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Abstract

Recovery of cognitive function after mild head injury (MHI) is thought to be relatively swift and complete. The
present study replicates and extends previous work in which university students with self-reported concussion
demonstrated reduced P300 amplitude on a set of easy and difficult attention tasks, in addition to performing
more poorly than controls on demanding cognitive tasks many years after injury. In the present study, 13 students
with self-reported concussion (MHI groupt time since injury= 8 years) and 10 controls were matched for age,

sex, education, and a variety of cognitive, physical and emotional complaints. Controls outperformed the MHI
group on the Digit Symbol substitution task and on a difficult dual task involving tone discrimination and visual
working memory. Additionally, controls exhibited larger P300 amplitudes on both an easy and a difficult auditory
discrimination task. A combination of electrophysiological, neuropsychological and self-report indices predicted
group membership (MHVs. control) with 88% accuracy. The present results, coupled with previous work, offer
preliminary evidence that the combination of event-related potentials and demanding behavioral measures might
reveal long-lasting, subtle cognitive problems associated with MHI. These findings may challenge existing notions
of complete recovery after MHIJ(NS 2002,8, 673-682.)
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INTRODUCTION However, the students with MHI do report significant in-
tensification of symptoms since their injury, and these symp-

SO prevaler_n Is mild heaq ‘”j“Yy .(MHl) th"’.‘t it has recently toms seem to have an organic basis (Ryan et al., 1996). As
been described as an .ep|dem|c_|n the United States (Kus or neuropsychological functioning long after MHI, there is
ner, 1998). Despite this pervasiveness, there is much con.

dina th o | .~ some evidence forimpairedinformation processing speed and
troversy surrounding the cognitive sequelae <accompaw'ngif'ficultyWith divided attention. Although some studies (e.qg.,
MHI. While it is virtually uncontested that MHI can pro-

d i ent di i i " d behavioral f Pinkston et al., 2000; Segalowitz et al., 2001) have failed to
iuce transient disruptions 1o cognitive and behavioral Iuncy,se e g difference between controls and individuals with
tioning immediately after injury, the evidence for long-term

. ) tis mixed MHI on the Digit Symbol substitution task, an index of
impairment IS mixed. . o processing speed, several studies have noted such a differ-
Most MHI research has typically focused on individuals

h lain of ii d i | difficulties in th ence (Arcia & Gualtieri, 1995; Leininger et al., 1990; Mac-
w cicotmp aln]? cogni |veffm MeHrTOF\,'OIn? II Ilgtl:l K?Slin € chiocchi et al., 1996). Cicerone (1996) has shown that dual
acute stages ofrecovery after - REAUVEIY IIE ISKNOWN 45 o demands significantly slow information processing
about cognitive problems more than 1 year post injury. Gou

. . i speed long after MHI. A recent review of this literature by
vier and colleagues (Gouvier etal., 1988, 1992; Ryan etal, ernstein (1999) indicates that the neuropsychological tasks

hat are most likely to distinguish controls from those with
. i than d head iniured student t |S1\'/IHI long after injury are those that place large demands on
sion symptoms than do non-head injured student contro Sprocessing resources. Thus, task difficulty appears to mod-
erate some of the inconsistency in the MHI literature.
. . . Gronwall and Wrightson (1975) have speculated that
Reprint requests to: Daniel M. Bernstein, Department of Psychology, iti deficits after MHI be d to d d at
University of Washington, P.O. Box 351525, Seattle, WA 98105-1525.CO9NIlIVE CETICILS after may be due to decreased at-
E-mail: db6@u.washington.edu tentional capacity. Therefore, tasks that require few atten-

673

https://doi.org/10.1017/51355617702801400 Published online by Cambridge University Press


https://doi.org/10.1017/S1355617702801400

674 D.M. Bernstein

tional resources may not discriminate controls fromperformance deficit observed previously on a demanding
individuals with MHI, because such tasks do not ade-dual task represents a generalized difficulty with divided
quately tax one’s available processing resources (cf. Kahattention, or whether the previous deficit simply reflects
neman, 1973). The present study sought to determintask difficulty.

whether the manipulation of task demand, in addition to The distinction between task difficulty and a general di-
the combination of self-report, neuropsychological and elecvided attention deficit associated with MHI was tested in
trophysiological measures, might reveal subtle long-ternthe present study by directly manipulating task demand be-
attentional problems associated with MHI. tween two different dual tasks. In the difficult dual task3(

It has been suggested recently that cognitive eventdistract), a difficult visual working memory task was paired
related potentials (ERPs) may prove valuable in the asses®dth a difficult tone discrimination task. In the easy dual
ment of individuals with MHI (e.g., Potter & Barrett, 1999; task (CNV distrac), the same visual working memory task
Reinvang et al., 2000; Solbakk et al., 1999). In contrast tavas paired with an easy tone discrimination task. Thus, by
behavioral data, ERPs are believed to tap ongoing informaehanging the difficulty of the tone discrimination while hold-
tion processing without being subject to response strategigag the visual working memory task constant in the present
(McCarthy & Donchin, 1981). Two ERP components, thework, it was possible to more carefully track the demands
P300 and the contingent negative variation (CNV), wereplaced on processing resources. It has been suggested that,
examined in the present study. The P300 has been linked tamong healthy controls, a relatively easy task paired with a
the allocation of attention to a stimulus (Polich, 1986), sesnore demanding task will likely result in minimal interfer-
lective attention (Pritchard, 1981), and to mental effort (Wil-ence, because the easy task requires few additional re-
son et al., 1998), and may reliably differentiate controlssources not already demanded by the more difficult task
from individuals with MHI (e.g., Dupuis et al., 2000; Ford (Wingfield & Byrnes, 1981). If the MHI group’s dual task
& Khalil, 1996; Gaetz et al., 2000; Gaetz & Weinberg, 2000; performance deficit in Segalowitz et al. (2001) represents
Granovsky et al., 1998; Pratap-Chand et al., 1988; Reingeneralized difficulty with divided attention, then, in the
vang et al., 2000; Sangal & Sangal, 1996; Solbakk et al.present study, controls should outperform the MHI group
2000; see Gaetz & Bernstein, 2001, for review). The CNVon both the difficult and the easy dual task. If, however, the
has been linked to sustained attention (Teece & Cattanachpyevious dual task difference was the result of task diffi-
1993), and has received relatively little work in MHI culty, then controls should outperform individuals with MHI
research. on the difficult dual task but not on the easy dual task.

Previously, Segalowitz et al. (2001) observed that, com- Based on Segalowitz et al. (2001), several predictions
pared to matched controls, students with self-reported conaere made in the present study. With respect to electrophys-
cussion (MHI) many years post injury demonstrated normalological task performance, the two groups were expected
CNVs, but had reduced P300 amplitudes on a set of eastp perform similarly on the easy measures, but controls
and difficult auditory attention tasks. The authors also notedvere expected to outperform the MHI group on the two
that the P300 amplitude difference between groups wadifficult P300 tasks gurationand P3 distrac). The CNV
smallest on the most demanding task. This electrophysiadistract was not expected to distinguish the groups. This
logical data pattern was different from that observed behavpredicted data pattern favors task demand over divided at-
iorally: the two groups performed equally on easy attentiortention deficit as the vital component responsible for long-
tasks, but controls outscored those with MHI on the mosterm cognitive problems associated with MHI (see discussion
demanding attention tasks. From these results, the authoabove). As for electrophysiology, the MHI group was ex-
concluded that MHI might be associated with subtle, longpected to have smaller CNVs on the CNV distract and re-
term cognitive processing deficits. duced P300 amplitude on all auditory ERP tasks. No

The present study replicates and extends this work witlprediction was made regarding P300 amplitude on the easy
an independent sample at a different university and in aisual discrimination taskvisual oddbal).
different laboratory, using a more thorough battery of ques- What is unique about the present study is that cognitive
tionnaires and cognitive and electrophysiological measuregroblems were sought in a group very unlikely to exhibit
(including a more complete montage of electrode sites, andvert levels of dysfunction. The present study departs from
the addition of visual evoked potentials). A second, relaimost MHI investigations that focus on individuals’ recov-
tively easy, dual taskGNV distrac) was added to the present ery within the first months after injury or among individ-
work to determine whether the CNV associated with thisuals who present with complaints of poor functioning after
task might successfully discriminate the groups. Becaus®IHI. If, with the aid of a broad range of instruments
the CNV typically increases with sustained attention andncluding self-report, neuropsychological and electrophys-
decreases with distraction (Teece & Cattanach, 1993), anidlogical measures, deficits are observed in a group of
because those with MHI typically have problems with di- well-functioning university students many years after in-
vided attention (Bernstein, 1999; Cicerone, 1996), it is posjury, then such findings might need to be reconciled with
sible that the CNV distract will distinguish controls from the prevailing wisdom that MHI results in relatively swift
those with MHI. Another reason for including this easy and complete recovery (e.g., Dikmen et al., 1995; Levin
dual task in the present work was to determine whether thet al., 1987).
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METHODS the first easy taskguditory oddbal), participants pressed a
button when a high tone (2012 Hz) sounded, but not when a
Research Participants low tone (1000 Hz) sounded. In the second easy taiski{

o ) al oddball), participants responded to a visually presented
Participants were selected from a sample of mtroductor)équare, subtending 6.®f visual angle while ignoring a
psychology students\(= 129) who completed a battery of jrcle subtending 6%of visual angle. Target probability in
health and head injury questionnaires nine months prior fopth tasks was 15%. Stimuli were 100 ms in duration.
course credit. Of 'Fhe orlg!nal sampk_a, 75 participants indi- | the first difficult task duration), participants re-
cated that they might be interested in being ina f_ol_low-upsponded to a 150 ms tone (15% probability) while ignoring
study for pay. An attempt was then made to individually 3 100 ms tone, both of 400 Hz. The duration task is both
match students with self-reported MHI more than 1 yeargpiectively and objectively more difficult for participants
post-injury and controls on the basis of age and sex, Cogninan are standard oddball tasks (Segalowitz et al., 2001). In
tive, physical anq emouonal. qomplalnts, and a variety ofthe second difficult taskR3 distrac), participants per-
problems for which the participants had been professionsormed the duration task simultaneously with a visual work-
ally dlagnoseq (_e.g., depression, learning disability). Th"‘ing memory task: single digit numbers followed 800 ms
teen MHI participants (8 femaléyl = 20.85 yearsSD= " after tones and were flashed for 150 ms. ERPs were col-
1.81) and 10 controls (5 femal®) = 20.02 yearsSD = |ected only for the tone portion of the P3 distract task, as a
1.49) were chosen for the present study, and received $2peans of directly comparing ERPs on the P3 distract and
for their participation. MHI was defined as any blow to the gy ration tasks. Participants responded whenever three odd
head forcing one to stop whatever one was doing becausgmbers appeared consecutively (e.g., 3, 1, 9) or when three
of brief unconsciousness (less than 20 min), dizziness, paiggnsecutive ascending or descending numbers appeared (e.g.,
or disorientation (Segalowitz et al., 2001; Segalowitz &1 2 3:0r7, 6,5, respectively). Target probability to the
Lawson, 1995). Participants reported on their most severg,mpers was 30%.
head injury. Average length of time since injury was 8 years Ty,o contingent negative variation (CNV) tasks were
(range= 1-16.5 years). Injuries were due to falls (6), bi- given. In the first (ggno-go), participants responded when-
cycle accidents (4), motor vehicle accident (1), Sports acCigyer a double tone (1000 Hz tone followed immediately by
dent (1) and flghtmg (). Seven of the 13 MHI part|C|p_antsa 2012 Hz tone) was preceded by a single, high (2012 Hz)
reported unconsciousness (6 reported less than 1 min; 0Rgne (50% probability). All tones sounded for 100 ms with
reported 5-20 min). Seven of the 13 MHI participants ré-an interstimulus interval of 2000 ms. In the second task
ported having had more than one MHI. Four MHI partici- (CNV distract), participants performed the fgm-go task
pants reported both unconsciousness and more than Ofgth the number counting task (described above). Digits
MHI. Four MHI participants reported receiving medical to|jowed 100 ms after single tones.
attention for their injuries, and one of these participants participants also completed four pattern visual evoked
was hospitalized over night. All participants were right potential (PVEP) tasks designed to detect possible disrup-

handed. tions to the visual pathways. There is little reason to suspect
that MHI results in long-term PVEP abnormality (Gaetz &
Materials Bernstein, 2001). They were included here simply to ensure

normal visual processing in both groups. In the first two
Scales for cognitive, physical and emotional complaint weraasks, participants wore a patch over their left and then their
computed from five questionnaires, and these scales weligght eye while watching a black and white checkerboard
used to match and compare participants. Measures irpattern reversal on either the left or the right half of the
cluded Broadbent et al.'s (1982) Cognitive Failures Quescomputer screen, respectively (field sizd 0° X 17°). Next,
tionnaire; Mateer et al.'s (1987) Memory Questionnaire;participants used both eyes to watch checkerboard rever-
two versions of Gouvier et al.'s (1992) Post-Concussivesals in the upper and then the lower half of the computer
Symptoms checklist; and a modified version of Segalowitzscreen (field size= 8.6° X 20°). The checkerboard reversal
and Lawson’s (1995) health and head injury questionnairerate was 1015 ms for each task.
Participants were unaware that the purpose of these mea-
sures was to tap a variety of factors commonly associate% . . .
with head injury. Participants also completed a short neuro= lectrophysiological Recordings
psychological battery including the Digit Span Forward andTwenty-one disposable silver—silver chloride electrodes
Backward, Vocabulary, Picture Completion, Block Design(Fp1, Fpz, Fp2, F7, F3, Fz, F4, F8, T3, C3, Cz, C4, T4, T5,
and Digit Symbol from the WAIS-R (Wechsler, 1981).  p3, Pz, P4, T6, O1, Oz, O2) were attached to the scalp
following the 10-20 system (Jasper, 1958). Linked ears
served as reference and the right mastoid served as ground.
Electrode impedances were maintained below)s EEG
Four event-related potential (ERP) oddball tasks (two ofsignals were amplified and recorded using a 21-channel
which were easy and two difficult) were administered. In Nihon-Kohden electroencephalograph with software devel-

Electrophysiological Tasks
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oped by Kelly Jantzen. For both the ERP oddball and CNVData Analysis

tasks, only trials with correct behavioral responses were

included in the averages. Single trials and averages werghe present sample size was similar to that used by Sega-
scored blind to participants’ group. lowitz et al. (2001), where large effect sizes were obtained.

For ERP oddball tasks, 1100 ms epochs including a 100 mSignificant performance differences were expected to emerge
prestimulus baseline were digitized at a rate of 256 point®nly on the most cognitively demanding measures, those
per second, with a bandpass filter of .16—35 Hz and a sertapping information processing speed and capacity, while
sitivity level of 10 xV/mm. Signals were sentto a 12-bit A P300 amplitude differences were expected on the easy and
to D converter and stored for off-line processing. Singledifficult measures. In no case was the MHI group expected
trials were low pass filtered at 30 Hz and were visuallyto outperform controls, and this was confirmed in the analy-
inspected for ocular andr movement artifact. Trials were ses. To maintain balance between Type | and Type Il error,
removed from averaging if they contained signals exceedalpha was set to .05 two-tailed without correction for mul-
ing =75 nV between zero and 600 ms post stimulus. Totiple comparisons (see Cohen, 1992, for details). Two con-
further mitigate effects due to ocular artifact, single trialstrol participants were dropped from any analysis involving
were omitted from averaging if the P300 amplitude at Fplthe duration and P3 distract tasks, because they were unable
Fpz, or Fp2 exceeded the amplitude at Pz. Topographito distinguish the 100 ms and 150 ms tones. Their false
maps of the entire scalp distribution were visually in- alarm rates on both tasks exceeded two standard deviations
spected for each trial to ensure that the P300 was maximabove the mean for all participants combined. Further, dur-
either parietally or centrally. Average waveforms for theing and after testing, these participants were the only ones
target trials were scored for components N100, P200, N206@ report an inability to distinguish the tones on each of
and P300. N100 and P200 were scored at Fz, while N20€hese tasks. One MHI participant failed to complete the
was scored at Cz and P300 was scored at Pz. neuropsychological tasks.

For the CNV tasks, EEG epochs were 4100 ms, includ- Univariate comparisons were conducted using t-tests to
ing a 100 ms prestimulus baseline. The bandpass filter wadetermine whether the two groups were well matched in
.16 to 15 Hz with a sensitivity level of 12V/mm. Single  terms of subjective complaints and neuropsychological per-
trials with more than one peak exceedih@5 nV between  formance. Task difficulty was assessed by two separate
zero and 2500 ms post-stimulus were removed. A low pasMANOVAs using signal detection analysis of discrimina-
filter of 5 Hz was used on the average waveform, and thigion (d') as the dependent measure (Hochhaus, 1972; Tan-
average was then scored for the lowest negative point oaier & Swets, 1954). Highat’ scores signify a greater ability
curring at approximately 2000 ms using sites Fz, Cz and Pzo distinguish between targets and non-targets. In the first
For the PVEPs, EEG epochs were 256 ms, including analysis, the three difficult tasks (duration, P3 distract, CNV
100 ms prestimulus baseline. The bandpass filter was .16 tdistract) combined were compared to the three easy tasks
120 Hz with a sensitivity level of 1V/mm. All single  (auditory oddball, visual oddball, gao-go) combined, col-
trials were included in the average. Averages were scorelhpsing across groups (MHI and control). In the second
for amplitude and latency using sites O1, Oz, and O2.  analysis, again collapsing across groups, the two P3 distract

Recordings were made in a semi-darkened room witlsub-tasks (tones and numbers) were combined and com-
participants seated comfortghl m infront of a computer pared to a composite score on the two CNV distract tasks.
monitor. Each ERP and CNV task required 7 min to com- To compare groups in terms of their performance on the
plete. Each PVEP task required 2 min. electrophysiological tasks tests were conducted using

as the dependent variable. To compare the groups in terms

of electrophysiology (ERPs, CNVs and PVER$@sts again
Procedure were performed. A prestimulus baseline was not collected

for 1 MHI participant due to technical problems. Her ERP
Participants completed questionnaires early in the year andata were omitted. Four participants with excessive eye
left phone numbers if they wished to be contacted forartifact on the auditory oddball and three participants with
follow-up. Those chosen for follow-up, and who agreed toexcessive eye artifact on the duration task were excluded
participate, returned and completed the neuropsychologifrom analyses involving these tasks.
cal and then the electrophysiological measures. The CNV Two separate exploratory analyses were performed to
and P3 tasks were counterbalanced for order, with the exdetermine whether group membership could be predicted
ception that the P3 duration had to precede the P3 distractsing a combination of electrophysiological, neuropsycho-
and the ggno-go had to precede the CNV distract. PVEPslogical and self-report indices. Variables were chosen for
were administered last. Participants practiced on all ERRhe analyses based upon univariate differences observed. In
and CNV tasks to ensure that they understood the direahe first analysis, a multiple regression was performed with
tions. The neuropsychological and electrophysiological meagroup as the dependent variable, and auditory oddball P300
sures required up to 3.5 hr to complete, including electrodamplitude, digit symbol score and self-reported sleep diffi-
hookup. Participants were fully debriefed upon complet-culties as the independent variables. Next, a cross-validated
ing the study. discriminant function analysis, which is essentially a jack-
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Table 1. Post-concussive symptoms Table 3. Performanced’) on discrimination tasks
Symptom Control MHI Discrimination task Control MHI
Sleep complaints 14.70 (1.89) 20.85** (1.68) Go/no-go 4.86 (.25) 491 (.24)
Memory problems 54.90 (3.08) 52.69 (2.15) Auditory oddball 5.31(.19) 5.11 (.21)
Cognitive failures 41.90 (1.98) 47.85* (2.29) Visual oddball 5.33 (.16) 5.40 (.10)
PCS-today 77.56 (5.93) 82.31 (8.67) Duration 3.64 (.42) 3.65 (.32)
PCS-6 month 101.50 (4.81) 114.88 (5.97) P3 distract (tones) 3.51(.32) 2.77** (.15)
P3 distract (numbers) 2.06 (.15) 2.18 (.11)
Note PCS= Post-Concussive Symptoms Checklist. CNV distract (tones) 4.02 (.25) 4.19 (.23)
*p < .10; **p < .05; standard error of mean in parentheses. CNV distract (numbers) 3.15 (.38) 2.66 (.31)

**p < .05; standard error of mean in parentheses.

knife estimate (SPSS, Release 10.0), was performed using
these same three predictor variables.

Finally, several variables that are believed to affect cog+trols outperformed the MHI group, a result consistent with
nitive outcome after MHI were tested to determine whethetthe notion of reduced processing speed after MHI (see
they accounted for significant variance in the effects ob-Table 1).
tained. These analyses were conducted using Pearson cor-

relation coefficients. ) )
Electrophysiological Tasks (Performance)

RESULTS As predicted, the difficult tasks received a lower ovedtll
score M = 3.21) than did the easy task$/[= 5.19;

received a lower combinedl score M = 2.60) than did the
The two groups were similar in terms of their subjective cNv distract task M = 3.57;F(1,19)= 30.42,p < .01].
complaints (see Table 1). The only significant differencesrtask difficulty was, therefore, successfully manipulated.
to emerge involved more overall reported sleep problems \wjith respect to group comparisons, contrary to predic-
among the MHI groupt|(21) = 2.43,p < .05, effect size tjon, controls {1 = 3.64) and those with MHINI = 3.65)
(d) = 1.02], and a tendency for the MHI group to report performed equally on the duration task. However, when
more problems on the Cognitive Failures Questionnairghis task was performed with the number counting task in
[t(21) = 1.90,p < .1, effect size ¢) = .80]. The former  the P3 distract, as predicted, control & 3.51) outper-
difference was expected from previous research (e.g., Segormed the MHI group k1 = 2.77) on the tone portion of
alowitz et al., 2001; Segalowitz & Lawson, 1995). Despitethijs dual task {(18) = 2.38,p < .05, effect sizeq) = 1.09;
the statistical trend on the Cognitive Failures Question'see Table 3] The two groups performed Simi|ar|y on the
naire, the two groups reported similar cognitive complaintshumber counting portion of the P3 distragt & .1). As
on all remaining questionnaires. The two groups were als@redicted, no difference emerged on the tone or number
similar in terms of self-reported problems for which they counting portions of the CNV distract task ¢ .1 for both
had been professionally diagnosed (e.g., depression, anXests). Thus, the two groups performed equally on an easy
ety, learning, reading and speech difficulties), and their usgual task and on a difficult tone discrimination task (dura-
of alcohol, caffeine and cigarettep > .1 for each). Thus, tjon) when it was performed alone; however, controls out-
the groups were well matched. performed the MHI group on the most demanding measure

In terms of neuropsychological performance, the onlygf all—a difficult dual task.

measure to distinguish the groups was the Digit Symbol
[t(20) = 2.82,p = .01, effect sizeq) = 1.21]. Here, con-

Electrophysiological Measures

(ERPs, CNVs, and PVEPSs)

Table 2. WAIS-R test performance As expected, there were no amplitude differences between

Subtest Control MHI groups on N100, P200 or N20@ ¢ .1 for all tests). How_—

— ever, the MHI group demonstrated reduced P300 amplitude
Digit Span Forward 8.90 (.80) 9.31(:59)  on two of three predicted measures, the auditory oddball
Digit Span Backward 7.60(.72) 7.31(-44)  and duration taskg(16) = 3.01,p < .01, effect sizeq) =
Vocabulary 42.80 (5.39) 52.92 (3.94)

1.43; and(15)=1.97,p < .1, effect size ) = .96, respec-

g:gtcukr%(é‘,;?rf)lenon 41046700((2'75580)) 3}63273?((15853),) tiyely; see Figures 1 and 2]. There was no P300 amplitude

Digit Symbol 77.60 (2.83) 66.54% (3.29) difference on the _\/_lsual oddballp(> 1). As expecte(_j,
there were no significant latency differences, and no differ-

**p < .05; standard error of mean in parentheses. ences on the gmo-go or PVEPs |§ > .1 for all tests).
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P300 AMPLITUDE age of 8 years post injury performed more poorly on a
highly demanding divided attention task and on the Digit

m 257 Symbol substitution task, a measure of processing speed.
3 zy Control Moreover, individuals with MHI had reduced P300 ampli-
S 201 % %% MHI tude relative to controls on two out of three measures pre-
o / gfn - viously shown by Segalowitz et al. to distinguish control
o 7 %% ously sho y Segalo et al. to distinguish controls
L 151 % %§ from those with MHI. These findings, though preliminary,
E / /\ . T suggest that self-reported concussion may be associated with
3 101 % %\ N subtle, long-term information processing difficulty.
2 / /§ /\ In the present study, contrary to prediction, controls and
a 51 / /\ /x individuals with MHI performed equally on a difficult tone
€ / /\ /\ discrimination task (duration) when it was performed alone;
<, N N ¢ . '
‘ w . owever, as predicted, controls outperformed the MHI group
Aud.  Vis. Oddball Duration Distract on this task when it was paired with a visual working mem-
Oddbeall ory distractor task (P3 distract). When this same working
TASK memory distractor task was paired with an easy tone dis-

crimination task in the present study, as predicted, the two
Fig. 2. P300 amplitudes for each group for the auditory oddball, groyps performed similarly. Thus, controls and individuals
visual oddball, duration and P3 distract tasks. with MHI performed equally well on two of three difficult

tasks in the present study (confirming two of three predic-

tions), indicating that the extent to which processing de-
Contrary to expectation, there was no difference on the CNV,and is manipulated may be critical in MHI research.

distract (p > .1). The three difficult tasks in the present study require vary-
ing numbers of processing resources, and this may explain
Discriminant Function Analysis why only one of these measures distinguished the two groups.

The duration task involves sustained attention to subtle dif-
Together, auditory oddball P300 amplitude, digit symbolferences in tone length, where even momentary inattention
score and self-reported sleep difficulties accounted for nearlyikely results in failure to register tones. The MHI group
70% of the variance in group membershiR?(= .695).  had little trouble on this task. However, in the P3 distract
Moreover, 1317 participants (88%) were correctly classi- task, this same duration task was performed simultaneously
fied as belonging to their respective group (Kappas6).  with a visual number counting task requiring continuous
One participant was misclassified in each group, respectivelyypdating of working memory. Here, the MHI group per-
formed more poorly than controls, suggesting that the du-
ration tone discrimination was more difficult for the MHI
participants in the presence of an additional, demanding
In the MHI group, length of unconsciousness, number oftask. The CNV distract task, like the P3 distract, involves
MHIs, and time since injury all failed to correlate signifi- working memory for visually presented numbers. How-
cantly with P300 amplitude, and with cognitive, physical ever, unlike the P3 distract, the CNV distract involves only
and emotional complaintsp(> .1 for all tests). Further, brief episodes of sustained attention, where lapses rarely
diagnosed problems (e.g., depression, learning and readinguse tone misdetection. Park et al. (1999) have recently
disabilities) and subjective complaint, including sleep dif-reported that individuals with severe traumatic brain injury
ficulties and cognitive problems, did not correlate with eachperform poorly on divided attention tasks requiring work-
other or with performance and P300 amplitude in eitheling memory, but these same patients perform well on tasks
group. Thus, the performance and electrophysiological difthat can be executed relatively automatically. The tone por-
ferences observed were unlikely due to subjective comtion of the CNV distract task can be performed with very
plaints, diagnosed problems, injury severity, number ofiittle effort, thus freeing up resources for the number count-

Possible Moderator Variables?

injuries or time since injury. ing task, and the MHI group had no difficulty on either
measure. The present findings indicate that individuals with
DISCUSSION MHI do not possess a generalized difficulty with divided

attention. Rather, the degree to which processing resources
These results partially replicate and extend previous worlare taxed seems vital for elucidating enduring changes in
on well-functioning university students with self-reported information processing after MHI.
concussion (MHI) (Segalowitz et al., 2001). In both stud- Gronwall and Wrightson (1975) have argued that MHI
ies, participants with MHI exhibited subtle, long-term cog- may be associated with reduced processing capacity. An-
nitive problems compared to controls matched for age, sexgther possibility is that individuals with MHI have normal
education and cognitive, physical and emotional com-{rocessing capacity, but have trouble allocating resources
plaints. In the present study, individuals with MHI an aver- (cf. Baddeley, 1998). Thus, when performing a task requir-
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ing relatively few resources, individuals with MHI have Implications and Limitations
little difficulty. However, when task demands require more
resources than are available or when task demands exceéfe fact that MHI participants in the present study were
one’s ab|||ty to allocate resources, performance may dewell-functioning university students with Self-reported con-
cline. The fact that the MHI group in the present studycussion and with no major subjective complaints makes
performed more poorly than controls on the Digit symborthese data all the more intriguing. Admittedly, these results
an index of information processing speed, supports the vie\@re hard to reconcile with recent meta-analytic work show-
that MHI may be associated with impaired resource allocaing scant evidence for cognitive impairment long after MHI
tion (Potter & Barrett, 1999). (Binder et al., 1997). As has been argued elsewhere (Bern-
In addition to resource allocation deficits, the P300 am-Stein, 1999; Stuss et al., 1985), cognitive deficits after MHI
plitude decrements observed in the MHI group in the preserin@y be highly select and subtle in nature. If so, many of the
work and in that of Segalowitz et al. (2001) also argue fortests included in Binder et al.’s calculations may be insen-
deficits in processing capacity (see Segalowitz et al. fositive to subtle deficits. Perhaps a more demanding and
discussion). In the present study, participants with MHIcomprehensive array of indices, including the specific com-
demonstrated reduced P300 amplitude on both an easy afénation of self-report, neuropsychological and electrophys-
a difficult auditory discrimination task (auditory oddball iological measures, might reveal long-term, subtle cognitive
and duration, respectively), but not on the most difficult Problems associated with MHI.
task (P3 distract). This might seem inconsistent with the What do these results mean for the late recovery process
behavioral performance, where significant group differ-following MHI? It appears that MHI may result in enduring
ences emerged only on the P3 distract; however, as showPgnitive changes; however, these changes are highly sub-
previously, P300 amplitude declines with increasing taskl€ in nature, and will likely only surface when processing
difficulty (Polich, 1987), raising the possibility of a floor demands exceed either one’s processing capacity or one’s
effect. Moreover, Segalowitz et al. (2001) observed that théesource allocation ability. As the auditory oddball task in
P300 amplitude difference between groups was smallest ofie present study suggests, individuals with MHI can per-
the P3 distract, consistent with the floor effect assumptionform at ceiling on an easy task, despite having reduced
Thus, the present data pattern replicates that of Segalowif2300 amplitude (a possible index of reduced processing
et al., and lends further support to the notion that P30apacity). Thus, people with MHI will be largely indistin-
amplitude may be a useful marker of information processguishable from controls on the majority of behavioral tasks,
ing difficulty after MHI (e.g., Dupuis et al., 2000; Ford & unless these tasks unduly tax processing resources or unless
Khalil, 1996; Granovsky et al., 1998; Reinvang et al., 2000;more sensitive measures such as electrophysiological re-
Sangal & Sangal, 1996; Solbakk et al., 2000). Together, th€0rdings are obtained.
neuropsychological and electrophysiological findings inthe One variable that may account, in part, for the present
present work point to long-term deficits in both resourcefindings and that is often overlooked in MHI research is

allocation and information processing capacity after MHI.testing duration. Most participants in this study and in that
of Segalowitz et al. (2001) underwent several hours of con-

. . tinuous assessment. It is, therefore, possible that the ob-
Distinguishing Controls from MHI served deficits in both studies were partially due to decreased

Despite the P300 differences observed in the present studgfousal in the MHI group (Bernstein & de Ruiter, 2000;

no pattern visual evoked potential (PVEP) or contingentcf. Parasuraman et al., 1991).

negative variation (CNV) differences emerged. This sug- A potential drawback of the present study and that of

gests that the MHI group had normal visual pathways and>egalowitz et al. (2001) is that the methodology does not

had no difficulty sustaining attention for the brief intervals rule out pre-morbid differences. A longitudinal, prospective

required by the CNV tasks. These results also indicate thaiesign, preferably using an additional control group of in-

the PVEP and CNV may have less clinical utility than doesdividuals with traumatic injuries other than MHI (cf. Dik-

the P300 in distinguishing controls from those with MHI men et al., 1995; Satz et al., 1999), would strengthen the

long after injury (cf. Gaetz & Bernstein, 2001). results reported here. In sum, the present findings suggest
One of the many challenges facing MHI researchers ighat university students with self-reported concussion may

how to accurately distinguish controls from individuals with demonstrate subtle problems with information processing

MHI. In the present Study' group membership was premany years after injury. Further work is Clearly needed to

dicted with 88% accuracy using a combination of electro-confirm the existence, nature and potential repercussions of

physiological, neuropsychological and self-report indicessuch problems.

Although this is a high level of accuracy, it must be noted

that choosing predictor variables based on univariate differ-
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