N200 and P300 

amplitude do not differ significantly between groups of injured and non-injured subjects. 

These effects suggest that even mild TBI can cause disruptions in neural processing and 

that these disruptions can persist for at least three weeks post-injury. Further, the results 

indicate that this disruption is greater in the anterior regions of the brain (i.e., frontal 

lobes), suggesting a disproportionate vulnerability of that area, or its coimections, to the 

types of injury events most often responsible for mild TBI. 
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Before discussing the electrophysiological data, the behavioral characteristics of 

the mild TBI group will be reviewed and compared to the findings of other investigators. 

The discussion of the electrophysiology findings will be organized according to the main 

effects and interactions of interest in this study. That is to say, the overall group 

differences will be reviewed first, followed by a discussion of the effects of time post-

injury, task difficulty, and recording site on any group differences. Finally, the strengths 

and limitations of the present study will be considered as well as possible directions for 

further research. 

Behavioral Data: PCS and Reaction Time 

The reason for analyzing the PCS questionnaire was to confirm that the 

symptomatology of the mild TBI group used in the current study was similar to what has 

been reported previously. The analyses focused on differences between the two groups in 

symptom severity, as indexed by the PCS questionnaire, and the influence of time post-

injury on these differences. Overall, the mild TBI group was expected to report a greater 

number of symptoms and have a higher total score on the PCS questionnaire at both 

visits. Because the majority of individuals with mild TBI tend to experience recovery 

over the first several weeks post-injury, it was fiirther expected that the average score of 

the mild TBI group on the PCS questionnaire would decrease fi'om Visit 1 to Visit 2. 

As expected, the total PCS score of the non-injured group was markedly low at 

each of the two visits. At Visit 1, three of the twelve non-injured subjects reported only a 

single mild symptom. Two of those same subjects again reported a single mild symptom 
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at Visit 2. Contrary to this, each member of the mild TBI group reported multiple 

symptoms at Visit 1, with the majority reporting symptoms rated as moderate or severe. 

Less than half of the subjects in the mild TBI group reporting moderate or severe 

symptoms at Visit 2. Overall, the results suggest a clear behavioral effect of mild TBI 

and only a slight trend of decreased symptoms severity over the first few weeks post-

injury. However, this finding is fiirther complicated in the present study by the 

variability in recovery patterns shown by the subjects in the mild TBI group. 

As was evident fi-om the analysis of the group by visit effect on the PCS results, 

even a well-defined subgroup of the TBI population can demonstrate significant 

individual variation after injury. Despite a slight trend towards decreased total PCS score 

at Visit 2, the individual subjects in the mild TBI group demonstrated marked differences 

in their recovery patterns. Whereas the PCS scores of five of the eight decreased across 

visits, scores for two of the eight showed an increase. The remaining subject had the 

same score at each of the two visits. 

This degree of individual variation is worth noting considering that the members 

of the mild TBI group varied by only a single point on their GCS admission scores (14-

15). Using a larger time-window than that of the present study, Barrett and colleagues 

(1994) observed a significant reduction in the number of symptoms reported by a group 

of individuals with mild TBI fi-om 2 weeks to 12 weeks post-injury. Nevertheless, even 

at 12 weeks post-injury almost half of their 82 subjects still reported the presence of two 

or more symptoms. Twelve of those subjects even reported a greater number of 
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symptoms than they had at the week 2 contact. The authors of that study did not quantify 

the severity of the symptoms reported. 

Reaction time was analyzed for two reasons. First, the results of the non-injured 

group were analyzed to confirm that increasing task difficulty produced an increase in 

subject reaction time. Second, the influence of task on any between group difference was 

considered to be of interest given that reaction time is thought to reflect some of the same 

processes as the long latency ERP components. Reaction time, in this case the speed 

with which a subject provided a motor response to a predetermined auditory stimulus, is 

derived from several physiological processes. Beyond the initial transmission of the 

sensory stimuli, reaction time is influenced by the speed with which the incoming signal 

is processed by the brain. In the case of an auditory oddball task, part of this process 

involves a purposeful decision by the subject as to whether the detected stimulus requires 

a motor response (i.e., response selection). Depending upon the outcome of that decision 

process, motor units are recruited and a motor response is initiated and completed. 

Although this is an oversimplification of a complex process, it is clear that each stage in 

the process requires several milliseconds to complete. The sum total of that time 

becomes the individual's reaction time. 

As expected, the reaction time of the non-injured group increased from Task 1 to 

Task 2 and from Task 2 to Task 3, with the differences between Task 1 and 3, and 

between Task 2 and 3, reaching statistical significance. These results are consistent with 

pilot data as well as the observations of other research groups (Maddocks & Saling, 1996; 

Segalowitz et al., in submission). Segalowitz and colleagues (in submission) attribute the 
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greater difficulty of the duration task. Task 3, to the inability of subjects to use echoic 

replay to aid in the discrimination. They propose that this strategy is available to subjects 

when the difference between the tones is one of pitch. However, in their analysis 

Segalowitz and colleagues did not observe a significant interaction between group and 

task, although they did observe a trend of increased reaction time as the difficulty of the 

task was increased. 

A delay in reaction time corresponding to increases in task difficulty also was 

observed for the injured group. For this group however, the rate at which reaction time 

increased was greater than that seen in the non-injured group. Thus, whereas the two 

groups performed similarly on Task 1, subjects with mild TBI demonstrated marked 

delays on Tasks 2 and 3. Statistical significance was reached only for Task 3, where the 

difference was maximal. These findings are again consistent with the trends noted by 

Segalowitz and colleagues (in submission) as well as the observations of Hugenholtz and 

colleagues (1988). In a longitudinal study, the latter group administered a series of 

reaction time tests to a group of 22 mildly concussed subjects five times over a period of 

three months post-injury. Although no significant differences were observed between the 

injured group and a non-injured control group on simple reaction time measures, the 

mildly concussed group was significantly slower on choice reaction time tasks. The 

authors interpreted their results as an indication of reduced information processing speed 

and attention in the mild TBI group. 
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Electrophysiological Data 

Analysis of the electrophysiological data focused on expected between-group 

differences in the latency and amplitude of the N200 and P300 components. Emphasis 

also was placed on the interaction of such differences with (a) time post-injury, (b) task 

difficulty, and (c) recording site. The only variable to show a between-group difference 

was peak latency, and this was true for both N200 and P300 components. Overall, the 

average latencies of the two components were prolonged in the mild TBI group. Of the 

three potential interactions, only the site of recording was found to significantly influence 

this latency difference. As for amplitude, despite some interesting trends in the data there 

were no significant group effects or interactions. The following discussion of these 

results will broken down into the following sections: (a) overview of group differences, 

(b) the influence of visit, (c) the influence of task difficulty, and (d) the influence of 

recording site. Each section will include a discussion of those trends in the data that were 

consistent with the research predictions and a comparison of the findings with prior 

research. Because of the complex nature of the main effects and interactions, 

interpretation of the results will be discussed in a separate section. 

Group Differences 

As suggested by the high correlation between the latency values of the two 

components, the findings for N200 and P300 latency were similar. Regardless of visit, 

task, or site, the average latency of both components was consistently longer in the mild 

TBI subject group. The N200 component was not analyzed in either of the two long 
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latency ERP studies of acute mild TBI (Pratap-Chand et al., 1988; Werner & Vanderzant, 

1991). Both investigations did analyze P300 latency however, but with different resuks. 

Pratap-Chand and colleagues n^rted a significant acute prolongation of the P300 

component in their mild TBI group, a finding that is consistent with the resuhs of the 

present study. Conversely, Werner and Vanderzant reported that the P300 values of their 

ten subjects with mild TBI were found to be "within normal limits". In this case, subjects 

were tested within two weeks of the injury event. Although the results of the two studies 

conflict, the study by Werner and Vanderzant is difficult to interpret given the absence of 

normative data and lack of specific results for the P300 analysis. 

The effect of injury on the latency of both the N200 and the P300 has been 

explored in individuals with chronic mild TBI (Ford and Khalil, 1996; Segalowitz et al., 

in press). Segalowitz and colleagues observed no differences in the latency of either the 

N200 or P300 component in a group of self-reported mild TBI subjects who were an 

average of six-years post-injury relative to a non-injured subject group. Although these 

findings are not consistent with the resuhs of the present study, it is important to consider 

that the subjects in the study by Segalowitz and colleagues were an average of six years 

post-injury. The latency findings of Ford and Khalil (1996) were mixed. The authors 

observed a prolongation of N200 latency similar to the one seen here, but no between-

group difference in P300 latency. 

In regard to amplitude, there was a tendency for the amplitudes of both the N200 

and P300 component to be attenuated in the mild TBI group. Comparison of these 

findings with previous research is again limited by the lack of available data in the 
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literature. Like the latency of N200, neither of the published electrophysiological studies 

of acute mild TBI (Pratap-Chand et al., 1988; Werner and Vanderzand, 1991) included 

N200 amplitude as part of their design. P300 amplitude was analyzed by Pratap-Chand 

and colleagues (1988) and found to be significantly reduced in their mild TBI subject 

group during the acute phase of the injviry. 

The amplitudes of N200 and P300 were analyzed in the two chronic mild TBI 

studies (Ford and KhaliL, 1996; Segalowitz et al., in submission). Segalowitz and 

colleagues observed no significant difference in the N200 amplitude between mild TBI 

and non-injured subject groups. These findings are consistent with the present work. In 

contrast. Ford and Khalil observed a significant increase in the N200 amplitude of their 

mild TBI group relative to the non-injured subjects. As for the P300 component, both 

studies reported that amplitude was significantly diminished in their mild TBI groups. 

This finding was not replicated in the present study. Possible reasons for this discrepancy 

will be discussed below. 

Influence of Visit on Between-Group Findings 

It was predicted that, as a reflection of recovery, the component characteristics of 

the mild TBI group would begin to approximate those of the non-injured group by the 

time of Visit 2. Given the lack of a group by visit interaction, this prediction was not 

supported by the data. There were however, interesting findings in both the average 

values and the test-retest correlations of the component characteristics. 
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As expected, the latency of the N200 component was longer in the mild TBI 

subject group regardless of visit. Contrary to the research predictions however, the 

magnitude of the between-group difference in N200 latency increased from Visit 1 to 

Visit 2. This increase was caused by a fiuther prolongation of the average N200 latency 

for the mild TBI group, as the value for the non-injured group remained unchanged from 

Visit 1 to Visit 2. Alternately, for N200 amplitude, it was the injured group whose 

average value remained relatively consistent across visits while that of the non-injured 

group tended to decrease. The observed trend in the non-injured group likely represents 

familiarity with the oddball tasks. The decrease did produce a change in the sign of the 

difference between the two groups, such that the average amplitude of the mild TBI 

group was larger than that of the non-injured group at the second visit. The interaction 

was not significant however. 

Both groups demonstrated a modest decrease in the amplitude and latency of the 

P300 component across visits. Although these values were prolonged and attenuated in 

the mild TBI group, the slope of the change across visits was similar to that of the non-

injured group. In fact, the between-group difference observed for P300 latency v as 

remarkably stable despite a decrease in latency for both groups. 

Only one other study has investigated the influence of time post-injury on the 

long latency ERP components of individuals with mild TBI. Pratap-Chand and 

colleagues (1988) analyzed P300 latency and amplitude in a longitudinal study of mild 

TBI. Subjects were first tested within four days of injury and then returned for follow-up 

testing some time between 1 and 24 months post-injury. Relative to a non-injured group. 
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the latency of the P300 in the mild TBI group was prolonged and attenuated. Although 

this is consistent with the present findings for latency, the between-group difference in 

amplitude did not reach statistical significance in the present study. Also contrary to the 

present findings, Pratap-Chand and colleagues (1988) observed a shift in the P300 

latency of their mild TBI group towards the value found in their non-injured group. The 

size of this shift was sufficient to make the between-group comparison non-significant for 

the follow-up visit. In comparing the two studies however, it is important to consider that 

subjects in the study by Pratap-Chand and colleagues underwent foilow-up testing, on 

average, much later post-injury than the subjects in the present study. Thus, the mild TBI 

group was allowed a greater amount of time to recover from the injury than in the present 

study. 

The P300 test-retest Pearson product-moment correlation coefficients for the non-

injured group were consistent with P300 reliability data reported by Segalowitz and 

Barnes (1993). For both components, the test-retest coefficients of the non-injured group 

ranged from 0.61 to 0.84, with all values achieving statistical significance. The same was 

not true for the mild TBI group. The test-retest correlation coefficients for the mild TBI 

group were lower than those of the non-injured group for each component characteristic. 

Ranging from 0.14 to 0.75, only the test-retest coefficients for component latency were 

greater than 0.5 and statistically significant. The maximal difference between the two 

groups was observed in the correlation coefficients for P300 amplitude. In contrast to the 

results of the repeated measures ANOVA, these results suggest the presence of changes 

in the waveform morphology of the mild TBI group from Visit 1 to \^sit 2. 
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Influence of Task Difficulty on Between-Group Findinizs 

The findings fbr the non-injured group were consistent with the overall expected 

effects of task difficulty on component characteristics. As a result of increasing task 

difficulty (a) the latency of the N200 and P300 components was prolonged, (b) the 

amplitude of the N200 component was augmented, and (c) the amplitude of the P300 

component diminished. These trends were observed in both groups, though the peak 

latencies of the mild TBI group were consistently prolonged for both components. 

Nevertheless, the predicted influence of task on the between-group difference in 

component latency was not found. 

The amplitude of the N200 component was consistently lower in the mild TBI 

group. Contrary to the predicted effect of task however, the between-group difference in 

N200 amplitude actually decreased with increasing task difficulty, being minimal on 

Task 3. P300 amplitude was the only component characteristic that did tend to respond 

to task difficulty in a manner consistent with the research predictions. Overall, the 

amplitude of this component tended to be smaller in the mild TBI group, with the 

magnitude of the difference increasing from Task 1 to Task 3. However, the change was 

not statistically significant. 

Neither of the two previous long latency ERF studies of acute mild TBI included 

an investigation of the effects of task difficulty on long latency ERF component 

characteristics. Both studies elicited the long latency ERPs using a relatively simple 

auditory oddball task similar to Task 1. Segalowitz and colleagues (in submission) did 
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include task difficulty as a variable in their study of individuals with chronic mild TBI. 

As in the present study, those authors did not observe any interaction between task 

difficulty and the magnitude of the difference in component characteristics between the 

two groups. This suggests that increasing demand on attentional resources does not 

disproportionately influence the long latency ERP components of the mild TBI group. 

Influence of Recording Site on Between-Group Findings 

Based upon reports from neurobehavioral and radiological studies of mild TBI, it 

was predicted that the magnitude of the difference between the component characteristics 

of the two groups would be greater at anterior recording sites. The peak latency findings 

of the present study supported that prediction. For the N200 and P300 components, the 

between-group difference in the data increased from Pz to Cz and from Cz to Fz. Post-

hoc analysis revealed that the difference reached statistical significance at Fz for both 

components and at Cz for the P300. The difference at Pz was not significant for either 

component. 

Regardless of subject group, recording site was found to influence the amplitude 

of both the N200 and P300 component in a manner consistent with other reports (Coles et 

al., 1990; Sams et al., 1985; Squires et al., 1975). The amplitude of the N200 component 

increased from the Pz to the Fz recording site. The effect was similar for P300 

amplitude, but in the opposite direction. Peak amplitude for this component was 

maximal at Pz and minimal at Fz. 



99 

Overall, the N200 and P300 components were attenuated in the mild TBI group at 

each recording site. Although there did appear to be an effect of recording site on this 

difference, the trends failed to reach significance. Of the two components, the trend 

observed for the amplitude of the P300 was consistent with the research prediction. As 

expected, a maximal difference was seen at the Fz recording site, followed by Cz then Pz. 

Again however, the finding only represented a trend in the data. 

The only other study to characterize the influence of recording site on between-

group differences in mild TBI was that of Ford and Khalil (1996). As mentioned 

previously, the study involved subjects whose injury took place 1 to 22 months prior to 

testing. Similar to the trend observed in the present study, the authors report significant 

attenuation of the P300 component that was maximal at the Fz recording lead. Contrary 

to the findings of the current study however, the authors did not find significant between-

group differences in P300 latency despite delays in earlier electrophysiological 

components like the N200. In addition to being prolonged, the N200 component was also 

reduced in the mild TBI group. Both of these effects were maximal at the Cz recording 

site. This finding is not consistent with the observation of a maximal and statistically 

significant between-group difference in N200 latency at the Fz recording site. It is 

interesting to note that, although not statistically significant, the between-group 

difference for N200 amplitude in the current study was maximal at the Cz recording site. 
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Interpretation of the long latency ERP Findings 

The research reviewed in preparation for the current study suggests that trauma is 

capable of initiating a number of different biochemical and physical changes within the 

central nervous system. The exact nature of these changes, including their temporal 

characteristics, is still poorly understood however. Data from neurobehavioral and 

neuroimaging indicate that the majority of damage tends to occur in the frontotemporal 

regions of the brain. To explore these issues further, the following three questions were 

addressed; (a) How severe and lasting are the pathophysiological changes after mild TBI? 

(b) Are the effects of this damage, as reflected in the long latency ERP waveform, 

enhanced by increasing the task load of an already compromised neurological system in 

the mild TBI group? (c) Is the scalp distribution of the long latency ERP waveform 

componems consistent with the reports of disproportionate frontal lobe damage in mild 

TBI? The peak latency results of the present study support the presence of neural 

disruption after mild TBI. Further, the absence of an effect of visit in the present study 

indicates that the disruption can persist for at least several weeks post-injury. Finally, 

although the evidence of this disruption was not influenced by task difficulty, its 

topography does suggest that damage is greater in the anterior regions of the brain. 

Latencv 

As discussed previously, the P300 component is considered a marker of neural 

processes related to cognition. Although several theories exist, the exact nature of this 

process is unclear. Further, the origin of the long latency ERP components is not known. 
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The cognitive feature most commonly ascribed to P300 latency is speed of information 

processing (Dywan et al., 1992; Kutas et al., 1977). Donchin (1981) fiirther specified 

that P300 latency represents the amount of time taken to update task-relevant information 

in working memory. The prolongation of P300 latency observed in this as well as other 

acute studies (Pratap-Chand et al., 1988) indicates that the pathophysiological processes 

produced by the injury are capable of reducing the speed of these processes in individuals 

with mild TBI. 

The above conclusion is complicated by the latency differences observed between 

the two groups on the N200 component. From the literatiu'e review, the prolongation of 

this component suggests that the injured group is experiencing delays in what is 

considered to be a more automatic aspect of information processing. Given that this 

delay occurs prior to the P300 delay, and that a high correlation was observed between 

the latency values of the two components, the question arises as to whether the prolonged 

P300 is simply a result of this earlier delay. The answer to this issue ultimately depends 

upon the nature of the processing that is taking place in the transmission of the data 

signal. If the process is serial, then the attributes of the P300 component should be 

heavily reliant upon the attributes of the N200 component. Such a relationship would 

make the findings of the later component significantly less meaningful, focusing attention 

on the initial source of the delay. Although the average waveforms give the impression 

that relationship between the two is causal. Ford and IChalil (1996) observed a significant 

prolongation in the N200 component in the absence of a similar delay P300 latency. 



102 

E^Iy, the low correlation between the amplitudes of the two components further 

suggests that separate analyses are merited. 

As mentioned earlier, the temporal nature of the pathophysiological changes 

induced by head trauma is poorly understood. In the present study, the research 

prediction concerning the effect of visit on the characteristics of the long latency ERP 

waveform was proposed based upon the belief that mild TBI was capable of producing 

both transient and permanent pathophysiological changes within the central nervous 

system. It was thought that any abnormalities in waveform morphology at Visit 1 would 

demonstrate a shift towards the values of the non-injured group by Visit 2. This shift 

would then represent the resolution of transient effects of mild TBI on central nervous 

system function. This prediction was not supported by the data however, as no 

significant interaction of group by visit was observed for any of the component 

characteristics analyzed. 

One possible explanation for the lack of a significant group by visit interaction, 

particularly for P300 latency, is that the time window used in the present study was 

simply too narrow to observe the predicted shift. This conclusion is complicated 

however, by the absence of a trend of decreasing between-group difference for P300 

latency in the present study. If the latency of the P300 in the mild TBI group is 

ultimately going to approximate that of the non-injured group, as has been shown or 

suggested by other studies (Pratap-Chand et al., 1988; Ford & Khalil, 1996; Segalowitz et 

al., in submission), some indication of this trend would have been expected to appear. 

What these results do suggest however, is that significant recovery of P300 latency does 
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not occur within the time window used in this study. Further insight into the recovery of 

long latency ERP component characteristics might require a longer testing window. 

Similar to what has been reported elsewhere (Sams et al., 1985; Segalowitz et al., 

in submission), the difficulty of the oddball task did influence the amplitude and latency 

of both components analyzed in the present study. Other than a slight trend observed for 

P300 amplitude, the prediction that difficult tasks would enhance any between-group 

differences was not supported by the data. These findings suggest that attempts to 

overload the already impaired system of the mild TBI subjects through the use of more 

difficult tasks, at least to the level of difficulty used in this study, do not influence the 

differences observed between the two groups. Similar results were reported by 

Segalowitz and colleagues (in submission). 

Considering that task difficulty was found to interact significantly with the 

between-group difference in reaction time, the lack of any significant interactions 

between group and task for component latency is of interest. Both measures are 

conmionly reported as reflecting the speed at which information is processed (Dywan et 

al., 1992; Hugenholtz et al., 1988; Kutas et al., 1977). In contrast to the findings of the 

present study, several groups have demonstrated the existence of a strong relationship 

between N200 latency and reaction time (Renault, 1983; Ritter et al., 1982). Regarding 

the P300, Kutas and colleagues (1977) looked at the relationship between P300 and 

reaction time using a choice reaction time task and concluded that the evaluation time 

indexed by the P300 was independent of subject reaction time. 
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The injiiry events most often responsible for mild TBI, including motor vehicle 

collisions, produce flexion-hyperextension movements of the head with or without 

impact. This type of movement, combined with the nature of the brain-skull interface, 

tends to act in favor of greater damage to the frontotemporal regions of the brain. This is 

supported by the findings of both neuroimaging (Levin et al., 1987, 1993; Mittl et al., 

1994), and neurobehavioral studies. Based upon these findings, it was predicted that the 

differences observed in the present study between the component characteristics of the 

two groups would reflect this disproportionate vulnerability of the frontal regions of the 

brain to TBI. 

The magnitude of the between-group difference in latency was found to interact 

significantly with recording site. For both components, the maximal difference was 

observed at the most anterior scalp site, Fz. These results suggest a disproportionate 

amount of damage to the frontal lobes or its connections. 

Amplitude 

As a further reflection of the neural disruption and reduced information 

processing capacity (Segalowitz et al., in submission) of the mild TBI group, the 

amplitude of the P300 component was expected to be attenuated at both visits. Although 

consistently lower than that of the injured group, the difference between the two groups 

failed to reach statistical significance. This finding is inconsistent with the acute (Pratap-

Chand et al., 1988) and chronic (Ford & Khalil, 1996; Segalowitz et al., in submission) 

findings of other researchers. In their longitudinal study of mild TBI, Pratap-Chand and 
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colleagues (1988) reported an attenuation of the P300 component at the initial visit that 

was not observed at follow-up testing. Although the findings of the present study are not 

in agreement with these findings, the consistent effects of Visit, Task, and Site on the 

observed between-group trends brings into question the power of the present study. 

The only interesting between-group trend for the amplitude of the N200 

component involved the influence of visit. Unlike the P300 component, the amplitude of 

N200 was expected to be attenuated at Visit 1 and augmented at Visit 3. Similar to the 

predicted effect of injury on P300, it was thought that the disruption produced by the 

injury would further cause a reduction in N200 amplitude at Visit 1. Several weeks later 

however, after the more transient effects of the injury had subsided, the amplitude of 

N200 was expected to surpass that of the non-injured group. This finding would reflect a 

greater level of effort required by the injured group. Overall, the trends observed in the 

data supported these predictions, but not in a way that had been expected. Relative to the 

non-injured group, the mild TBI group did have a smaller average N200 amplitude at 

Visit 1 and a larger amplitude at Visit 2. However, the non-injured group did most of the 

changing while the average amplitude of the mild TBI group remained remarkably 

consistent across the two visits. 

Strengths and Limitations of the Present Study 

Long latency ERPs are non-invasive and allow for the performance of serial 

evaluations with negligible risk to the patient. In the present study, electrode placement 

and task performance required less than one hour. Moreover, the procedure was well 
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tolerated by all subjects. Thus, as a method of patient monitoring, long latency ERPs are 

clinically practical (Ommaya & Gemiarelli, 1976). 

A strength of the present study relative to previous works was the use of a more 

precise test-retest interval. Although the overall findings of Pratap-Chand and colleagues 

(1988) indicated that the component characteristics of their mild TBI subjects had 

improved by follow-up testing, the variable timing of the follow-up studies restricted 

their conclusions regarding the temporal nature of the recovery. In the present study, all 

injured subjects underwent foUow-up testing between 16 and 19 days post-injury. The 

purpose of this aspect of the design was to allow for a better understanding of these 

changes early during the post-injury course. However, the lack of an interaction between 

the group effects of the present study and time-post injury suggests that the follow-up 

session of the present study may have been scheduled too soon post-injury. 

Perhaps the principle limitation of the present study was the number of subjects 

available for testing. Even with compensation, the study experienced a 40% drop out rate 

just over a period of 15 days, with most non-retuming subjects reporting that they were 

simply too busy to return. The absence of statistically significant effect for P300 

amplitude may be one example of the effect of this low number of subjects. The trends 

observed for this component characteristic were all consistent with the research 

predictions of the study. Further, individual paired comparisons revealed six differences 

that would have been significant at the 0.05 level. This included an overall group 

difference, a between-group difference at site Fz, and a between-group difference on 

Task 3. This type of analysis biases the results in fevor of rejection of the null hypothesis 
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however, but does suggest that the findings may have been strengthened by the inclusion 

of a greater number of subjects. 

Similar to the findings of Segalowitz and colleagues (in submission), the effort to 

influence the difference between the two groups by increasing task difficulty was 

unsuccessful. One possible explanation for this is that the means by which task difficulty 

was increased was not appropriate. The identification of neuropsychological deficits in 

the mild TBI population requires the use of sophisticated testing techniques (Cicerone, 

1996). Thus, h; is possible that the technique used in the present study simply did not tax 

the injured subjects' resources sufficiently or in the appropriate manner to allow an effect 

to be observed. Simply increasing the demand on a subject's level of sustained attention 

may not be sufficient to influence the magnitude of the group difference on long latency 

ERP component characteristics. 

Finally, the test-retest correlation coefficients reported in the present study 

suggest that a conventional "peak-picking" type of analysis might not have been the best 

method of analyzing the study data. The results of a test-retest Pearson product-moment 

correlation reflect both measurement error and idiosyncratic true change (Segalowitz and 

Barnes, 1993). If we assume that measurement error should be random, or at least affect 

both groups and both component characteristics similarly, then the marked difference 

observed only between the amplitude measures of the two groups suggests that there was 

a differential effect of time on the individuals in the mild TBI group, that is to say an 

idiosyncratic true change. By using an ANOVA model however, analysis of the data was 

restricted to only a small section of the waveform. A multi-dimensional analysis would 
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offer the ability to analyze contributions to the variance of the waveforms independent of 

component peaks and troughs. 

Directions for Further Research 

One potential application of long latency ERPs in the mild TBI population is as 

part of a prognostic batteiy. All but one of the long latency ERP studies mentioned has 

demonstrated the presence of some type of waveform abnormality in the mild TBI 

population. These are only group effects however, and we are still far from using long 

latency ERPs in the prognosis of individual patients. Further longitudinal studies, 

involving a larger number of subjects, are required. Such studies should focus on the 

nature and time-course of these abnormalities. Additionally, further experimentation 

with more sophisticated test paradigms should be performed to determine if the between-

group difference could be enhanced. Once the influence of mild TBI on waveform 

morphology is better characterized, researchers can begin to explore the relationship 

between the abnormalities present and a patient's neurobehavioral course. Finally, the 

sensitivity and specificity of the measure, alone or in conjunction with other measures, 

should be determined. 

A second potential application of long latency ERPs in mild TBI is as a means of 

monitoring the effects of pharmacological treatment. There are at least two possible 

avenues for drug intervention. First, drugs may be used in an effort to stabilize the 

biochemical disruption induced by the trauma. Second, drugs may be developed which 

can aid in the recovery of physically damaged neurons. In a study on mice, Antal and 
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colleagues (1992) monitored the effect of two drugs, thyrotropin releasing factor (TRH) 

and ganlioside GMl, on the EEG activity recorded from mice after mild head injury. The 

administration of these drugs caused measurable changes in various power spectra of the 

EEG recording. While studies of these types can be performed in a between-group 

design, and thus do not require the same reliability of the measure as individual 

prognosis, they still require that a better understanding of the nature and time-course of 

electrophysiological changes. 
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Case Hx Form 
Name: Study ID#: 

Date: D.O.B.: CA.: 

Hx Taken From Subject • Other 

Hearing Screen: Pass • Fail • Music?: 

Medical 

Circumstances leading to injury: 

GCS - Held: Admit: 

LOO Duration: PTA Duration 

CT/MRI Findings: 

None: • Other 

Neurological Findings: 

Surgical Procedures: 

Medical Complications: 
s at hospital 

Name Dosage/Frequency Reason for taidng 

Current Medications: 

Name Dosage/Frequency Reason for taking 

Seizure Activity: 

Preinjury Medical Hx: _ 

Social / Educational Hx 

Primary Language: 

Highest Grade Completed: 

Secondary: 

School: 

Preinjury Living Situation: 

Intent to retum to previous job? 
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SUBJECTS CONSENT FCSIM 
EVENT-RELATED PCTTENTIAL STUDY 

I AM BEING ASKED TO READ THE FOLLOWING MATERIAL TO ENSURE THAT I AM 
INFORMED OF THE NATURE OF THIS RESEARCH STUDY AND OF HOW I WILL PARTICIPATE 
IN IT, IF I CONSENT TO DO SO. SIGNING THIS FORM WILL INDICATE THAT I HAVE BEEN SO 
INFC«MED AND THAT I GIVE MY CONSENT. FEE«ERAL REGULATIONS REQUIRE WRITTEN 
INFCaiMED CONSENT PRIOR TO PARTICIPATION IN THIS RESEARCH STUDY SO THAT I CAN 
KNOW THE NATURE AND RISKS OF MY PARTICIPATION AND CAN DECIDE TO 
PARTICIPATE OR NOT PARTICIPATE IN A FREE AND INFORMED MANNER. 

PURPOSE 

1 am being invited to participate voluntanly in the above-titled research project The purpose of this project 
is to obtain measures of responses to auditmy stimuli and to compare those measures obt̂ ed &om 
individuals who have experienced a traumatic brain injury with similar measures obtained firom persons 
who have not experienced a tiaiunatic brain injury. 

SELECTION CRITERIA 

I am being asked to participate in this stucfy because I have recently suffered a mild traumatic brain injury. 
Further, nQr hearing is within the normal range and I have no history of neurological problems or medic  ̂
proidems related to hearing Approximately 100 sutg^cts will be enrolled in this stucfy. 

PROCEDURE 

If I agree to participate, I will be asked to ck> the following: 1) To have my hearing tested with a screening 
test; 2) Toansweraseriesofquestionsrelatedtomy health; 3) To be seated in a cpiiet room, where the 

on my scalp will be clean  ̂followed by the placement of small disks on the s  ̂at several sites. The 
riislcg will be held in place with gel, gauze, and tape. Next, a series of tones and sounds will be presented to 
nqr ear through small earî ones. The signals det̂ ed by the disks will be recorded by a computer. All 
sounds will be presented within a comfortable listening level. 4) To complete a series of penc  ̂and paper 
tests of memory and attention. The total time involved in the measurements will be approximately 2 hours. 
I understand that the focus of this study iirvolves loddng at changes over time and th  ̂because of this, 1 
am being asked to return for three additional testing sessions at approximately 4,18, and 178 days 
following the initial test session. Each session will involve the same procedures described above. 

RISKS 
There is no known risk associated with this stucfy. I should not feel any discomfort from the placement of 
the disks. If 1 do feel discomfort, the investigation will be stopped if I [vefer. Once the disks are removed. 
I may notice some reddening of the skin where the disks had b  ̂plac  ̂however this is simply the resuh 
of the cleaning process used prior to their application and will clear up over time. 

BENEFITS 
I understand that there are no direct personal benefits associated with my participation in this stutfy. The 
results of the stud|y may however, increase our understanding of mild traumatic brain injury. The results of 
neuropsychologiatl testing will be available to me on verbal consultation with the investigator. 
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CONFIDENTIALrrY 
After the data are collected, my records will be assigned a number that will be the only identification used 
on nQr records. All data reported will appear as either average results £rom the entire sutgect group or with 
the coded identification assigned to my record. 

PARTICIPATION COSTS AND SUBJECT COMPENSATION 

There is no direa cost to me for participating in this stucfy. As compensation for my participation. I will 
receive SIO for each of the first two visits (at the time of those visits) and S30 at the completion of the third 
visit If I am available for re-testing at 6 months following the injury, 1 will again be compensated $10 for 
nqr participation in that final session. 

The researchers will answer aî  questions I might have. IC during the course of n  ̂participation in the 
study, I wish to ask additional questi(His, they willlikewise answer those. I am encouraged to contact 
Kenneth Baker (621-1755) at the University of Arizona Department of Speech and Hearing Sciences at any 
time. If I should have any questions concerning my rights as a research sutyect, I may call the Human 
Sutgects Committee office at 626-6721. 

AUTHORIZATION 
BEFORE GIVING MY CONSENT BY SIGNING THIS FORM. THE METHCM5S, INCONVENIENCES, 
RISKS, AND BENEFITS HAVE BEEN EXPLAINED TO ME AND MY QUESTIONS HAVE BEEN 
ANSWERED. I UNDERSTAND THAT I MAY ASK QUESTIONS AT ANY TIME AND THAT I AM 
FREE TO WITHDRAW FROM THE PROJECT AT ANY TIME WITHOUT CAUSING BAD 
FEELINGS OR AFFECTING MY MEDICAL CARE. MY PARTICIPATION IN THIS PROJECT MAY 
BE ENDED BY THE INVESTIGATOR OR BY THE SPONSC» FOR REASONS THAT WOULD BE 
EXPLAINED. NEW INFORMATION DEVELOPED DURING THE COURSE OF THIS STUDY 
WHICH MAY AFFECT MY WILLINGNESS TO CONTINUE IN THIS RESEARCH PROJECT WILL 
BE GIVEN TO ME AS rr BECOMES AVAILABLE. I UNDERSTAND THAT THIS CONSENT FORM 
WILL BE FILED IN AN AREA DESIGNATED BY THE HUMAN SUBJECTS COMMITTEE WITH 
ACCESS RESTRICTED TO THE HUNCIPAL INVESTIGATOR, KENNETH B. BAKER, M.S.. OR 
AUTHORIZED REPRESENTATIVE OF THE SPEECH A>JD HEARING SCIENCES DEPARTMENT. I 
UNDERSTAND THAT I DO NOT GIVE UP ANY OF MY LEGAL RIGHTS SIGNING THIS FORM. A 
COPY C»=" THIS SIGNED CONSENT FORM WILL BE GIVEN TO ME. 

Subject̂  sagnatwe Date 

Pneot/Legal Giiardua<ifiiece»aiy) Date 

INVESTIGATOR'S AFFIDAVIT 
I have caiefiilly explained to the subject the nature of the above project I hereto certify that to the best of 
my knowledge the person who is qgning this consent form undrastands clearly the nature, demands, 
braefits, and risks involved in his/her participation and his/her signature is legally valid. A medical 
problem or language or educational b^er not precluded this understanding 

SigMtme of lovestigilot Due 
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SUBJECTS CONSENT FC«M 
EVENT-RELATED POTENTIAL STUDY 

I AM BEING ASKED TO READ THE FOLLOWING MATERIAL TO ENSURE THAT I AM 
INFC»MED OF THE NATURE OF THIS RESEARCH STUDY AND OF HOW I WILL PARTICIPATE 
IN IT. IF I CONSENT TO EX) SO. SIGNING THIS FORM WILL INDICATE THAT I HAVE BEEN SO 
INFORMED AND THAT I GIVE MY CONSENT. FEDERAL REGULATIONS REQUIRE WRITTEN 
INFORMED CONSENT PRIOR TO PARTICIPATION IN THIS RESEARCH STUDY SO THAT I CAN 
KNOW THE NATURE AND RISKS OF MY PARTICIPATION AND CAN DECIDE TO 
PARTICIPATE CHI NOT PARTICIPATE IN A FREE AND INFORMED MANNER. 

PURPOSE 

I am being invited to participate voluntaiify in the above-titled research project The purpose of this project 
is to obtain measures of responses to auditory stimuli and to compare those measures obtained from 
individuals who have experienced a traumatic brain injury with similar measures obtained &om persons 
who have not experienced a traumatic brain injury. 

SELECTION CRITERIA 

I am being asked to participate in this study because my age, gender, educational and medical history are 
similar to those of a brain injured subjects involved in the stucfy. Further, my hearing is within the normal 
range and I have no history of neurological problems or medit̂  problems related to hearing. 
Approximately 100 subjects will be enrolled in this sm(fy. 

PROCEDURE 

If I agree to participate, I will be asked to do the following: 1) To have my hearing tested with a screening 
test; 2) To answer a series of questions related to n  ̂health; 3) To be seated in a quiet room, where the 
skin on my scalp will be clean  ̂followed by the placemem of small disks on the skin at several sites. The 
disks will be held in place with gel, gauze, and tape. Next, a series of tones and sounds will be presented to 
my ear through small earî nes. The signals det̂ ed by the disks will be recorded Iw a computer. All 
sounds will be presented within a comfortable listening level. 4) To complete a series of pen<  ̂and paper 
tests of memory and attention. The total time involved iii the measurements will te approximatelv 2 hours. 
I understand thk the focus of this stucfy  ̂involves looking at change over time and th  ̂because or this, I 
am being asked to return for three add^orial testing sessions at approximately 4, 18, and 178 days 
following the initial test sessiotL Each session will involve the same procedures described above. 

RISKS 

There is no known risk associated with this study. I should not feel any discomfort fix>m the placement of 
the disks. If I do feel discomfort the investigation will be stopped if I prefer. Once the disks are removed. 
I may notice some reddening of the 'jlrin where the disks had b  ̂plac  ̂however this is simply the result 
of the cleaning process used jxior to their application and will clear iq> over time. 

BENEFITS 

I understand that there are no direct personal benefits associated with n  ̂participation in this stwfy. The 
results of the stu<fy may however, increase our understanding of mild traumatic brain injury. 
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CONFTOENTIALITY 

After the data are collected, my records will be assigned a number that will be the only identification used 
on my records. All data reported will appear as either average results fiom the entire subgect group or with 
the coded identification assigned to my record. 

PARTICIPATION COSTS AND SUBJECT COMPENSATION 

There is no direct cost to me for participating in this stucfy. I will receive $10 per visit as compensation for 
my participation. 

The researchers will answer any questions I might have. If; during the course of my participation in the 
stucfy, I wish to ask additional questions, th  ̂will likewise answer those. I am encouraged to contact 
Kenneth Baker (621-17SS) at the University of Arizona Department of Speech and Hearing Sciences at any 
time. If I should have any questions concerning my rights as a researdi subject, I may call the Human 
Sutgects Committee o£5ce at 626-6721. 

AUTHORIZATION 

BEFC»E GIVING MY CONSENT BY SIGNING THIS FORM, THE METHODS, INCONVENIENCES, 
RISKS, AND BENEFITS HAVE BEEN EXPLAINED TO ME AND MY QUESTIONS HAVE BEEN 
ANSWERED. I UNDERSTAND THAT I MAY ASK QUESTIONS AT ANY TIME AND THAT I AM 
FREE TO WITHDRAW FROM THE PROJECT AT ANY TIME WITHOUT CAUSING BAD 
FEELINGS. MY PARTICIPATION IN THIS PROJECT MAY BE ENDED BY THE INVESTIGATOR 
OR BY THE SPONSOR FOR REASONS THAT WOULD BE EXPLAINED. NEW INFORMATION 
DEVELOPED DURING THE COURSE OF THIS STUDY WHICH MAY AFFECT MY WILLINGNESS 
TO CONTINUE IN THIS RESEARCH PROJECT WEi BE GIVEN TO ME AS FT BECOMES 
AVAILABLE. I UNDERSTAND THAT THIS CONSENT FORM WILL BE FILED IN AN AREA 
DESIGNATED BY THE HUMAN SUBJECTS COMMTTTEE WITH ACCESS RESTRICTED TO THE 
E^UNCIPAL INVESTIGATOR, BCENNETH B. BAKER, MS., OR AUTHORIZED REPRESENTATIVE 
CF THE SPEECH AND HEARING SCIENCES DEPARTMENT. I UNDERSTAND THAT I DO NOT 
GIVE UP ANY OF MY LEGAL RIGHTS SIGNING THIS FORM. A COPY OF THIS SIGNED 
CONSENT FORM WILL BE GIVEN TO ME. 

Subject̂  tignafnre Date 

Parent/Legal Qntrdiaa (if oecesstfy) Date 

INVESTIGATOR'S AFFIDAVIT 

I have carefully explained to the subject the nature of the above project I hereby certify that to the best of 
my knowledge the person who is signing this consent form undo'stands clearly the nature, demands, 
benefits, and risks involved in his/her participation and his/her signature is legally valid. Amedical 
problem or language or educational barrier has not precluded this understanding 

Signanue of bvotigilor Date 
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