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NEUROSURGERY

CONCUSSION IN PROFESSIONAL FOOTBALL: RECOVERY
OF NFL AND HIGH SCHOOL ATHLETES ASSESSED

BY COMPUTERIZED NEUROPSYCHOLOGICAL
TESTING—PART 12

OBJECTIVE: Acute recovery from concussion (mild traumatic brain injury) is assessed
in samples of NFL and high school athletes evaluated within days of injury.

METHODS: All athletes were evaluated within days of injury using a computer-based
neuropsychological test and symptom inventory protocol. Test performance was com-
pared to preinjury baseline levels of a similar but not identical group of athletes who
had undergone preseason testing. Statistical analyses were completed using Multivar-
iate Analysis of Variance (MANOVA).

RESULTS: NFL athletes demonstrated a rapid neuropsychological recovery. As a
group, NFL athletes returned to baseline performance in a week with the majority of
athletes having normal performance two days after injury. High school athletes dem-
onstrated a slower recovery than NFL athletes.

CONCLUSION: Computer-based neuropsychological testing was used within the
overall medical evaluation and care of NFL athletes. As found in a prior study using
more traditional neuropsychological testing, NFL players did not demonstrate decre-
ments in neuropsychological performance beyond one week of injury. High school

players demonstrated more prolonged neuropsychological effects of concussion.
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development of new and innovative

concussion (mild traumatic brain injury,
MTBI) management strategies in the National
Football League (NFL). These efforts have
been endorsed by the Commissioner’s office
and have been supported by funding from the
NFL charities. As part of this effort, the NFL
has supported clinically based research de-
signed to augment the evaluation and man-
agement of players with concussion. Neuro-
psychological testing has increasingly been
recognized as a useful diagnostic technology
that is used in combination with standard
medical care. Numerous research studies have
documented the utility of neuropsychological
testing in measuring subtle changes in atten-
tional processes, memory and cognitive speed
following brain injury (11, 22, 23, 42). Neuro-
psychological testing provides unique infor-
mation about changes in cognitive processes

The last decade has witnessed the rapid

that may be missed through sideline or on-
field examinations of the athlete and also pro-
vides objective information regarding the re-
covery process during the acute period (13).
There has been a large-scale implementa-
tion of neuropsychological testing in colleges
(8, 10, 26) and high schools (22, 23, 27); and,
numerous studies have examined neuropsy-
chological recovery in high school and colle-
giate athletes. One published study that exam-
ined neuropsychological recovery in NFL
athletes (30) suggested that NFL athletes, as a
group, made a rapid return to baseline levels
of neurocognitive performance following con-
cussion. This finding was in contrast to several
studies that found more long-lasting neuro-
psychological decrements in high school ath-
letes (12, 22, 23, 25). However, none of these
studies directly compared professional and
younger athletes using the same protocol and
an identical neurocognitive test battery. This
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is the first study that provides a direct comparison of neuro-
cognitive recovery in professional and younger athletes.

This paper describes the implementation of computer based
neuropsychological testing in the National Football League
from 2000 to 2004. The study directly compares neuropsycho-
logical test results in sport-matched samples of high school
and NFL athletes, all tested within days of concussions. The
paper specifically addresses the following questions: 1) What
is the rate of neurocognitive recovery in a sample of NFL
athletes? 2) Do professional and high school athletes display
similar or different acute recovery following concussions? 3) Is
the pattern of neurocognitive impairment and symptom re-
porting in these two athlete groups similar or different?

The Evolution of Computer-Based Neurocognitive
Testing in Professional Football

The use of standardized neuropsychological/neurocognitive
assessment protocols in sport is a recent phenomenon and has
been discussed in detail elsewhere (23, 30). From 1993 to 2000,
traditional “paper and pencil” neuropsychological testing was
introduced in the NFL, and it has now been widely adopted in
the league. Testing was introduced to provide additional diag-
nostic information to assist team physicians in making return to
play decisions following concussion. This was one part of NFL
MTBI Committee’s scientific activities, which have been previ-
ously described (29-36, 39—+41). The Committee has overseen
multiple projects in the NFL designed to better understand and
manage coOncussions.

Although the use of traditional neuropsychological testing
in the NFL has been found to represent a useful adjunct to the
postconcussion evaluation process (20, 30), limitations in the
use of paper and pencil testing with athletes became evident.
First, traditional testing proved to be limited with regard to its
ability to evaluate neurocognitive difficulties following con-
cussion, such as cognitive speed and reaction time. Addition-
ally, neuropsychological consultants who conducted the as-
sessments were limited to the use of less accurate or
sophisticated technology (e.g., a stop watch) to assess the
reaction-time related parameters. Furthermore, traditional
testing proved to be time consuming and logistically difficult
to implement for large groups of athletes. For instance, the
implementation of preseason baseline testing proved too dif-
ficult because preseason team rosters have approximately
eighty athletes. It took a team of neuropsychologists days to
complete testing.

Computer-based neurocognitive testing was developed to im-
prove player assessment and more accurately measure subtle
neurocognitive deficits following mild concussions. Testing typ-
ically yields millisecond precision with regard to measurement
of reaction time (5, 24). In addition, computer-based testing can
be designed to minimize practice effects (e.g., improvement in
test performance due to multiple exposures to the test) by ran-
domizing the presentation of stimuli across administrations (22).
Finally, computer-based testing can be administered on a com-
puter network with minimal individual supervision and can be
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administered to groups of twenty or more athletes at a time, thus
improving the ability of teams to complete baseline testing in a
matter of hours rather than days.

In 2002, the MTBI Committee undertook an extensive internal
review of computerized neuropsychological testing. Published
literature was reviewed on the subject. Unpublished data was
also reviewed with the consent and cooperation of authors of the
four major computerized neuropsychological test batteries used
in the evaluation of sports-related concussion: Automated Neu-
ropsychological Assessment Metrics (ANAM), CogSport (Www-
.cogsport.com), Headminders, and ImPact (www.impacttest-
.com). We determined that there were adequate reliability data
on 1113 subjects and validity data on 1293 subjects. At the con-
clusion of this review, the Committee determined that there was
enough evidence to support the use of computerized neuropsy-
chological testing by NFL teams.

MATERIALS AND METHODS

Data Collection and Analyses

All players participating in the study underwent neuropsy-
chological testing during the 2002 to 2004 seasons. As partic-
ipation in the neuropsychological study was voluntary, not all
NFL athletes with concussion completed neuropsychological
testing. Furthermore, not all athletes evaluated postconcus-
sion completed baseline neurocognitive testing prior to injury.
Therefore, this study relied on a convenience sample of con-
secutive injured athletes. For professional and high school
groups, only athletes who had completed ImPACT 2.0 or 3.0
were included. NFL and high school athletes who had com-
pleted earlier versions of the InPACT test battery (Versions
1.0) from 2000 to 2002 were excluded from the study due to
differences in the make-up of the test battery compared to the
current versions.

Baseline Samples

Preseason baseline test data were collected on separate
groups of professional and high school football players to
form the basis for comparison of postinjury test performance
to preinjury levels. Table 1 shows the characteristics of high
school and professional athletes who comprised the baseline
samples. There were 68 NFL athletes who made up the base-
line sample and 125 high school athletes. For the high school
group, athletes were selected for inclusion in the baseline
sample if they were male high school football players (ninth
through twelfth grade) who had completed baseline testing,
The baseline samples of high school and professional athletes
were very similar to the postconcussion samples with regard
to age, level of education and percentage of athletes in each
position group. High school and professional players tested
after concussion had a slightly higher mean number of past
concussions and were similar with regard to the severity of
prior concussions: the history of loss of consciousness was
13% for both groups. Forty percent of the high school sample
and 44% of the NFL sample had a history of anterograde
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Professional

TABLE 1. Sample characteristics of concussed high school and professional football players at first postinjury follow-up (n = 85)*
High school

2% 16-30 min
21% > 30 min

Baseline Postinjury 1 Baseline Postinjury 1

No. 68 48 125 37
Age 24.3 (range = 20-34) 26.3 (range = 20-33) 15.6 (range = 13-18) 15.8 (range = 13-18)
Education 15.8 (range = 14-22) 15.7 (range = 14-22) 9.4 (range = 9-11) 9.6 (range = 6-11)
Prior concussions 0.65 (range = 0-4) 1.2 (range = 0-4) .59 (range = 0-6) 0.89 (range = 0-3)
Linemen 23 (34%) 12 (25%) 46 (37%) 14 (38%)
Offensive backs 9 (13%) 7 (15%) 37 (29%) 9 (24%)
Defensive backs 28 (41%) 18 (37%) 31 (25%) 11 (30%)
Receivers 6 (9%) 9 (19%) 11 (9%) 3(8)
Kickers 2 (3%) 2 (4%) 0 (0%) 0 (0%)
LOC N/A 77% none N/A 65% none

13% 1-20 s 32% 1-20 s

2% 21-59 s 0% 21-59 s

6% 1-2 min 3% 1-2 min

2% 3-5 min 0% 3-5 min
Retrograde N/A 77% none N/A 49% none
Amnesia 2% 1-10s 35% 1-10 s

2% 11-59 s 0% 11-59 s

0% 1-5 min 5% 1-5 min

2% 6-15 min 3% 6-15 min

17% > 15 min 8% > 15 min
Anterograde N/A 80% none N/A 49% none
Amnesia 8% 1-5 min 27% 1-5 min

0% 6 15 min 11% 6-15 min

4% 16-30 min 11% 16-30 min

4% 31 min to 3 hr 0% 31 min to 3 hr

4%> 3 hr 2% >3 hr
Disorientation N/A 29% none N/A 30% none

25% 1-59 s 25% 1-59 s

19% 1-5 min 5% 1-5 min

4% 6-15 min 11% 6-15 min

5% 16-30 min
24% > 30 min

2 LOC, loss of consciousness; N/A, not available.

amnesia. Nineteen percent of the high school sample and 21%
of the NFL sample had a history of an episode of retrograde
amnesia. The high school sample did have a higher rate of
disorientation than the NFL sample. The average age of the
NFL sample was 26.8 years and was similar to the overall
league average of 26.5 years (28); and therefore, it is represen-
tative of the total population of NFL players with regard to
age and experience.

Postconcussion Samples

Table 1 summarizes the sample characteristics. For the pur-
poses of this study, only athletes who completed two postin-
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jury follow-up evaluations were included in the postinjury
analyses. Forty eight NFL athletes and 37 high school athletes
completed one postinjury evaluation, while 30 NFL and 28
high school athletes completed a second evaluation. Whether
an athlete was referred for a second neurocognitive evaluation
was determined individually by the team athletic trainer or
team physicians. These decisions were clinically based, be-
cause athletes who had normal performance following the
first evaluation were not evaluated a second time. For the NFL
sample, 37% of the athletes returned to play following the
initial evaluation and 63% were evaluated a second time
within five days of injury. For the high school group, 25%
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returned to play prior to the second evaluation and 75%
completed the second evaluation. Therefore, NFL and high
school athletes who made a rapid recovery did not complete a
second evaluation.

Procedures

The NFL neuropsychology program involves the participa-
tion of a network of neuropsychological consultants in each
NFL city. The network has been described by Pellman et al.
(30). For this study, all InPACT test data was collected by the
Director of the NFL neuropsychology program (MRL). It was
obtained from team physicians, athletic trainers or team neu-
ropsychologists for entry into a database and subsequent anal-
ysis. As the ImPACT battery is computer administered and
scored, there were no differences between teams with regard
to scoring of the test. Following data collection, the data was
stripped of identifying information in compliance with
HIPAA standards and stored at the University of Pittsburgh.
For the high school sample, data was collected by the Univer-
sity of Pittsburgh Medical Center in cooperation with the high
school that the student attended.

Prior to each testing session, the athletes were given a brief
explanation of the purpose of neuropsychological testing. Par-
ticipating players represented a relatively homogeneous
group, with the exception of age and level of education. All
were males aged 13 to 33 years involved in all offensive and
defensive line positions as well as running back, quarterback,
and kicking team positions (Table 1).

The ImPACT Computer-Based Test Battery

Table 2 shows the individual neuropsychological tests that
make up the ImPACT test battery, which evaluates multiple

aspects of cognitive functioning and is relatively brief. The
battery takes under 30 minutes to administer, is automatically
scored and generates a 6 page report. The test battery is
heavily oriented towards the evaluation of attentional pro-
cesses, visual scanning and information processing, although
it also evaluates visual memory, verbal memory and visual-
motor reactions.

Many studies using the ImPACT have indicated that it is
reliable and valid. For example, Iverson et al. (17) found no
significant practice effects in a sample of non-injured high
school athletes tested twice within several days. With regard
to validity studies, InPACT has been found to correlate with
the Symbol Digit Modality test, an often used test of cognitive
speed in research with athletes (16, 18). INPACT also has the
capability to discriminating mildly concussed high school ath-
letes (22, 23, 37); and, it has been found to correlate with
athlete’s self-reporting of neurocognitive decline and “foggi-
ness” (16).

Tests That Comprise ImPACT

ImPACT (version 2.0) consists of six neuropsychological
tests, which are designed to target different aspects of cogni-
tive functioning, including attention, memory, processing
speed, and reaction time. Table 2 lists the tests and gives a
description of neurocognitive abilities assessed. From the six
tests, four separate composite scores were created for verbal
memory, visual memory, visuomotor speed and reaction time.
In addition, an Impulse control composite score is calculated
and provides an assessment of test validity. For this study, all
athletes obtained valid baseline testing scores for the NFL and
high school groups.

TABLE 2. The ImPACT neuropsychological test battery

Test name

Neurocognitive domain measured

Word memory
Design memory

Xs and Os

Symbol match
Color match

Three letter memory
Symptom scale

Composite scores
Verbal memory
Visual memory
Reaction time

Visual motor
Processing speed

Impulse control

Verbal recognition memory (learning and retention)
Spatial recognition memory (learning and retention)
Visual working memory and cognitive speed
Memory and visual-motor speed

Impulse inhibition and visual-motor speed

Verbal working memory and cognitive speed
Rating of individual self-reported symptoms

Contributing scores

Word memory (learning and delayed), symbol match, memory score, three letters memory score
Design memory (learning and delayed), Xs and Os (percent correct)

Xs and Os (average counted correct reaction time), symbol match (average weighted reaction time
for correct responses), color match (average reaction time for correct response)

Xs and Os (average correct distracters)

Symbol match (average correct responses), three letters (number of correct numbers correctly
counted)

Xs and Os (number of incorrect distracters), color match (number of errors)
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The Post-Concussion Symptom Scale is also used because it
is widely accepted by sports organizations as an accurate
identifier of concussion symptoms (2, 20, 21). A 21-symptom
checklist asks the injured athlete to rate each possible symp-
tom on a seven-point scale, with zero indicating no experience
of a symptom and 6 indicating a severe symptom. This scale is
useful because “common” terms are used to describe symp-
toms and it avoids less common medical terminology (e.g.,
sensitivity to light is used instead of photophobia; for a review
of the Post-Concussion Symptom Scale) (2, 20).

Initial On-Field Diagnosis of Concussion

AlI NFL teams had a physician and several certified athletic
trainers present on the sideline at the time of injury. For high
school athletes, concussions were witnessed and diagnosed by
physicians and by certified athletic trainers, who were all
trained in the diagnosis and management of concussion. In
NFL athletes, concussions were diagnosed using standard
criteria described previously in articles in this series and used
throughout the league (30-34). This involved the identification
of a number of neurocognitive (e.g., memory loss) or noncog-
nitive (e.g., headache, nausea, dizziness) criteria identified on
the field of play or sideline following a blow to the head.
Criteria for high school athletes were highly similar and were
based on the presence of mental status changes or player
symptoms following a collision or blow to the head. Informa-
tion regarding the preinjury concussion history was obtained
from athletes and their parents. In NFL athletes, concussion
history was obtained from the individual teams and medical
staff.

Timeline of the Neuropsychological Evaluations

For the high school sample, the initial evaluation was gen-
erally conducted two to three days postinjury, as many inju-
ries occurred on Friday nights and the first neurocognitive
evaluation was not con-

er’s overall clinical evaluations. This included the results of neu-
ropsychological testing and consultations with the team athletic
trainers and neuropsychological consultants. Return to play de-
cisions in high school athletes were based on the similar criteria,
but decisions were made in consultation with team athletic train-
ers, the athlete’s personal physicians and parents.

Statistics

All statistical analyses were completed using Statistica (38).
Descriptive statistics were used to analyze sample character-
istics. Z-score transformations were performed to allow com-
parison across the different composite scores from the Im-
PACT test battery. Multivariate Analysis of Variance
(MANOVA) analyses were conducted to evaluate differences
between professional and high school athletes in neuropsy-
chological test results. Because of the different number of
subjects evaluated at follow-up 1 and 2, separate MANOV As
were conducted for each of these follow-up periods. Differ-
ences between groups on specific indices of the test battery
were analyzed with univariate F tests, as part of the
MANOVA analyses. Effect sizes (Cohen’s d) for differences
between NFL and high school groups were calculated by
dividing the difference between the postinjury and baseline
groups for each sample by the pooled standard deviation (7).

RESULTS

Table 3 shows baseline INPACT test data, which was gath-
ered to establish average performance or “norms” for NFL
(n = 68) and high school football athletes (n = 125). Baseline
data came from a sample of athletes from those injured and
provides a means of evaluating the postinjury data in the
absence of individual baseline values. The preinjury baseline
groups provide the basis for comparison if an athlete is injured
during the season and also provide the basis for the calcula-

ducted until the following
Monday. For the NFL group,
most athletes were evaluated
the day after injury, resulting

in the completion of the first
follow-up evaluation within
24 hours of injury Pellman et
al. (30).

With regard to clinical inter-
pretation, NFL players were
compared to the normative da-
tabase for NFL athletes. These
data were available to neuro-
psychologists who served as
consultants to the individual
teams.

Return to play decisions in
the NFL were made by team

TABLE 3: National football league and high school neurocognitive test performance scores represent
raw scores (average and standard deviation in raw score)
Preseason Follow-up 1 Follow-up 2
National Football League sample
Verbal memory 85.7 (9.1) 79.6 (9.6) 84.4 (9. 6)
Visual memory 77.3 (13.2) 71.7 (12.7) 77.9 (12
Reaction time 0.58 (0.08) 0.61 (0.09) 0.60 (0.0 )
Visual processing 35.5 (5.6) 34.07 (4.4) 35.6 (5.2)
Symptom score 1.34 (2.73) 9.97 (12.2) 6.2 (10.0)
High school sample
Verbal memory 83.6 (8.2) 76.1 (11.2) 80.5 (12.1)
Visual memory 74.2 (13.2) 63.9 (13.3) 72.1 (11.9)
Reaction time 0.56 (0.07) 0.68 (13.3) 0.61 (0.10)
Visual processing 36.4 (6.3) 31.9 (5.4) 36.3 (6.3)
Symptom score 5.91 (8.65) 25.6 (22) 8.5 (10.1)

physicians based on the play-
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tion of Z-scores. Baseline evaluations for NFL and high school
athletes were conducted preseason and prior to contact.

Table 3 also shows the mean test scores for postinjury sam-
ples for high school and NFL players. All high school athletes
included in the postinjury study were initially evaluated
within three days of injury (mean = 1.48 d, range = 0-3 d) and
all NFL athletes within two days of injury (mean = 1.17 d,
range = 1-2 d). For the second follow-up evaluation, the
average time postinjury was five days for the high school
athletes (range = 2-7 d) and 2.9 days for the NFL group (range
= 2-4 d). Therefore, on average, NFL athletes were evaluated
sooner postinjury compared to the high school athletes. For
our two samples, this difference reflects the fact that NFL
athletes routinely undergo neuropsychological testing on
Monday or Tuesday following games on Sunday, while high
school athletes in our program are most often evaluated on
Monday or Tuesday following a game that took place on the
previous Friday. As can be seen in Table 3, the high school and
professional groups demonstrated a decline in raw test scores
from baseline.

Table 1 provides demographic information regarding the
high school and professional samples. It also presents infor-
mation regarding on field markers of injury as collected by
team medical and athletic training staff. The NFL and high
school samples did not differ significantly with regard to loss
of consciousness (x> = 1.54, P = 0.15) or disorientation (xy* =
0.00, P = 0.955) following injury. With regard to the presence
of retrograde amnesia, the high school sample displayed more
amnesia (x> = 7.38, P = 0.005). Similarly, the high school
group demonstrated greater retrograde amnesia than the pro-
fessional group (x> = 7.40, P = 0.007).

2- FIRST FOLLOW-UP

Is There a Difference in Acute Neurocognitive Functioning
between Professional and High School Athletes?

Figure 1 presents the results of MANOVA analyses that
compare NFL and high school athletes on the four InPACT
composite measures at the first and second follow-up exami-
nations. All scores were converted to standard (Z) scores to
facilitate direct comparison using the same metric. Compared
to preseason normative performance levels, NFL athletes dis-
played significantly better InPACT performance compared to
the group of high school football athletes (Wilke’s Lambda, F
= 4.00, P < 0.005). The univariate F tests reveal significant
differences between NFL and high schools athletes on the
Reaction time (F = 15.8, P < 0.0001, d = 0.91) and Processing
speed indices (F = 5.29, P < 0.02, d = 0.51). NFL athletes
performed better on Verbal Memory (F = 3.00. P = 0.09, d =
0.39) and the Visual Memory (F = 3.50, P < 0.06, d = 0.41)
indices but these differences were not statistically significant.
Declines in NFL players at follow-up 1 (relative to preseason
levels) were not dramatic but did suggest an initial decline in
performance on all four composite measures. Performance
deficits were mild and generally on the order of 0.25 standard
deviation units. In contrast, the high school group displayed
significantly larger declines with a decline of almost 0.75
standard deviation on the Verbal Memory composite and a
decline (increase in response latency) of 1.53 standard devia-
tion units in reaction time. Less dramatic declines were dem-
onstrated on the Visual Memory and Processing Speed com-
posite scores for the high school sample.

Figure 2 shows the results of a second MANOVA analysis to
compare professional and high school athletes at the time of
the second follow-up. NFL athletes were evaluated several
days sooner than high school players. With regard to an
overall comparison of neuropsychological performance in the

2
] O HIGH SCHOOL B NFL
1 14
NS, d=.39 NS, d=.41 p<.0001, d=.91 p<.02, d=.51
0 I ' J . ' I '
-1 1 -1 A
-2 - -2 -
VERBAL MEMORY  VISUAL MEMORY REACTION TIME PROCESSING SPEED
MEMORY MEASURES SPEED MEASURES

FIGURE 1. Standard (Z) scores for 37 high school and 48 NFL players
tested within five days of injury using ImPACT memory and speed scores
at the time of first follow-up. High school athletes were tested within an
average of 1.48 days of injury (range = 0-3 d) and NFL athletes within
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1.1 day of injury (range = 1-2 d). MANOVA shows differences in per-
formance between NFL and high school athletes on ImPACT composite
scores (Wilke’s Lambda, F = 4.00, P < 0.005). Univariate differences are
represented on graphs.
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2 1 SECOND FOLLOW-UP 2 7
O HIGH SCHOOL B NFL
14 14
N.S., d=.20 N.S., d=.24 N.S., d=.50 N.S., d=.08
0 I—r T —— 0 I T ]
-1 - -1
-2 - -2 -
VERBAL MEMORY VISUAL MEMORY REACTION TIME PROCESSING SPEED
MEMORY MEASURES SPEED MEASURES

FIGURE 2. Standard (Z) scores for 28 high school and 30 NFL players,
tested within seven days of injury. High school athletes were tested within
5 days of injury (range = 2-7 d). NFL players completed their second
evaluation within 2.93 days of injury (range = 2—4 d). MANOVA shows

NFL and high school groups, the MANOVA was nonsignifi-
cant (Wilke’s Lambda, F = 1.09, P < 0.370). At the second
follow-up, approximately three days post injury, the NFL
group demonstrated at or above the baseline sample levels on
two of the composite indices (Visual Memory and Processing
Speed) and very subtle decline on the Verbal Memory and
Reaction time composite scores, relative to preseason levels.
These standard scores were on the order of one tenth of a
standard deviation for Verbal Memory and one fifth of a
standard deviation for Reaction Time and are not of any
clinical significance. In contrast, the high school group tested
within seven days of injury demonstrated poorer performance
relative to baseline sample levels. They had a drop of approx-
imately 0.4 standard deviation unit is in Verbal Memory and
a 0.83 standard deviation change in Reaction Time relative to
preseason performance. There was a smaller decline on the
Visual Memory composite and a slight (and not statistically
significant) improvement in performance on the Processing
Speed index.

The Role of Concussion History

An analysis was undertaken to investigate the potential role
of concussion history with regard to neurocognitive recovery
in the NFL and high school samples (Table 1). Athletes from
both samples were classified based on the presence or absence
of a concussion history prior to their current injury. Separate
MANOVAs were then completed for both samples and
yielded nonsignificant results for the NFL (Wilkes Lamda, F =
2.02, P = 0.109) and high school (Wilkes Lamda, F = 2.01, P =
0.115). Therefore, the presence or absence of a history of
concussion was not related to neurocognitive test performance
during the first week of recovery. The NFL and high school
groups were then assigned to categories based on the absence
of concussion history (Group 1), 1 prior concussion (Group 2)

NEUROSURGERY

nonsignificant differences in performance between NFL and high school
athletes on ImPACT composite scores (Wilke’s Lambda, F = 1.09, P <
0.37). No univariate differences were significant, although there was a
trend towards poorer performance in high school athletes.

or 2 or more concussions (Group 3) to further investigate this
issue. A MANOVA was completed with concussion history
groups as the independent variable and the four ImPACT
composite measures as dependent measures. This analysis did
not yield significant results for either the NFL (Wilkes Lamda,
F = 1.29, P = 0.24) or high school (Wilkes Lamda, F = 1.34,
P = 0.24) groups.

DISCUSSION

Neuropsychological testing assists team physicians by pro-
viding quantitative information on recovery from concussion;
and, it has been generally accepted as a component of the
medical evaluation following sports-related concussion. More
specifically, neuropsychological testing may provide diagnos-
tic information regarding subtle disruptions of cognitive pro-
cesses such as attention, memory and speed that may not be
detected by a cursory sideline evaluation and may not be
recognized by the injured athlete. Numerous prior studies
have described the neurocognitive recovery of high school (4,
22, 23, 27) and collegiate (8, 9, 21, 26) athletes. These studies
have shown neurocognitive recovery within weeks of injury.
More recently, a study of NFL athletes found that athletes
with MTBI did not perform significantly more poorly on a
battery of traditional neuropsychological tests within the first
week after injury (30). This study used non-computer based
paper and pencil neuropsychological testing and there re-
mains a question that it may have missed subtle cognitive
changes in reaction time and cognitive efficiency.

This study represents the first of its kind to use computer-
based neuropsychological testing in a group of professional
athletes. It was designed to evaluate postinjury neurocognitive
functioning in a consecutive sample of NFL and high school
athletes who had all completed the INPACT test battery twice
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within the first week following their injury. It is the first study
to directly compare professional and high school football play-
ers using a standardized on-field and postinjury computerized
assessment protocol.

Recovery Rates in NFL and High School Athletes

The finding of no significant neurocognitive deficits in the
NFL sample within the first week postinjury suggests that
NFL athletes with MTBIs recover relatively quickly following
injury. This finding supports the only other published study of
neuropsychological performance in NFL athletes that did not
find significant neuropsychological deficits within one week
of injury (30). In contrast, this study found residual difficulties
in reaction time and memory in the high school sample and
raises the question of differential response to injury in profes-
sional and high school football players. There are a number of
potential reasons for the apparent difference between profes-
sional and high school athletes (30).

First, several researchers have suggested that due to neuro-
developmental factors children are at greater risk of sustaining
concussion after head impact. For instance, children are
known to exhibit more diffuse and prolonged cerebral swell-
ing after injury than adults (1, 19) and the majority of fatal
brain injuries in contact sports have occurred in children
younger than 18 (6). There is also evidence from animal re-
search suggesting that the immature brain may be more sen-
sitive to the negative effects of glutamate-mediated N-methyl
D-aspartate (NDMA) than in older animal brains. This differ-
ence has been hypothesized to play a role in the detrimental
effects of excitatory amino acids following brain injury. Fi-
nally, a recent clinical study has shown neuropsychological
deficits lasting days after injury and a differing rate of recov-
ery depending on the athlete’s age (12).

Another hypothesis that may help to explain the differences
between NFL and high school athletes is that there may be a
different tolerance for concussion in professional and high
school athletes. This hypothesis is based on the assumption
that NFL athletes represent a highly select group with regard
to skill level, size and injury tolerance. The level of condition-
ing and skill necessary for success in the NFL may result in
athletes that are less prone to injury than younger and less
talented or well-conditioned individuals. There may be a nat-
ural selection process as previously suggested by Pellman et
al. (30, 32, 33). Although speculative, this hypothesis is sup-
ported indirectly, by current NFL data suggesting that a rel-
ative minority of athletes develop postconcussion syndrome
(30, 32, 33). In addition, it may be the case that athletes, who
have difficulties with concussion during their high school or
college years, may choose noncontact sports that have a lower
risk of concussion early in their sporting careers. Although
this hypothesis is also speculative, it is in line with the obser-
vation that most athletes who enter the NFL do not have a
significant history of concussion during their high school and
college years. For this study, the mean concussion rate was
only .65 for the NFL baseline sample (range of 0-4) and 1.2 for

270 | VOLUME 58 | NUMBER 2 | FEBRUARY 2006

the injured NFL group. We also note that in the clinical con-
cussion management program at the University of Pittsburgh
Medical Center it is recommended that concussion-prone high
school athlete’s transition to noncontact sports. In our opinion,
it is unlikely that athletes who rise to the level of the NFL are
concussion prone.

The NFL and high school samples were not perfectly
matched with regard to time of their first and second neuro-
psychological evaluations, postinjury. Based on when games
are played in the NFL (usually on Sunday), most players were
evaluated the day after injury. In the high school sample,
athletes were more likely to be evaluated several days postin-
jury based on the fact that most games are played on Friday or
Saturday and players do not routinely undergo neuropsycho-
logical testing until the following Monday. Since most indi-
viduals display neurocognitive deficit immediately following
injury, it would be logically expected that the NFL group
would demonstrate more dramatic neurocognitive decline
since they were being evaluated more quickly after injury.
However, this was not the case. In our opinion, this provides
additional support for the hypothesis of a quicker recovery in
NFL compared to high school athletes.

Relevance to Prior NFL Concussion Studies

In prior papers, the authors have presented the results of
clinical evaluations in professional football players after con-
cussion (30-34). However, one paper reviewed neuropsycho-
logical test performance using traditional measures (30). The
earlier study demonstrated that NFL players, as a group, did
not demonstrate neuropsychological deficits on traditional
measures and players who sustained multiple concussions did
not perform more poorly than those with a single injury. One
possible limitation of the earlier study was a reliance on neu-
ropsychological measures that were not specifically developed
for sports and did not assess the importance of reaction time
and neurocognitive speed. This present paper presents the
data using a test battery that has proven to be reliable (17) and
valid in detecting subtle changes in reaction time following
mild brain injury (22, 23, 37). Therefore, we feel that we have
addressed one of the limitations of our prior research.

Regarding the potential cumulative effects of concussion in
NFL and high school athletes, this study was designed to
evaluate the acute neurocognitive functioning of athletes fol-
lowing concussion. Therefore, we do not purport to present
definitive data regarding more long-term outcome in either
high school of professional athletes. Hopefully, additional
studies will address this issue. However, we did assess the
relationship of neuropsychological test results to test perfor-
mance in our sample. The potential cumulative effect of
sports-related concussion remains a controversial issue, and
past published studies have differed in their findings (15).
Most recently, in a sample of injured NFL athletes who com-
pleted traditional neuropsychological testing, Pellman et al.
(30) did not find poorer neuropsychological test performance
in athletes with a history of three or more concussions. Simi-
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larly, the present study did not find a pattern of poorer neu-
ropsychological test scores in a group of NFL athletes who
underwent computer-based neuropsychological testing
within days of injury. However, it is important to emphasize
that the relatively limited sample size in the current study is
by no means conclusive. As noted in previous studies, this is
a complicated issue and may relate to threshold or age issues
(30). This issue will require multiple studies designed to eval-
uate more long-term markers of outcome in both high school
and professional groups. In addition to neuropsychological
test results, these studies should involve the evaluation of
school performance, activities of daily living and other age-
appropriate and relevant measures of real life functioning.

Computer-Based Neuropsychological Testing

The development of the neuropsychological testing pro-
gram in the NFL has been an incremental process that has
involved the ongoing support and coordination of the NFL
MTBI Committee. As noted by Pellman et al. (30), the program
has evolved to the point where every NFL team is using some
form of neurocognitive assessment. Over the past two years,
the majority of the league has adopted computer-based neu-
ropsychological testing. This study represents our evaluation
of the first two years of data and involves the participation of
a subset of eight teams who shared their test data.

Computer based neuropsychological tests have a number of
advantages over more traditional testing protocols. One par-
ticular advantage is the ease with which athletes can complete
baseline testing. This will lead to the completion of baseline
testing in the next several seasons. Another advantage is the
capability to evaluate subtle changes in reaction time and
neurocognitive speed. This capability is highlighted in this
present study. The most striking changes in postinjury test
performance were evident on the Reaction Time Composite
Index. Finally, previous research with computer-based neuro-
psychological tests has suggested minimal practice effects or
improvements in test performance due to prior test exposure
(17). This represents a significant improvement compared to
more traditional approaches to testing.

The Role of Neuropsychological Testing in Sports

This study highlights the role of neuropsychological testing
in professional and high school athletics. Neuropsychological
testing represents one of the tools available to assist treating
physicians when diagnosing and managing sports-related
concussion. Its use is evolving as part of international stan-
dards on managing concussion in sports (2). Although a valu-
able tool, neuropsychological testing should only be used
within the context of the clinical medical evaluation and
should not be used in and of itself to determine diagnosis or
make management decisions such as return to play (30). The
overall treatment of the athlete should involve an assessment
of the athlete’s on-field signs and symptoms, subjective report
of symptoms, the observations of the medical staff present at
the time of injury, as well as neuropsychological test results.
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Furthermore, neuropsychological testing can assist in obtain-
ing quantitative information regarding the cognitive status of
an athlete that may help to confirm a diagnosis by the team
medical staff. Involvement in the testing process also provides
reassuring information to injured players and their treating
physicians.

Limitations of the Study

As with most research with professional athletics, this re-
search is of an observational nature. As noted in a prior study
of NFL athletes, the neuropsychology program was designed
to operate with minimum disruption to the NFL teams and
athletes, while yielding useful clinical information (30). The
study relied on a convenience sample of injured athletes with-
out assurance that the sample is representative of the overall
population of injured NFL athletes from 2002 to 2004. How-
ever, the sample did match the overall NFL sample in player
age and NFL experience.

Currently, all NFL teams are using neuropsychological test-
ing in some form. However, not all teams use the same test
battery, conduct preseason baseline testing or use the results
in the same manner. We anticipate that future studies of
neurocognitive performance in NFL players will allow for the
evaluation of larger injury samples and will allow the direct
comparison of post injury functioning to individual perfor-
mance on baseline testing.

Another potential limitation of this study is the lack of
established standards for determining abnormal test perfor-
mance. If preseason baseline testing has been completed on a
particular player, abnormal performance was determined by
comparing the athletes” postinjury score to their baseline. If
the score was poorer than baseline levels, the score was de-
termined to be “abnormal.” However, since not all teams who
supplied data for this study completed baseline tests, standard
scores were calculated as the basis for analysis of deviations
from preseason levels of performance. This allowed us to
directly compare the athlete to his reference group.

Recently, Reliable Change Index (RCI) scores have evolved
to provide an additional determination of abnormal perfor-
mance (3, 5, 17). RCIs are based on the test-retest reliability of
the particular test and they adjust for practice effects. RCls
provide confidence intervals for determining whether or not a
test score is reliably different from baseline. However, RCIs
have not yet been derived for professional football athletes,
although they do exist for high school (3, 17) and Australian
rules football athletes (14). As the NFL neuropsychology pro-
gram develops, the implementation of RCIs should aid in
clinical interpretation of neurocognitive recovery following
concussion.
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COMMENTS

he role of neuropsychological testing to evaluate athletes with

cerebral concussion has evolved over the past 12 to 15 years.
Initially, “paper and pencil” testing was performed. But, it immedi-
ately became obvious that this was cumbersome, susceptible to prac-
tice learning, and time consuming. Approximately 5 years ago
computer-based neuropsychological testing was introduced and was
subsequently shown to be accurate, reliable, valid, quick to adminis-
ter, and highly accepted by high school, college, and professional
athletes. It has become a tool that is invaluable in assisting the phy-
sician in evaluating and managing an athlete with concussion.

To this end the authors compared neuropsychological test results in
high school football players and National Football League (NFL)
athletes all tested within days of cerebral concussion. They attempted
to determine the rate of neurocognitive recovery, differences in the
recovery process particularly as related to a previous history of con-
cussions, and the pattern of impairment and symptoms reported in
the two groups.

Their major finding was that NFL athletes had a more rapid recov-
ery than high school athletes and had a rapid return to baseline
usually within a few days after injury while high school athletes
demonstrated a slower recovery pattern. The reasons for the residual
difficulties in reaction time and memory in the high school athlete are
speculative. Is the teenager brain really that much more susceptible
than the athlete who is in the mid 20s or early 30s? Or, is it really a
“natural selection process,” as suggested by Pellman et al., with those
athletes making it to the professional level being less susceptible to
concussive injuries? These questions remain unanswered, but there
does seem to be a differential risk of injury in the professional and
younger football player.

The author’s observation on the relationship of on field markers of
injury reassert the now well recognized fact that loss of consciousness
is not only not the sine que none of a concussion, but that most
concussive injuries now occur without loss of consciousness. Retro-
grade amnesia at the time of injury seems to be the best on field
marker to predict neurocognitive abnormalities. Subsequent demon-
stration of impaired reaction time on formal neuropsychological test-
ing is another quantitative factor that seems reliable in predicting
outcome.

The authors attempted to assess the affective cumulative concus-
sions and increase susceptibility. Although previous studies support
this belief, the present study did not reveal poorer performance in the
high school athletes who had experienced two or more concussions
before their current injury. Because of sample size, definitive state-
ments could not be made by the present authors. With computer-
based neuropsychological testing, the axiom “three concussions and
you're out” has little use. One severe concussion with prolonged
neuropsychological impairment may be sufficient to interdict play,
whereas three or more very mild concussions with minimum abnor-
malities may be acceptable.

Before the introduction of neuropsychological testing, return to
play decisions after a cerebral concussion were often subjective, judg-
mental, and not supported by quantitative data. We think that com-
puterized neuropsychological testing as outlined in this study will
become the standard of care to assist physicians with their clinical
judgment in assessing and managing athletes with mild traumatic
brain injury. As the authors note, all teams in the NFL now use some
form of neurocognitivie assessment after concussion injury and 20 out
of 32 use the computer-based system, as do approximately 800 col-
leges and high schools throughout the United States. This will allow
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much larger studies to be performed, comparing not only high school,
but also college athletes, as well as those in the NFL looking at a host
of parameters to better evaluate and quantify the affects of mild
traumatic brain injury in athletics.

Michael W. Collins
Neuropsychologist
Joseph C. Maroon
Pittsburgh, Pennsylvania

he authors are to be commended for creating widespread imple-

mentation of standardized cognitive assessment within profes-
sional and high school sports. Standardized cognitive assessment has
been difficult to implement within any area of health care, and doing
so within professional and high school football is a significant and
laudatory accomplishment.

As the authors note, gaining acceptance from sports teams for
cognitive assessment involved making such assessment minimally
disruptive to the teams’ day to day operations. This resulted in nu-
merous compromises, all seeming to be reasonable under the circum-
stances, but all also introducing deviations to optimal scientific meth-
odology. The authors are to be commended for being explicit
regarding many of these limitations, and explicitly labeling their
samples as “convenience samples.”

The end product, thus, is an ambitious and significant undertaking,
impressive in many ways, but based on less than optimal scientific
methodology. This is true of many naturalistic studies and is not
offered as a criticism. Rather, it is offered as a caution: the methodol-
ogy of the present study is not sufficient to provide definitive answers
to any of the hypotheses. Rather, the present study, as the authors
themselves note, contains intriguing findings in need of replication.
By being explicit regarding some of the methodological limitations of
their study, the authors provide guidance regarding methodologic
improvements to be expected of future studies.

The authors frequently note that this is the “first” study of its kind.
As such, it is entitled to more methodological leeway than would be
tolerable in subsequent studies.

Joseph Bleiberg
Neuropsychologist
Washington, District of Columbia

he authors have provided an initial comparison of concussive

induced cognitive sequelae in high school and professional ath-
letes. As this comparison provides novel information, it adds new
data to the scientific literature of sports related head injuries. The main
concern of this study, and it is a major concern, is that postconcussion
test performance was not compared with the athlete’s actual baseline.
Rather, the authors used a much weaker convenience group design.
Therefore, results of this study must be interpreted with significant
caution.

Kenneth C. Kutner
Neuropsychologist
Hackensack, New Jersey

his study by Pellman et al. assesses the performance of concussed
football players using computer-based neuropsychological tests
and symptom inventory assessment compared with a similar, but
identical, group and their preseason or baseline testing. This repre-
sents the implementation in the NFL of computer-based neuropsy-
chological testing from 2000 and 2004. This study consisted of 68 NFL
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and 125 high school football players using the INPACT computerized
neuropsychological testing methodology. They found that the NFL
players had no significant neurocognitive deficits within the first
week after injury. This was in contrast to residual neuropsychological
deficits, particularly in reaction time and memory, in the high school
population for a similar time course.

There is a good discussion regarding the development and implemen-
tation of neuropsychological testing at the NFL level which represents
the first report of computer-based neuropsychological testing in profes-
sional athletes. They report their findings to help distinguish NFL versus
younger athletes and discuss the “natural selection” process, as they have
previously proposed. There does seem to be a difference between these

particular age groups, and these findings may have bearing upon and
should be considered by those caring for both the scholar and profes-
sional athletes. Further research will show whether these differences will
continue to remain and whether there are inherent distinctions between
mild traumatic brain injury occuring in younger age groups versus
mature athletes with many years of contact sports experience. The au-
thors are encouraged to continue their research with their unique patient
population which should continue to add to our body of knowledge
concerning athletic mild traumatic brain injury.

Julian E. Bailes
Morgantown, West Virginia

Three-dimensional rotational angiogram with coil mass depicted in white. After subtraction of
the white coil mass, the angiogram shows no evidence of a residual neck. Twelve months after
embolization, the wide-necked right superior cerebellar aneurysm remains completely occluded
with preservation of the artery. (Feng L, Vinuela F, Murayama Y. Healing of intracranial
aneurysms with bioactive coils. Neurosurg Clin N Am. 2005 Jul;16(3):487-99, v-vi).
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