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Abstract

Few studies have examined the trajectory of recovery of executive function (EF) after mild TBI (mTBI). Therefore, consensus
has not been reached on the incidence and extent of EF impairment after mTBI. The present study investigated trajectory of
change in executive memory over 3 months after mTBI on 59 right-handed participants with mTBI, as defined by Centers for
Disease Control criteria, ages 14-30 years, recruited within 96 hours post-injury and tested <1 week (baseline), 1 month, and
3 months after injury. Also included were 58 participants with orthopedic injury (OI) and 27 typically developing (TD) non-
injured participants with similar age, socioeconomic status, sex, and ethnicity. MRI data were acquired at baseline and 3
months. Although criteria included a normal CT scan, lesions were detected by MRI in 19 mTBI patients. Participants
completed the KeepTrack task, a verbal recall task placing demands on goal maintenance, semantic memory, and memory
updating. Scores reflected items recalled and semantic categories maintained. The mTBI group was divided into two groups:
high (score >12) or low (score < 12) symptoms based on the Rivermead Post-Concussion Symptoms Questionnaire (RPQ).
Mixed model analyses revealed the trajectory of change in mTBI patients (high and low RPQ), OI patients, and TD subjects
were similar over time (although the TD group differed from other groups at baseline), suggesting no recovery from mTBI up
to 90 days. For categories maintained, differences in trajectory of recovery were discovered, with the OI comparison group
surprisingly performing similar to those in the mTBI group with high RPQ symptoms, and different from low RPQ and the
TD groups, bringing up questions about utility of Ols as a comparison group for mTBI. Patients with frontal lesions (on MRI)
were also found to perform worse than those without lesions, a pattern that became more pronounced with time.
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Introduction

PPROXIMATELY 1.4 MILLION VICTIMS in the United States un-

dergo medical treatment for traumatic brain injury (TBI) per
year. Of those, 1.1 million receive a dianosis of mild TBI (mTBI).!
Currently, clinical care for patients with mTBI is largely performed
by emergency departments, which have shown recent dramatic
increases in incidence of mTBI,? although it should be acknowl-
edged that this may be an artifact because of policy changes re-
sulting in the greatly reduced hospitalization of these patients rather

than higher incidence of mTBI. The Centers for Disease Control
(CDC) estimated that total lifetime cost of mTBI in 1995 was $16.7
billion, which figure does not include the costs of lost productivity,
declining quality of life, and the indirect costs assumed by family
members and friends who care for patients with mTBI.’
Definitions of mTBI have varied slightly from study to study, but
the CDC defines it as injury to the head from blunt trauma, accel-
eration, or deceleration forces that results in one or more of the
following conditions: confusion, disorientation, impaired con-
sciousness, dysfunction of memory around the time of the injury,
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loss of consciousness (LOC) of less than 30 minutes in conjunction
with post-concussion symptoms, such as headache, dizziness, fa-
tigue, irritability, and poor concentration shortly after injury. This
definition was elaborated by a World Health Organization (WHO)
task force on mTBI* to include a Glasgow Coma Scale (GCS) score
of 13-15, a period of post-traumatic amnesia (PTA) of less than 24
hours, and exclusion of confounders such as intoxication and ef-
fects of other injuries that obscure the symptoms of mTBI.

Patients with mTBI are commonly discharged within hours if CT
is not abnormal. Most patients are unaware that persisting behav-
ioral and cognitive symptoms, such as memory dysfunction or
difficulties with concentration, may ensue. Yet, a proportion of
these may have cognitive and behavioral dysfunction as a conse-
quence of their injury.”™ There are gaps in the literature regarding
the neurocognitive sequlae of mTBI. Likewise, the relation of be-
havioral symptoms to cognitive function is understudied, particu-
larly given the prevalence of mTBI in youth and young adults.

Studies of mild TBI have generally concluded that the prognosis
is positive for children who have sustained mTBI, with most at-
taining a good recovery by 3 months* as measured by the Glasgow
Outcome Scale (GOS)'® The rate of residual disability is higher in
patients with GCS scores of 13—14 than in those with GCS scores of
15,'" which suggests that TBI severity may be a factor. Studies
have reported similar disability at 3 months, however, in patients
with extracranial injury,'>'? which suggests that factors other than
brain injury may be involved.

In a comprehensive literature review, Carroll and associates®
screened 428 studies of mild TBI and eliminated 72% of them for
various flaws or inconsistencies in methodology. The remaining 120
studies were considered the best evidence for the outcome of mTBL
These studies provided consistent evidence of few residual cognitive,
behavioral, or academic deficits attributable to TBI beyond 3
months. Catale and colleagues,'* however, suggested that results are
mixed on studies of executive function (EF) after mTBI. For ex-
ample, Roncadin and coworkers'> found that children with mTBI
performed within the normal range on verbal recognition memory,
although it should be noted that this study examined patients with
mild, moderate, and severe TBI, with no uninjured or extra-cranial
injury comparison group.

On tests of attention, some studies have revealed mild deficits
after mTBI even several years later. For example, Catroppa and
colleagues'® found that 10 years after injury, children with mTBI
were significantly impaired on a test of attentional gating or
freedom from distractibility compared with typically developing
(TD) children. Other studies have found deficits in tests of cog-
nitive flexibility,'* but few studies examined the trajectory of re-
covery after mTBL.'” Therefore, consensus has not been reached
with regard to the incidence and extent of EF impairment after
mild TBIL

We examine patients with mTBI in comparison with patients
with orthopedic injuries (OI) and healthy, uninjured controls with
regard to performance on a test of executive memory, the Keep-
Track Task.'® In addition, we examined the relation of regional
brain lesions as revealed by MRI (but with normal CT scans) to
performance with the expectation that frontal lesions would show
the greatest relation to this EF task. The study is longitudinal and
reports findings from the first week after injury to 3 months post-
injury. Given the high incidence of mTBI in the adolescent and
young adult population, we focused on this age range. Based on
general findings on studies of mTBI, we hypothesized that patients
with mTBI would show mild deficits on the EF task, which would
resolve over time.
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Methods
Participants

There were 117 right-handed participants of ages 12-30 years
who were recruited and tested at baseline (within 96 hours of
injury) and at follow-up sessions at 1 month and 3 months. Re-
cruitment was from consecutive admissions to emergency centers
in the Texas Medical Center, Houston, including Ben Taub General
Hospital (BTGH), Texas Children’s Hospital (TCH), and Memorial
Herman Hospital (MHH). In addition, 29 uninjured participants
were recruited and tested at the same intervals.

Mild TBI. Fifty-nine patients with mTBI, as defined by criteria
from the CDC, had an injury to the head from blunt trauma, accel-
eration, or deceleration forces with one or more of the following
conditions: (1) observed or self-reported confusion, disorientation, or
impaired consciousness, dysfunction of memory at the time of the
injury, loss of consciousness lasting less than 30 minutes; and, (2)
symptoms such as headache, dizziness, fatigue, irritability, and poor
concentration (typically referred to as ‘‘post-concussion symp-
toms”) soon after the injury. In addition, as recommended by the
WHO task force on mTBL* inclusions also included a GCS' score
of 13-15 on examination at an emergency center, no abnormal
findings on CT, duration of loss of consciousness for no more than 30
minutes, PTA for less than 24 hours, and an extracranial Abbreviated
Injury Score (AIS) <3 and an Injury Severity Score (ISS) of <12.

Comparison groups. Fifty-eight participants with OI were
recruited less than 96 hours post-injury provided they met the
following criteria: right-handed, 12-30 years old, no loss of con-
sciousness, no PTA, and no intracranial injury; AIS <3 for any
body region and an ISS <12; and a normal CT (if performed). In
addition, we tested 27 TD adolescents and young adults who had
not sustained any injury, but who were similar to the injury groups
in age, sex, and level of education.

Exclusions for all groups included non-English or Spanish
speakers, undocumented immigration status, blood alcohol level
>200mg/dL, previous hospitalization for head injury, pregnancy
when screened before brain imaging at baseline or 3 months post-
injury, pre-existing neurologic disorder associated with cerebral
dysfunction and/or cognitive deficit (e.g., cerebral palsy, mental
retardation, epilepsy) or diagnosed dyslexia, pre-existing severe
psychiatric disorder (bipolar disorder, schizophrenia), and contra-
indications to undergoing MRI including implant of metal. The OI
comparison group was included to control for risk factors®*~ that
predispose to injury, including pre-existing behavioral problems,
subtle learning disabilities, and family variables.

Further, it has been suggested that persons with OI have suffered
a physical trauma and have been through the emergency depart-
ment experience, making their general trauma context similar to
those with mTBI. The uninjured group was included as a means of
estimating effects over time not from injury (such as task practice
effects) and to compare recovery of injured patients to the general
young adult population. Demographic and injury characteristics are
shown in Table 1.

Measures

KeepTrack task.'®?® This novel updating task requires
adding and deleting items in working memory according to se-
mantic category, thus involves episodic memory, retrieval inhibi-
tion, and semantic processing. The KeepTrack task is considered a
test of EF and appears to be related to intelligence.'® On each trial,
participants are presented two to four target categories (e.g., ani-
mals, colors) from a pool of six possible categories (animals, colors,
countries, measures, metals, relatives) and afterward are shown a
series of 15 words that are exemplars of the categories and that
include at least two exemplars in each target category. The words
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TABLE 1. DEMOGRAPHIC AND INJURY CHARACTERISTICS

TD (n=27) OI (n=58) RPQ _low (n=28) RPQ_high (n=31)
Mean (SD) Range Mean (SD) Range Mean (SD) Range Mean (SD) Range P value
Age at baseline 20.29 (5.10) 12.22-0.25  20.21 (5.52) 12.07-0.78 18.58 (5.26) 12.17-9.89 17.94 (3.98) 12.24-6.61 0.1380
Interval since injury (days)
BL 3.1 (1.1) 1-7 23 (14.1) 1-5 3.0 (1.1) 1-5 0.0151°
M 34.0 (5.1) 23-42 32.1 (4.9) 22-47 37.1 (6.8) 26-51 33.1(7.4) 24-56  0.0116*
3M 98.2 (12.5) 63-119 94.9 (12.7) 75-136  99.7 (11.8)  81-123  93.7 (9.3) 70-112 0.2791
SCI (z-score) 0.31 (0.84) —1.18-2.27 -0.08 (0.80) 1.57-2.33 -0.33 (0.63) 1.57-1.02  0.06 (0.86) —0.89-1.98 0.0224"
RPQ 2.00 (2.83) 0-11 3.33 (3.67) 0-12 3.86 (3.50) 0-11 20.1 (6.21) 12-37
GCS N/A N/A N/A N/A 14.82 (0.48)  13-15  14.74 (0.51) 13-15  0.4457
ISS * N/A N/A 1.17 (1.1) 05 0.63 (1.8) 09 0.79 (1.26) 04 0.17
Frequency % Frequency % Frequency % Frequency %
Sex M=15 51.7 M=43 74.14 M=20 71.43 M=21 67.74 0.1977
Pre-ADHD 1 3.45 7 12.07 1 3.57 5 16.13 0.2603
Race (Black) 9 31.03 24 41.38 12 42.86 10 32.26 0.6614
MOI
MV N/A 6 10.34 10 35.71 14 45.16 0.0094*
Non-MV 20 34.48 7 25.00 6 19.35
Sports 25 43.10 6 2143 8 25.81

“Significant result.

TD, typically developing; OI, orthopedic injuries ; RPQ, Rivermead Post-Concussive Symptom Questionnaire; SD, standard deviation; BL, baseline;

SCI, Socioeconomic Composite Index; GCS, Glasgow Coma Scale; ISS,

hyperactivity disorder; MOI, mechanism of injury; MV, motor vehicle.

are presented one word at a time with the instruction to recall the
last item presented in each of the target categories.

Table 2 displays an example list with target categories of metals
and countries. There are three levels of difficulty, which correspond
to the number of target categories that the subject must keep track
of for a given list, with the easier level requiring tracking of two
categories and the hardest, four categories. The score is the number
of correct items updated per trial (Items). Because the subject must
keep in mind the target categories for each trial in addition to
keeping track of the most recent exemplars of the target category,
we also derived a score for the number of correct categories for
each trial (Categories).

Rivermead Post-Concussive Symptom Questionnaire
(RPQ).” A well-established, abbreviated questionnaire used to
measure the presence and severity of post-concussive symptoms

TABLE 2. EXAMPLE LiIST FOR KEEPTRACK TASK, WITH TARGET
CATEGORIES OF METALS AND COUNTRIES

METALS COUNTRIES
YELLOW
BEAR
IRON
MOTHER
ORANGE
GERMANY
YARD
LION
UNCLE
CANADA*
METER
COPPER*
OUNCE
RED

Target items (last in list for target category) are denoted by *.

Injury Severity Scale—non-head injury score; ADHD, attention deficit

after a concussion or other type of traumatic injury to the head. The
test may be self-report or administered by an interviewer, and re-
quires patients to rate on a scale of 0 to 4 the severity of 16
symptoms that occur commonly after mTBI relative to pre-injury
level, with higher scores associated with worse symptoms.

Socioeconomic Composite Index (SCI).2* The SCI provi-
des a distal measure of the family socioeconomic status (SES) by
computing z scores based on three variables: annual family income
coded on an eight-point scale; a seven-point scale of maternal ed-
ucation; and a measure of occupational prestige, with higher scores
indicating higher SES.

MRI

To address the relationship of EF performance to the presence
and site of brain lesions, MRI was acquired for patients (OI and
TBI) at the time of the baseline assessment and at 3 months post-
injury. The TD group had a single MRI. The MRI protocol included
high resolution T1, T2, fluid level adjusted inversion recovery, and
gradient echo sequences to detect contusions, hemorrhage, gliosis,
and other pathology associated with TBI. Imaging was acquired on
a Philips 3T scanner. The MRI data were reviewed by the project
neuroradiologist who has extensive experience in TBI research.
Presence, location, and pathology for each abnormality were coded
on a form designed for TBI research.

Statistics

To retain the maximum observations for our study, which con-
tains missing data at random, growth curve analysis using a general
linear mixed model with random intercept and slope was used to
examine the pattern of recovery from TBI at baseline through 3
months.>” The dependent variable is the KeepTrack outcome var-
iable (either Items Correct or Categories Correct). The independent
variables include interval (between baseline and follow-up), group
and demographic variables (e.g., age, SES as measured by SCI,
etc.). The variances of the intercept and slope were tested in a level
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1 (unconditional) model, and both were significant. After adjusting
for other covariates (i.e., age, SCI), the slope no longer varied
randomly, so it was fixed for a level 2 model to see its effect on
outcome measurement.

The injury group variable and other time-invariant variables,
such as age at baseline (age at injury for TBI and OI patients), sex,
SCI, and race, were entered into the level 2 model with the group
variable to examine their effects on recovery patterns. All possible
three-way interactions of group by growth parameters (linear or
quadratic) of the post-injury interval by other variables were
tested. To accurately capture the recovery patterns over time and
eliminate loss of data from an ‘“‘out-of-window’’ testing time, we
used the exact interval that had elapsed between time of injury and
time of test (in days) for the ““interval’ variable, instead of the
designated time points for baseline, 1 month, and 3 months. Post-
injury interval was centered at 30 days, and age was centered at its
grand mean of 19 years for meaningful interpretation of the in-
tercept and convenience of the estimation. Effect sizes are not
appropriate for this kind of model, so, to facilitate interpretation,
estimates are provided (Table 3). Demographic statistics were
compared using ¢ test for continuous variables, age at injury, and
SCI. The Fisher exact test or chi-square (XZ) was used for cate-
gorical variables, such as sex, mechanism of injury, race, and pre-
injury attention deficit hyperactivity disorder (ADHD).

To examine the effect of lesions on performance, ¢ tests were
used, although the limited sample size requires that these analyses
be considered exploratory.

Results
Preliminary analyses

Initial analyses revealed no differences in performance across the
three levels of difficulty of the KeepTrack task, so scores for the
levels were collapsed into a mean score, which was used for all

TABLE 3. PARAMETER ESTIMATES FROM THE GROWTH
CURVE MODEL EXAMINING GROUP DIFFERENCES
IN KEEPTRACK PERFORMANCE

Parameter Estimates t value p value

Hit percentage

Intercept 71.0441 12.56 <0.0001
RPQ_low vs. TD —-8.2255 -2.05 0.0419
RPQ_high vs. TD -9.9248 -258 0.0104
OI vs. TD -11.1839 =330 0.0011
Age at baseline 5141 2.13  0.0340
SCI 2.5447 1.63  0.1050

Interval (linear slope) 0.1100 5.24 <0.0001

Interval® (quadratic) —.00075 —1.87 0.0627

CC category percentage

Intercept 96.2942  76.52 <0.0001
RPQ low vs. TD -7.1545 —-4.03 0.0001
RPQ high vs. TD -49167 -290 0.0047
Ol vs. TD -4.6198 -3.07 0.0028
SCI 9628 1.52  0.1312

Interval (Slope) 04876  2.76  0.0070
Group*slope (RPQ low vs. TD) 06023  2.89  0.0048
Group*slope (RPQ high vs. TD) —.00867 —-.42 0.6775
Group*slope (OI vs. TD) .01630 90 03713

Interval® (quadratic) —-.00071 -3.23 0.0017

RPQ, Rivermead Post-Concussive Symptom Questionnaire; TD, typi-
cally developing; OI, orthopedic injuries; SCI, Socioeconomic Composite
Index; CC, Categories Correct.
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analyses. Similarity between the groups was established for age at
injury F3 142)=1.87, p=0.1380; sex, 12 =0.4.6696, p=0.1977; race,
¥*=1.5912, p=0.6614; or prevalence of ADHD, Fisher exact test,
p=0.2603, which was included to address the possibility that chil-
dren who sustain injuries may have attentional problems as a risk
factor. SES (as measured by the SCI) varied among groups, with the
three injury groups similar, but the TD group having a higher SCI
score, F3142)=3.30, p=0.0.024. As well, the mechanism of injury
varied among the injury groups, 7>= 16.9773, p=0.0094, with pa-
tients with OI more likely to be injured in sports accidents or non-
vehicular accidents, and patients with mTBI more likely to be injured
as the result of motor-vehicle crashes. KeepTrack variables (Items
and Category) were related to age-at-injury and the SCI, and there-
fore both variables were included in the model.

Symptom groups. We were interested primarily in deter-
mining the trajectory of recovery for persons with mild TBI. Re-
ports indicate that some patients with mTBI recover quickly and
demonstrate no residual effects, whereas other patients show per-
sistent effects of mTBI. Within the mild injury severity group we
examined, GCS scores have a truncated range and lacked sensi-
tivity to gradations of injury. We therefore divided the mTBI pa-
tients into two groups depending on post-concussive symptoms, as
measured within 5 days after injury by the RPQ,” which provided a
much wider range of symptoms and which we expected to illumi-
nate factors relating to recovery. To do so, we used the median
score of 12 to divide mTBI patients into groups with a RPQ score
<12 (RPQ_low, n=28) and those with a score =12 (RPQ_high,
n=31). The two RPQ groups did not differ on mean GCS score,
Wilcoxon rank sum test, Z=0.7626, p=0.4457.

Recovery after mTBI

Percentage ltems Correct. Growth curve analysis revealed a
significant linear component of gains over time, F(;.5=27.44,
p<0.0001, and marginally significant quadratic component,
F1.218y=3.50, p=0.0627. This pattern, however, did not differ by
groups. The effect of group was significant on the intercept (at base-
line), F3215)=3.85, p=0.0103, largely because of the TD group per-
forming significantly better than the other three groups. Within the
other three groups, the least square means KeepTrack items score was
in order, RPQ_low >RPQ_high > OI, but the means were not signifi-
cantly different from each other. Age was a significant factor in per-
formance across all groups, F 218,=4.55, p=0.0340, but SCI was not
significantly related to performance, F(; 515)=2.65, p=0.105 (Fig. 1).

Percentage Categories Correct. Because the KeepTrack
task requires the within-trial maintenance (but not updating) of target
categories to successfully complete the task, we decided to examine
the ability to maintain semantic category representations (e.g. ‘‘metal”
or “animals’”) separately from updating items (e.g., ““iron’ or “lion”).

Growth curve analysis revealed that the groups had different re-
covery patterns (Fig. 2). The groups significantly differed on the
baseline intercept, F3 92)=5.83, p=0.0011, and slopes, F3, 92y=4.36,
p=0.0064), but not on the acceleration rate (quadratic term of in-
terval), although the acceleration rate is significant for all four groups,
F(, 92)=10.41, p=0.0017. Neither age nor SCI significantly affected
the performance on the percentage Categories Correct.

Planned comparisons for Categories Correct. To further
investigate the interactions of group by interval on categories, we
looked at differences in performance on the KeepTrack task among
groups at each test interval.
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FIG. 1. Items Correct on the KeepTrack task by group and interval after injury.
Baseline. The TD group performance differed significantly mTBI patients with lesions in specific brain regions (ignoring

from all three injury groups: RPQ low versus TD, #92)= —4.21,
p<0.0001; RPQ high versus TD, #87)=—-2.27, p=0.0256; OI
versus TD, #(87)= —2.83, p=0.0058. Performance of the OI group
was significantly better than the RPQ low, #(92)=2.10, p=0.0385,
but not the RPQ high group. Finally, and unexpectedly, perfor-
mance of the RPQ high was significantly better than RPQ low
group, #(92)=2.05, p=0.0428.

One month. The TD group once again showed a significant
advantage in performance over each of the injury groups: RPQ low
versus TD, #92)=-4.03, p=0.0001; RPQ high versus TD,
t(87)=—2.90, p=0.0047; Ol versus TD, #(92) = —3.07, p=0.0028.
For Categories Correct at 1 month, the three injury groups did not
differ from each other.

Three months. The TD group performed better than the RPQ
high group, #92)=-3.42, p=0.0009, the RPQ low group,
1(92)=-2.14, p=0.0349 and also the OI group, #92)= —2.54,
p=0.0126. No other comparisons were significant at 3 months.

Relation of MRI findings to performance
on the KeepTrack task

Abnormal findings on MRI were found in 19 (32%) of the pa-
tients with mTBI (Table 4). For exploratory purpose, we used ¢ tests
to examine the relation of lesions by brain region to performance on
the KeepTrack task. We compared updating items correct (Items
Correct) and category maintenance (Categories Correct) in all

Rivermead symptom scores) compared with patients without le-
sions. Within the most common lesion sites (frontal, temporal,
parietal), there were no significant associations for lesions in any
region and performance on KeepTrack as measured by the number
of items correct at baseline, 1 month, or 3 months. For Categories
Correct, there were no significant associations for baseline for any
region. At 1 month, however, lesions in the frontal lobes were
marginally associated with poorer performance: #(12)=1.54,
p=0.1011; effect size, d=0.744. At 3 months, the effect of frontal
lesions was even greater for Categories Correct: #(12)=2.55,
p=0.0144; effect size, d=0.915. The relations between frontal
lesions and category maintenance performance by testing occasion
is shown in Figure 3.

Discussion

These data support previous findings of variation in outcome in
mTBI, which, in this case, was more sensitively captured with the
RPQ than by injury severity as measured by GCS scores. Although
age was a factor for the Items Correct measure, there was no in-
teraction with group, indicating similar effects across all of the
groups. SES (as measured by the SCI) was not a significant factor in
recovery over time.

We examined two measures on the KeepTrack task. The first,
Items Correct, requires the maintenance of target categories and
updating of individual items within a category. The second mea-
sure, Categories Correct, focuses on the ability to maintain target
semantic representations during a memory task.

Percantige of Correct Category

] 10 20 » L] 50
Post Injury Interval in days

-8 = MTEI_AM<12
=0 = MTH_AM>e12
E—

——n

L] bl ] 90 100

FIG. 2. Categories C5. orrect on the KeepTrack task by group and interval after injury.
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TABLE 4. LESION LOCATION AND TYPE IN THE 19 PATIENTS WITH MILD TRAUMATIC BRAIN INJURY WHO DEMONSTRATED
ABNORMAL FINDINGS EITHER ON THE BASELINE MRI OR ON THE FoLLow-UpP MRI AT 1 MONTH POST-INJURY

Right Left
ID # Frontal Temporal Parietal Frontal Temporal Parietal
101 Cerebral hemorrhage
105 Cerebral hemorrhage
127  Contusion
129 Contusion
139 Contusion
144 Contusion Contusion
154  Cerebral hemorrhage Cerebral hemorrhage Contusion Cerebral hemorrhage Cerebral hemorrhage
or Gliosis Gliosis Gliosis Gliosis
163 Axonal
165 Cerebral hemorrhage
174 Contusion
184 Contusion
191 Cerebral hemorrhage
194 Paranasal
196  Axonal contusion Contusion
209  Cerebral hemorrhage
214 Contusion
218 Gliosis
268 Contusion
291 Gliosis

On Items Correct, each of the four groups showed similar gains
in KeepTrack performance over time, including the uninjured TD
group, which suggests that at least part of the observed changes
over time are from practice effects, generalized familiarity effects,
development, or other causes unrelated to injury.

In contrast, maintaining a semantic representation as indexed by
the Categories Correct measure is better preserved than Items
Correct in all groups, with performance near ceiling for the TD
group. Among the injury groups, only the RPQ low group shows
dramatic change over the time between baseline and 3 months,
largely because of significantly poorer performance at the baseline
measure. In contrast, both the RPQ high and the OI group show
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FIG. 3. Boxplot of the relation between the presence and ab-
sence of frontal lesions as determined by MRI on category
maintenance performance of the KeepTrack task.

increases in the first month after injury, but beyond a month,
postinjury advances are much reduced or non-existent.

The poor showing of the RPQ low group at baseline on Cate-
gories Correct relative to the RPQ high group is a puzzle. Ancillary
analyses indicated that the discrepancy cannot be explained by age,
sex, SES, race, mechanism of injury, presence of premorbid
ADHD, acute pain scale, GCS score or severity of injuries other
than the head (ISS score).

Interestingly, performance of the KeepTrack task in the OI group
is most similar to the RPQ high group, despite the OI group dem-
onstrating RPQ scores quite similar to the RPQ low group (Table
1). Because the inclusion of an OI group has been considered ad-
visable to account for non-brain injury variables such as general
trauma and predisposing risk factors, it might be expected that the
performance of the OI group would be similar to that of the mTBI
group with the mildest injuries or symptoms. The finding that they
instead more closely resemble performance of the RPQ high group
allows for a discussion of the use of Ol injury groups as a com-
parison group for TBI in children.

Presence and site of lesions on MRI were analyzed in relation to
KeepTrack performance for exploratory purposes. Despite the el-
igibility criterion of a normal CT scan at the time of clinical as-
sessment in the emergency center within 24 hours after injury,
about one-third of the mTBI patients had focal lesions on MRI
acquired at baseline and/or 3 months. We found a marginal asso-
ciation of frontal lesions with number of categories correctly re-
called at 1 month and a significant association at 3 months. The
associations of performance with frontal lesions had large effect
sizes in both the 1 month and 3 month data. We acknowledge that
these findings should be interpreted with caution, given the small
number of patients in the lesion analyses.

Limitations of the study

Given reports of rapid recovery after mild TBI, the window of 96
hours allowed between time of injury and recruitment may have
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contributed to an underestimate of impairment at the baseline as-
sessment, thus potentially affecting the trajectory of change. Al-
though a design with three time points allows detection of some
non-linear patterns of change, it does not allow elucidation of more
complex patterns that may occur quickly over time. Mechanism of
injury may potentially contribute to differences in recovery.
Therefore, because there were proportionally more high speed
(motor-vehicle accident) injuries in the mTBI groups relative to the
OI group and more low speed (sports) injuries in the OI group, there
was a potential for confounding, although analyses indicted that
this variable did not significantly impact recovery in this study.
Finally, because our study was intended to examine the effect of
diffuse injury of the brain, potential participants who showed focal
lesions on CT were excluded, which, although enhancing the ho-
mogeneity of the sample, limited generalizability to the population
of patients with mTBI.

Conclusion

Our data indicated that the trajectory of change differed by
outcome measure and interacted with injury group. We also
conclude that the inclusion of a TD group with the injury groups is
critical in determining whether change over time is related to
recovery or to non-injury-related variables, as was observed in
this study on at least one outcome measure. We conclude that
recovery from mTBI may be more complex than previously
appreciated.
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