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ABSTRACT

HOWELL, D., L.-S. OSTERNIG, P.-S. VAN DONKELAAR, U.-S. MAYR, and L.-S. CHOU. Effects of Concussion on Attention and

Executive Function in Adolescents. Med. Sci. Sports Exerc., Vol. 45, No. 6, pp. 1030–1037, 2013. Background: Head trauma in

adolescents has been linked with deficits in attention and executive function that can compromise the performance of everyday tasks.

Although previous research has examined this issue using computerized neuropsychological testing, little work has been done using

laboratory-based measurements of attention and executive function in this population. A longitudinal analysis of recovery patterns of

these measures among adolescents is central to understanding the effects of concussions across the age spectrum. Purpose: This study
prospectively and longitudinally examined laboratory-based measures of attention and executive function in concussed adolescents

sequentially during a 2-month period after injury. Methods: Two measures of attention and executive function, the Attentional Network

Test and the Task-Switching Test, were administered to 20 concussed adolescents within 72 h postinjury as well as at 1 wk, 2 wk,

1 month, and 2 months postinjury. Twenty healthy, matched control subjects were similarly assessed at the same time intervals. Data were

analyzed by two-way, mixed-effects ANOVA to determine the effect of group and time on the dependent variables. Results: Compared with

control subjects, the concussed group exhibited a significantly greater switch cost on the Task-Switching Test (P = 0.038, mean difference

value = 38 ms) and a significantly greater reaction time for the Attentional Network Test conflict effect component (P = 0.015, mean

difference value = 34 ms) for up to 2 months after injury. Conclusions: Concussed adolescents have difficulty recovering executive function
after injury and may require extended recuperation time before full recovery is achieved. Evaluations focusing on attention and executive

function can be useful additions in the assessment and follow-up after head injury. Key Words: SPORT CONCUSSION, EXECUTIVE

FUNCTION, ATTENTION, TASK SWITCH

The Centers for Disease Control and Prevention
have described brain injury as a silent epidemic (20),
which suggests that mild traumatic brain injury

(mTBI) has become a public health problem, the magnitude
and the effect of which are underestimated by current sur-
veillance systems. Many of the mTBI that occur in young
adults and adolescents take place in the context of sport
activities (19) and thus fall into the category of sports-related
concussion. It has been found that deficits from this injury
may last longer than those reported by the patient and may
be present even after the return to unrestricted activity
(3,27,38), suggesting that current clinical assessment tools
may lack sufficient sensitivity to accurately track functional
recovery.

Executive function has classically been defined as the
capacity to flexibly plan purposeful behavior (21) and is
considered to be responsible for the synthesis of external
stimuli and preparation for action (24). Attention processes
are believed to be important elements of executive function
(1) as well as tasks requiring deliberate attention includ-
ing decision making, troubleshooting, novel sequence of
action, and tasks considered technically difficult (31). These
functions can be tested by using a variety of laboratory-
based tasks in which an individual must generate one of two
or more responses in a context-dependent manner. Perfor-
mance on such tasks has been shown to be deficient in col-
lege age students who have suffered a concussion for up to
1 month after injury (15). Previous literature suggests that
tests that focus on executive function in individuals recov-
ering from mild to moderate TBI may be useful in predicting
outcome from injury (16).

Although the adolescent brain has not yet reached full
maturation (8,23,32) and is in a period of rapid development
from approximately 14–16 yr old (1,13), few studies have
focused on the long-term consequences of concussion in
adolescents. In a retrospective study assessing sport con-
cussions in children, adolescents, and adults, Baillargeon
et al. (2) reported that adolescents displayed persistent neu-
rophysiological deficits that were present at least 6 months
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after a concussion and were more sensitive to the con-
sequences of concussion than that in adults. The adolescent
age group has been reported to be vulnerable to the effects of
concussion due to the continued development of the frontal
region of the brain (22), which is responsible for working
memory and executive function. A head injury during this
critical development time could result in deleterious effects
on these cognitive components (2). Because executive func-
tion is considered to encompass the highest levels of human
functioning (9) and attention processes are considered to
play important roles in the control of action (31), the moni-
toring of these cognitive elements in a population particu-
larly vulnerable to the effects of concussion is warranted.

Recognizing how such cognitive functions are affected by
and recover after concussion in adolescents can help medical
personnel better identify incomplete recovery, which is a
predictor of recurrence of brain injury (14), and provide
much needed additional data for the reintegration to pre-
injury levels of mental and physical activities. Therefore, the
purpose of this study was to prospectively and longitudi-
nally examine measures of attention and executive function
in concussed adolescents and healthy, matched control
subjects within a 72-h acute postinjury interval and for the
subsequent 2 months postinjury.

The hypothesis of this investigation, based on prior research
in young adults, was that adolescents would be significantly
affected by concussion on tests of attention and executive
function for up to 1 month postinjury when compared with a
healthy group of age-matched control subjects who underwent
the same testing timeline and protocol.

METHODS

Forty high school students participating in school sports at
three local high schools (36 men/4 women) were identified
and recruited for testing. Twenty of the participants were
identified by specialized health professionals (certified ath-
letic trainer/physician) as suffering a concussion consequent
to sport participation. Concussion was defined according to
the 3rd International Statement on Concussion in Sport as an
injury caused by a direct blow to the head, face, neck, or
elsewhere in the body with an impulsive force transmitted to
the head resulting in impaired neurologic function and acute
clinical symptoms (28). Each concussed subject in the study
was matched with a healthy control subject (n = 20) by sex,
height, mass, age, and sport (Table 1). Prospective control
subjects were identified by certified athletic trainers at the
high school from which the matched concussed subject was
a student. Matching criteria were confirmed at the laboratory
test site.

Each concussed subject was removed from the injury site
on the day of injury and did not return to preinjury levels of
physical activity until cleared by a physician in accordance
with state law. Exclusion criteria for concussed and control
subjects included the following: 1) lower extremity defi-
ciency or injury, which may affect normal gait patterns; 2)

history of cognitive deficiencies, such as permanent memory
loss or concentration abnormalities; 3) history of three or
more previous concussions; 4) loss of consciousness from
the concussion lasting more than 1 min; 5) history of atten-
tion deficit hyperactivity disorder; or 6) a previously doc-
umented concussion within the past year. Individuals with a
history of three or more previous concussions were ineligi-
ble to participate to ensure, to the extent possible, the ex-
clusion of subjects experiencing chronic mTBI. Subjects
who suffered loss of consciousness for more than 1 min
were excluded from participation in the study because that
sign is believed to play a role in concussion management
modification (28).

Before data collection, the institutional review board
reviewed and approved the protocol of the current study. All
subjects and parent/guardian (if younger than 18 yr) pro-
vided informed consent. Permission was also granted by the
respective school districts to conduct testing with student
participants.

A prospective, repeated-measures design was used in
which each subject reported to the laboratory and was tested
within 72 h of sustaining a concussion as well as on four
subsequent testing days at the following time increments:
1 wk, 2 wk, 1 month, and 2 months postinjury. Control
subjects were similarly tested according to the same time
schedule. The Attentional Network Test (ANT [12]) and the
Task-Switching Test (TST), adapted from Mayr (25), were
administered separately and individually to each study par-
ticipant in a visually enclosed space free from distracting
noise and other people. The components of cognitive func-
tion each test measures have been shown to be sensitive to
the effects of concussion (4,15). In addition, to better un-
derstand the clinical presentation of each subject, a concus-
sion symptom checklist was administered, which assessed
22 symptoms on a six-point Likert scale adapted from
McCrory et al. (28).

The ANT was originally designed to evaluate abnormal-
ities arising in cases of brain injury, stroke, schizophrenia,
and attention deficit disorder (12). It probes the efficiency
of three distinct attentional components: alerting (alerting
effect), spatial orientation (orienting effect), and executive
function (conflict effect) by assessing the relative change in
reaction time (RT) to differing precue and stimulus config-
urations (12). Event-related functional magnetic resonance
imaging has been used to explore the brain areas involved in
the three attention systems targeted by the ANT (11). The

TABLE 1. Subject characteristics (group mean T SD).

Characteristic Concussed Subjects Control Subjects

Age (yr) 15.3 T 1.3 15.6 T 1.0
Height (cm) 173.7 T 6.4 173.4 T 8.1
Mass (kg) 74.8 T 16.6 70.7 T 13.6
Sex (M/F) 18/2 18/2
Sport Football: 15 Football: 15

Soccer: 3 Soccer: 2
Volleyball: 1 Volleyball: 1
Wrestling: 1 Wrestling: 1
Basketball: 0 Basketball: 1
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results suggested that the functional contrasts within the
ANT tended to differentially activate three separable ana-
tomical networks related to the components of attention. The
conflict effect has been shown to be significantly affected by
mTBI up to 1 month postinjury, and the orienting effect has
been shown to be affected within the first 2 d postinjury in
young adults (15), but these effects have yet to be system-
atically studied in concussed adolescents.

For the past 10 yr, versions of the ANT have been used in
more than 60 publications dealing with a wide range of
topics and methods, including development, neuroimaging,
pharmacology, genetics, psychiatric disorders, brain dam-
age, and individual differences (17). Recently, Ishigami and
Klein (17) tested the reliability of the ANT on healthy young
adults for the 10 testing sessions. They observed learning
effects during the first few sessions for the executive com-
ponent (conflict effect) and reported that reliability im-
proved as more sessions were included in the analysis.
Between sessions 1 and 2, they found correlations ofj0.02,
0.57, and 0.86 and when combining sessions 1–10 (using a
modified split-half correlation analysis) of 0.80, 0.65, and

0.93 for the alerting, orienting, and executive components,
respectively. It was concluded that the ANT was robust
after multiple sessions and suitable for applications re-
quiring repeated testing. Because of the noted practice
effects, it was suggested that controls are warranted in
some designs.

In the ANT, the subject fixates on a cross in the center of a
computer screen and responds as quickly as possible by
pressing one of two arrow keys, indicating the direction (left
or right) of a central arrow presented either directly above or
below the cross (Figs. 1A and 1B). The alerting effect is
examined by determining the RT difference between trials in
which a warning cue (asterisk) precedes the arrow stimulus
versus trials in which the warning cue does not precede the
arrow stimulus (Fig. 1C). The orienting effect is examined
by the RT difference between trials, in which the warning
cue indicates the location of the arrow stimulus (above or
below the fixation cross) versus trials in which the warning
cue does not provide such spatially relevant information
(Fig. 1D). Finally, the conflict effect is assessed by the
RT difference between trials in which the arrow stimulus is

FIGURE 1—ANT: the sequence of events during trials. Subjects focus on the fixation cross and are instructed to respond by pressing the keyboard
arrow (left or right) corresponding to the direction of a target arrow when presented directly above or below the cross (A and B). The asterisk is a
precue (C and D), which gives information about when (alerting) or where (orienting) the target will appear. Flanker arrows (E) may be presented in
configurations which test conflict and nonconflict effects.
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accompanied on either side by two congruent flanker arrows
(i.e., arrows pointing in the same direction) versus trials in
which the arrow stimulus is accompanied on either side by
two incongruent flanker arrows (i.e., arrows pointing in the
opposite direction; Fig. 1E). Thus, the effect is measured by
the RT difference between the two conditions presented for
each of the three networks (alerting, orienting, and conflict).
A greater RT difference score between groups/testing days
indicates poorer performance on that attentional network.
Participants first completed a series of 24 practice trials
with visual accuracy feedback; they then completed two
blocks of experimental trials made up of 96 trials (4 precue
conditions ! 2 target locations ! 2 target directions ! 3
flanker conditions ! 2 repetitions) for a total of 192 exper-
imental trials.

The TST uses a paradigm that specifically tests the ability
to flexibly switch between competing task or stimulus–
response rules (33). The primary dependent variable is the
switch cost, which is the difference score between the re-
sponse time from trials on which the task changes (i.e.,
switch trials) and trials on which the task stays the same (i.e.,
no-switch trials). Switch costs across different task pairs
correlate highly with each other (25,30), suggesting that
these costs (a) can be assessed reliably and (b) are inde-
pendent of the primary task. Further, numerous studies have
found that switch costs reflect an executive function that is
largely independent of other executive abilities, such as the
resolution of conflict or working memory (30). Previous
work has found that task-switching ability is highly sensi-
tive to mTBI in adults (4) but has not been studied in the
concussed adolescent population. The task-switching para-
digm has been used to study executive functions in the
context of cognitive development, cognitive aging, and brain
imaging (29). In addition, task switching has been used in
studies of a wide array of clinical disorders, including at-
tention deficit hyperactivity disorder, Parkinson’s disease,
and frontal lobe injury (29). The specific paradigm used
within the current study design has been documented as a
valid way to examine executive functioning and is reliable

across testing sessions (33). Rogers and Monsell (33) dem-
onstrated that extra practice did little to increase subject
performance when repeat testing occurred, indicating test
stability between testing days.

For the current TST, subjects were required to switch
between responding congruently and incongruently to the
position of a visual stimulus on every second trial in a
sequence (25). The subjects responded to the position of a
circle presented in a horizontally configured rectangular box
(Fig. 2) by pressing the right or left arrow key on a standard
computer keyboard as quickly and accurately as possible. In
the congruent case, the subject indicated the left or right po-
sition of the circle by pressing the corresponding arrow key.
In the incongruent case, the subject pressed the opposite key
(i.e., left arrow key for right target and vice versa). The sub-
ject alternated between congruent and incongruent responses
on every second trial throughout the sequence of four blocks
of 52 trials (208 total trials). If an incorrect response was
generated, a visual display was presented to remind the sub-
ject which rule (congruent or incongruent) was required to
respond correctly. The dependent variable of interest was the
‘‘switch cost.’’ This is defined as the difference in RT be-
tween ‘‘stay’’ trials, in which the subject did not switch from
responding congruent or incongruently (or vice versa), and
‘‘switch’’ trials, in which the subject did switch from re-
sponding congruently to incongruently (or vice versa).
Therefore, the switch cost is a measurement of the difference
in response time during trials where the rule switched com-
pared with trials where the rule stayed the same. A higher
switch cost indicates greater difficulty in adhering to the
congruent/incongruent rules. Only trials in which an accurate
response was generated were included in the calculation of the
switch cost.

Data were analyzed by two-way, mixed-effects ANOVA
to determine the effect of group (concussed vs controls), time
(72 h, 1 wk, 2 wk, 1 month, and 2 months), and the interac-
tion effects on each of the dependent variables (alerting,
orienting, and conflict effects and switch cost). For all om-
nibus tests, significance was set at P G 0.05. Follow-up

FIGURE 2—TST: The subject responds to the position of the circle within the rectangle by pressing the arrow key in either a congruent or
incongruent manner, alternating every two trials. The switch cost is calculated as the mean accurate response time difference of trials, which repeat
congruent/incongruent responses (no switch) and those which switch between congruent/incongruent responses (switch). The performance differences
between trial types are commonly used as measures of executive function ability.
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pairwise comparisons were then examined using the
Bonferroni procedure to control family-wise type I error. All
statistical analyses were performed using the Statistical
Package for the Social Sciences (version 20; SPSS Inc.,
Chicago, IL).

RESULTS

The concussion subjects were tested within 3 d of injury
(mean T SD = 2.15 T 0.75 d). After the initial testing took
place, each participant returned for testing in the following
increments: 8 T 1.8, 17 T 3.6, 30 T 2.6, and 59 T 3.5 d after
injury. Control subjects began participation during the same
sport season as their matched concussed subject. After the
initial testing session the control subjects returned for testing
in the following time increments: 8 T 2.1, 16 T 4.5, 30 T 3.7,
and 57 T 6.4 d after the initial testing session. No significant
demographic group differences were observed between the
concussion and the control group (Table 1). In one case, a
direct sport match was not obtained. The evaluation of
clinical symptoms between the concussed and control group
revealed a significant time by group interaction (P G 0.001).
Follow-up pairwise comparisons revealed that concussed
subjects exhibited a significantly higher symptom score than
controls at the following time points (mean T SD): 72 h
(concussion = 43.0 T 25.1, control = 4.3 T 4.2; P G 0.001),
1 wk (concussion = 30.8 T 25.2, control = 2.5 T 2.7; P G
0.001), and 2 wk (concussion = 24.1 T 22.1, control = 4.1 T
8.9; P = 0.001). Those differences were no longer statisti-
cally significant at the 1-month (concussion = 12.6 T 14.3,
control = 3.1 T 4.5; P = 0.010) or 2-month (concussion =
11.3 T 19.8, control = 4.2 T 6.3; P = 0.149) time points,
indicating symptom resolution for concussed subjects on
average between the 2-wk and 1-month testing period.

The evaluation of the alerting effect of the ANT demon-
strated no significant differences between groups or testing
days, and no interactions were present (Fig. 3A; interaction
effect P = 0.516, main effect of group P = 0.323, main effect
of time P = 0.223). Similarly, the evaluation of the orienting
effect of the ANT revealed no differences between groups or
testing days, and no interactions were present (Fig. 3B; in-
teraction effect P = 0.258, main effect of group P = 0.236,
main effect of time P = 0.266). The analysis of the ANT
conflict effect revealed a significant main effect of group
(P = 0.015, effect size = 0.192, mean difference value = 34
ms), with the concussed group showing a significantly
greater RT difference than controls, indicating a greater
conflict effect. A main effect of time was also found to be
significant (P G 0.001; Fig. 3C), but with no significant in-
teraction between group and time (P = 0.308). Similar to the
conflict effect, the TST switch cost (RT difference) was greater
for the concussed group (P = 0.038, effect size = 0.125, mean
difference value = 38 ms). A main effect of time (P G 0.001;
Fig. 4) was also found to be significant, but with no signifi-
cant interaction between group and time (P = 0.253).

Observation of the recovery curves for the conflict ef-
fect and switch cost data revealed improving scores for the
first 2 wk of testing for the control subjects, suggesting a
practice/learning effect on these measures (Figs. 3C and 4).
Similarly shaped recovery curves were evident for the con-
cussed subjects for the same period; however, their scores

FIGURE 3—Mean + SE for performance on the ANT across the
2-month testing period: alerting effect (A), orienting effect (B), and con-
flict effect (C). The main effects of group and time were observed for
the conflict effect, whereas no significant main effects or interactions
were found for the alerting or orienting effects.
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remained significantly different from the controls through-
out the testing period.

DISCUSSION

This investigation was a longitudinal analysis of two
cognitive tests which examined how attention and executive
function were influenced by concussion in adolescents.
The results demonstrated that executive function as assessed
in both the ANT and TST was disrupted in concussed
adolescents for up to 2 months after injury when compared
with a healthy cohort of matched control subjects. By con-
trast, the alerting and orienting components of attention were
not affected by concussion.

The ANT conflict effect appeared to be considerably
disrupted by concussion as the injured group had difficulties
ignoring irrelevant information contained in the incongruent
target configurations. This resulted in significantly longer
RT scores than controls for this measure throughout the
testing period. These findings are consistent with those of
Halterman et al. (15), who found the ability to focus while
ignoring irrelevant but conflicting stimuli was impaired up
to 1 month after concussion in young adults when compared
with matched controls. In the present study, this impairment
was evident in the concussed adolescent group for up to
2 months postinjury. This impairment was observed for an
extended period when compared with results from the clin-
ical symptom inventory, as the resolution of symptoms
typically occurred between 2 wk and 1 month after injury.

Previous reports indicate that the ANT-orienting effect
was negatively affected in young adults with concussion
during the first 48 h after injury (15). In contrast, the present
study detected no differences between groups at any time
points for the orienting effect. This may be due to a differ-
ence in subject age, or that the current study included those
whose initial testing time was up to 72 h after injury, thus
extending the amount of potential initial recovery from injury.

However, the difference between healthy and concussed sub-
jects at 72 h postinjury appears to be similar to those previ-
ously reported but statistically insignificant. In addition, the
lack of any differences between groups or across testing days
for the alerting effect is consistent to previous findings in
young adult subjects (15). The lack of significant differences
between groups in both the orienting and alerting effects may
also indicate that no preexisting attentional deficits were pre-
sent between healthy and concussed subjects.

Previous literature identifies the anterior cingulate cortex
and prefrontal cortex regions of the brain as the areas re-
sponsible for conflict resolution (10). The anterior cerebral
structures are believed to play a role in the ability to focus
attention on relevant stimuli while filtering out extraneous
information (36,37). As these frontal regions of the brain are
among the last to develop (35), this region of the adolescent
brain may be susceptible to concussion and deficits may last
longer in this population than older age groups (2).

In the TST, the reaction time cost of accurately switching
from one task to another was significantly greater for the
concussed group than the controls throughout the 2-month
testing period. Task-switching tasks have previously been
shown to probe executive function by requiring subjects to
flexibly plan responses in a context-dependent manner (26).
Given that efficient and accurate performance of motor skills
involves reaction to and behavior produced from multiple
stimuli occurring simultaneously, the task-switching para-
digm may provide useful information on the demands of
changing internal cognitive configurations (25), which must
be addressed during multitasking endeavors, such as in ac-
ademic, job-related, and sport activities.

Executive function has been considered to be responsible
for the synthesis of external stimuli and preparation of action
(24), and individuals with mTBI often struggle to maintain
or appropriately allocate their attentional resources while
performing one or more concurrent tasks (5–7,34). The
results of this study suggest that tests which isolate com-
ponents of executive function (ANT and TST) are sensitive
to the effects of concussion in adolescents and reveal cog-
nitive deficiencies that may last for at least 2 months after
concussion. These data suggest that executive function
testing may be a highly useful assessment to identify dis-
turbances and track recovery following concussion for the
adolescent population. As task switching and conflict reso-
lution are central to any activity that involves distribution of
attention, this type of testing may help to understand how
well an individual will respond to such a demand when re-
quired to do so. The identification of executive function
disruption may help to assist in the assessment of recovery
from concussion.

In this study, both the concussed and control subjects
displayed improvements in the ANT conflict effect and TST
switch cost across the 2-month testing period, indicating that
performance on both tasks got better with practice and/or
learning. Similar practice effects were observed for the first
few days of testing on the ANT conflict effect by Ishigami

FIGURE 4—Mean +SE for the switch cost, the evaluation of executive
function by the TST. The mean RT difference between a switch trial
and a no-switch trial for individuals with concussions and controls
across the 2-month period of testing is displayed. Main effects of group
and time were observed for this measurement.
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and Klein (17,18), and as a consequence, they noted the need
for a control group in some designs. Given the significant
between-group differences and the lack of an interaction
between the concussed and the control groups across the
testing sessions, these tasks appear to remain sensitive to the
disruptions in executive function induced by concussion for
up to 2 months postinjury.

The prospective study design and strict subject inclusion
criterion related to recruiting and beginning testing within
72 h after injury was a limitation of this study as it resulted
in the loss of some potential concussed subjects who were
unable to enroll in the study as they could not report for
testing within this initial 72-h time frame. However, there
was no attrition of any of the 40 subjects during testing. This
study was also limited in that no subject baseline data were
reported. The inclusion of individually matched healthy
control subjects to which the concussed population was
compared for the same testing periods countered this limi-
tation to some extent. Although all injured subjects were
considered to have sustained a mTBI (concussion) as de-
fined by the 3rd International Statement on Concussion in

Sport (28), there undoubtedly was variability in the extent
of the injury possibly due to different mechanisms of injury.
This variability was mitigated by the exclusion criteria.

CONCLUSION

On the basis of the findings of this study, concussed
adolescents appear to have difficulty recovering executive
function after injury and may require extended recuperation
before full recovery is achieved. Evaluations focusing on
attention and executive function can be useful additions in
the assessment and follow-up after head injury.
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