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The Use of an Electrophysiological
Brain Function Index in the Evaluation
of Concussed Athletes
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Objective: To evaluate the effectiveness of the electroencephalographic (EEG) Brain Function Index (BFI) for
characterizing sports-related concussive injury and recovery. Participants: Three hundred fifty-four (354) male
contact sport high school and college athletes were prospectively recruited from multiple locations over 6 academic
years of play (244 control baseline athletes and 110 athletes with a concussion). Methods: Using 5 to 10 minutes of
eyes closed resting EEG collected from frontal and frontotemporal regions, a BFI was computed for all subjects and
sessions. Group comparisons were performed to test for the significance of the difference in the BFI score between
the controls at baseline and athletes with a concussion at several time points. Results: There was no significant
difference in BFI between athletes with a concussion at baseline (ie, prior to injury) and controls at baseline
(P = .4634). Athletes with a concussion, tested within 72 hours of injury, exhibited significant differences in BFI
compared with controls (P = .0036). The significant differences in BFI were no longer observed at 45 days following
injury (P = .19). Conclusion: Controls and athletes with a concussion exhibited equivalent BFI scores at preseason
baseline. The concussive injury (measured within 72 hours) significantly affected brain function reflected in the BFI
in the athletes with a concussion. The BFI of the athletes with a concussion returned to levels seen in controls by
day 45, suggesting recovery. The BFI may provide an important objective marker of concussive injury and recovery.
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STIMATES OF THE INCIDENCE of mild traumatic brain injury (mTBI) or concussion in the
United States are reported by the Centers for Disease
Control and Prevention (CDC) to be 1.6 million treated
and 3.8 million untreated sports-related concussions
yearly on the basis of data from 2001 to 2005.1 In 2010,
the CDC reported a 70% increase in TBI-related emergency department visits over the previous decade, due in
part to heightened awareness of concussion.2 The current “gold standard” for sports-related concussion relies
largely on subjective reporting of signs and symptoms,
using assessment tools such as the Sport Concussion
Assessment Tool (SCAT).3 The subjective nature of the
assessment makes diagnosis, intervention, and return-toplay decisions extremely difficult.
Current research in neuroimaging has contributed
to a better understanding of the pathophysiology of
sports-related concussion. Changes in “connectivity”
have been demonstrated in studies of diffusion tensor
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imaging, providing evidence of the disruption of white
matter tract integrity in concussive injury.4–8 In addition,
magnetic resonance spectroscopy results demonstrate
evidence of changes in brain metabolism as a consequence of concussive injury.9
Such changes in brain physiology are also reflected in
brain electrical activity, suggesting the utility of such
measures as markers of functional brain injury.10 In
a study comparing diffusion tensor imaging and electroencephalographic (EEG) in blast-concussed soldiers,
Sponheim and colleagues11 reported a significant correlation between changes in mean fractional anisotropy
of 4 major white matter tracts related to frontal interhemispheric communication and changes in phase synchrony of the EEG between frontal and frontotemporal
regions. Another measure of brain electrical activity reported to reflect brain injury in mTBI is based on the
“complexity” or entropy of the EEG signal, which decreases in concussive injury.12 Changes in the frequency
spectra of the EEG, power relationships, and coherence
between regions have also been associated with concussive injury.13–16
Brain electrical activity has several advantages over
other functional neuroimaging methods, considering
both analytic and clinical aspects. On the analytic side,
the superior temporal resolution of electrophysiological
data results in better precision related to neuronal transmission, and sensitivity to both functional and structural brain injury. The clinical advantages include ready
availability at the point of care, rapid acquisition, ease
of use with limited training, nonradiation emitting, and
cost-effectiveness.
The EEG Brain Function Index (BFI) is a derived
marker that provides an index of functional brain abnormality following a head injury. The index, a novel composite measure, was recently validated in a blinded validation trial17 of the BrainScope Ahead 300 device and
received Food and Drug Administration 510(k) clearance (K161068). The BFI is derived from those EEG
features associated with functional brain impairment,
reflecting current consensus on the physiology of concussive injury. These features include those that reflect
changes in brain region connectivity (eg, phase synchrony and coherence), EEG signal complexity (eg, fractal and scale-free dimension), and shifts in the frequency
spectra (eg, alpha power). This study will demonstrate
the potential clinical utility of the BFI in a population
of athletes with a concussion studied longitudinally.
METHODS
Subjects
Male contact sport athletes (N = 354) from high
schools and colleges (Male athletes were recruited from
the University of Wisconsin-Madison and from high

schools and colleges in the greater Milwaukee, Wisconsin, and West Lafayette, Indiana areas) who met inclusion criteria were enrolled in the study. The large majority of these athletes were football players (94.4%).
Approval by the Institutional Review Boards at the host
institutions of the principal investigators and written
informed consent was obtained from all voluntary participants (or parent/guardian of minors).
Design and procedures
All consenting contact sport athletes who met inclusion/exclusion criteria were enrolled into the study and
participated in a preseason baseline EEG acquisition
and evaluations on all concussion assessment measures
used to make the concussion diagnosis. In addition to
the assessments, a database was generated that included
information such as patient demographics, concussion
history, and any preexisting conditions (developmental,
neurological, and medical).
Inclusion/exclusion criteria
The inclusion criteria included (1) no loss of consciousness of total duration of 20 minutes or more, (2)
no neuroimaging evidence of structural injury, and (3)
no hospitalization (no admission due to either head injury or collateral injuries). Subjects were excluded who
met the following exclusion criteria by self-report: (1)
evidence of illicit drug usage, (2) associated injuries
(broken bones, sprained extremity joints), (3) did not
speak or read English, (4) current central nervous systemactive prescription medications, (5) skull abnormalities
(eg, metal plate), and (6) attention-deficit hyperactivity
disorder or learning disability (controls only).
Concussion population
During the course of the season, enrolled subjects
who sustained a concussive injury were identified and
moved to the injury group as per the protocol by a
certified athletic trainer present on the sideline during an athletic contest or practice. Concussion was defined as an injury resulting from a blow to the head
or to the body causing head deceleration, resulting in
altered mental status and one or more of the concussion symptoms described by the American Academy of
Neurology guideline for diagnosis and management of
sports-related concussion18 for consistency across sites
(it is noted that this was the current version at time
of data acquisition). These concussion symptoms included headache, nausea, vomiting, dizziness/balance
problems, fatigue, trouble sleeping, drowsiness, sensitivity to light or noise, blurred vision, difficulty remembering, or difficulty concentrating.18,19 The following
additional symptoms were also documented after injury: loss of consciousness, posttraumatic amnesia (eg,
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inability to recall exiting the field and aspects of the
examination), and retrograde amnesia (eg, inability to
recall aspects of the play or events prior to injury and
score of the game) and other acute injury characteristics
(not presented herein). All assessments and recording
of symptoms were completed under the supervision of
trained research technicians at the time of the EEG evaluation. This information was used for the determination
of concussion and does not play a role in the analysis
reported in this article.
Once an athlete suffered a concussion his or her preseason baseline was removed from the control population baselines and included in the injury group. There
were no subjects who were in both the control group
and the injury groups.
Assessment protocol
The clinical “sideline” and electrophysiological
evaluations were conducted preseason (when available),
within 72 hours of sustaining a concussive injury
and again 45 days postinjury (regardless of injury
severity), in a controlled testing setting (eg locker room
and classroom). All assessment time points included
electrophysiological (EEG) testing, a computerized neuropsychological testing battery, and signs and symptom
questionnaires (including the Standardized Assessment
of Concussion [SAC]20,21 and the Concussion Symptom Inventory). Only the EEG data are presented herein.
All examiners were trained to perform these evaluations,
and quality control guidelines were followed rigorously.
Electrophysiological evaluation
Subjects underwent 5 to 10 minutes of eyes closed
resting EEG recording acquired on a hand-held device (investigational variants of BrainScope Ahead devices). The EEG recordings were made from frontal
and frontotemporal sites of the extended international
10/20 electrode placement system using self-adhesive
electrodes applied to the forehead, and referenced to
linked ears. Electrode sites included FP1, FP2, AFz (located just anterior to Fz on the forehead, below the hairline), F7, and F8. All electrode impedances were below
10 k. Amplifiers had a bandpass from 0.5 to 70 Hz (3dB points). A sampling rate of up to 8 kHz was used for
data acquisition and the data were subsequently downsampled to 100 Hz for processing. Electrode placement
in all cases was completed in less than 5 minutes.
The EEG data were subjected to automatic artifact rejection algorithms to remove any biologic and nonbiologic contamination, including that from eye movement
(vertical and lateral), muscle movement, patient or cable
movement, external noise, significantly low-amplitude
signal, and atypical electrical activity patterns.22 Previous experience, as reported in Prichep et al,22 has demon-
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strated that sufficient artifact-free data (60–120 seconds)
for quantitative analysis can be obtained from such a
5- to 10-minute recording. It is noted that these artifact detection algorithms were part of procedures implemented in the Food and Drug Administration-cleared
data acquisition devices used in this study.
Computation of EEG BFI used in this study
The derivation of the BFI applied to patients in this
study is described elsewhere.17 To aid in understanding
of the index, the steps taken in its derivation are summarized later. Artifact-free EEG data from head-injured
and control subjects (n = 2407) were subjected to quantitative off-line analyses for feature extraction.
The set of features used to compute the BFI were those
that are reflective of the physiology associated with concussive injury in the scientific literature. These included
measure sets containing features related to “connectivity” (eg, phase synchrony and coherence), complexity
of the signal (eg, fractal and scale-free dimension), and
shifts in the frequency spectra (eg, decrease of alpha
power). These features are thought to contain information about the architecture of the neural networks in
the brain, neuronal transmission and changes in brain
metabolism and neurochemistry, which are impacted
on by head injury.4–16 These features were age regressed
and normalized to obtain feature z scores. See Prichep
and colleagues22 for a more complete description of the
features and the feature extraction methodology.
Computation of the BFI
The EEG BFI was computed as a linear combination
of the selected QEEG feature z scores. The linear combination included additional weight assigned to values
that are outside the age-expected normal range for that
feature (to increase the relative contribution of the features with abnormal values to the index). The general
formulation of the index (Y) for any EEG recording
session was expressed as follows:
Y = wN

NN

i =1

xi + w A

NA


xi

i =1

where, w N is the weight associated with a feature value
that is in the normal range for that feature, NN is the
number of features for the given EEG recording session
that are in the normal range, xi is the value of the ith
feature, w A is the weight associated with a feature value
that is outside the normal range, and NA is the number
of features for the given EEG recording session that are
outside the normal range.
During the development of the BFI, steps were taken
to avoid overtraining. The feature set used as the basis
for the BFI was limited not only by the informed data reduction but also by the conservative standard statistical
www.headtraumarehab.com
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TABLE 1

Mean and standard error of Brain Function Index for each conditiona

Group
Control baseline
Injury baseline
Injury day 0
Injury day 45

N

Mean
(standard
error)

t statistic
(compared with
baseline)

P value

244
49
94
55

155.52 (5.50)
166.33 (13.58)
190.87 (10.60)
171.15 (10.50)

–
− 0.7376
− 2.9601
− 1.318

–
.4634
.0036
.191

a Results

of t test (t statistic and associated P value) for comparisons between athletes with a concussion at each time point and
baseline controls.

convention of 10:1 subject-to-feature ratio. In addition,
the variability in the performance of the BFI across
the development population was accounted for using a
5-fold cross-validation strategy. It is also important to
note that, because the BFI was finalized a priori, only
those specific features used for the BFI computation
were extracted from the study population.17∗
Statistical analyses
Group comparisons for the BFI were made using a 2tailed t test for independent samples, with unequal variances to test for the significance of differences in the BFI
score between the controls and concussed athletes. The
t tests were performed between (1) baselines of controls
versus baselines of injured (those who sustain a concussion after baseline); (2) controls versus concussed at time
of injury; and (3) controls versus concussed at day 45 following injury. It is noted that, although the BFI is a composite feature, it is tested in this model as a single measure and therefore does not require correction for multiple comparisons. (See earlier for discussion of protection
from multiple measures used in derivation of the BFI.)
RESULTS
A total of 244 control baseline cases and 110 cases that
were diagnosed with a concussion during the course of
the season were included in the study; 94.4% of study
subjects were football players. The control group had
a mean age of 18.27 years (σ = 2.10; range = 14.11–
23.31). The injured/concussed subject group had a mean
age of 18.36 years (σ = 2.23; range = 14.89–23.20). The
mean SAC score for the control group at baseline was
27.45 (median = 28; σ = 1.89; range = 14–30). The
mean SAC score for the injured group at baseline was
27.71 (median = 28; σ = 1.78; range = 24–30).
∗ It

should be noted that the Ahead 300 device was cleared by FDA
(K161068), for use within 72 hours of head injury, in patients between
the ages of 18-85 years, with GCS of 13-15. The use of the BFI outside
of the 72 hours post-injury window or pre-injury (baseline) discussed
in this study were not evaluated as part of the FDA validation study.

Of the 110 athletes with a concussion, 49 had received a preseason baseline assessment (note that preseason baseline was not included in all years of study),
94 received an assessment within 24 hours of injury, and
55 received a follow-up assessment (45 days after injury).
The sample size is different for the various time points
because of 3 main factors: (1) related to baselines, during
2 of the seasons of play the protocols did not include
preseason baseline evaluations; (2) related to time of injury, some sessions were excluded because of excessive
artifact, subjects tested outside the 24-hour time window, or subject withdrawal; and (3) related to follow-up
at day 45, this last time point suffered from attrition.
Within the group of subjects who received an assessment within 72 hours of injury, 38 had baseline recordings and 56 did not. A comparison of the BFI scores
for the 2 groups indicated that they were not different (t statistic = −1.1210; P = .2653). Therefore, it was
deemed acceptable for the 2 groups to be combined for
the purpose of this analysis, for the purpose of enriching
the population and increasing the power of the analysis.
The characteristics of the BFI score for the control
and injured populations are summarized in the Table 1,
which shows the mean and standard error for the BFI
score at each assessment time point for the injured subjects and the significance of the difference at each time
point from control baselines. There was no significant
difference between BFI at preseason baseline in athletes
who were later concussed and those in the control group
(t statistic = −0.7376; P = .4634). Injured athletes exhibited significant differences from controls at the time
of injury (t statistic = −2.9601; P = .0036). No group
differences (injured vs controls) were observed at 45 days
(t statistic = −1.3180; P = .1910), which suggests normalization of the BFI, representing “recovery.”
DISCUSSION
In the absence of a biomarker as a gold standard
for concussion, there is reliance on self-report and
brief sideline evaluations, which are inconsistent in use,
both in defining the injury and in making important
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return-to-play decisions. Unrecognized and untreated
concussions can contribute to morbidity, with potentially debilitating and lingering postconcussive symptoms, including cognitive impairment, development of
depression and anxiety, and somatization disorder.23,24
In addition, there is a higher incidence of repeat concussion following a first concussion and when the injured
athlete is allowed to return to play before symptom
resolution.25–26 The EEG BFI can provide important
quantitative information about the status of brain function in concussion, aiding in the early identification,
treatment, evaluation, and return-to-play decisions.
Although advanced neuroimaging can be used to distinguish between groups with concussive brain injury
and controls in an experimental setting,27 such technologies are not readily available at the sidelines or in
the emergency department to aid in the assessment of
concussive injury. Studies have suggested that EEG can
act as a surrogate for other neuroimaging tools and can
provide many advantages in sideline (including locker
room or nearby venue) testing at the time of injury,
including ease of use, rapid evaluation, and quantitative results, which can be expressed as a percentile of
the normal population. To date, electrophysiological
methods have been demonstrated to reflect persistence
of alterations in brain function, beyond the window of
abnormal findings demonstrated through clinical measures, focusing on assessment of reported symptoms,
cognitive functioning, and sideline measures of vestibular functioning.
To facilitate the interpretation of the index in this
work, the index may be mapped to a percentile scale
developed using the range of values obtained for a large
population of healthy individuals. Key points on the
scale may be highlighted on the basis of clinical utility (eg, <10th percentile). Such displays are similar to
those standardly used in presenting results of neurocognitive and other standard test results (and predicates for
performance tasks).
Results of this study demonstrated no differences in
BFI at time of preseason baselines but highly significant
differences at time of injury. When compared 45 days
following injury, no differences were found between the
concussed and controls athletes, supporting the potential clinical utility of the BFI in providing a quantitative
index for the evaluation of concussion and the sequelae
that follow. It was also noted that although both preseason baseline and day 45 evaluations in the injured
group showed no differences with the baseline controls,
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the P value for day 45 evaluations was lower than that
for the preseason comparisons. This result suggests the
heterogeneity of the population as related to the different trajectories of recovery, with some athletes still
demonstrating abnormalities at this time point. Such
findings underscore the need for such an objective
biomarker of functional brain injury (BFI), which could
contribute to more optimized assessment of return-toplay readiness. Studies underway will further investigate
the persistence of abnormalities in the EEG as related to
the rate of recovery.
Advances in signal-processing engineering, lessons
learned from big data analysis in genomics and proteomics, and introduction of sophisticated classification
methodology that takes advantage of machine learning,
have greatly enhanced the field of quantitative electrophysiology, however, care must be taken to obtain highquality data (elimination of artifact) and sufficient numbers of subjects to mitigate potential problems of overtraining. This study has followed this guidance. However, limitations of the current study include lack of
female athletes and limited age range of the subject
population. As such, applicability to individuals who
differ significantly from the test population has yet to
be demonstrated. Studies are currently underway to expand the concussed population to include females and
a broader age range. Larger populations of athletes with
a concussion including preseasons baselines would further facilitate validation of this approach. Another limitation of the study is that the reported group comparisons compare control and injured populations but was
not designed to follow the trend of BFI for any given
subject from baseline to injury and recovery. The expansion of the approach to include the baseline and longitudinal aspect along with “return-to-play” information
(outside the time window currently cleared by the FDA
for use of the BrainScope Ahead 300 device) will allow
the relationship between the BFI and clinical decisions
regarding return to play to be investigated.
The potential clinical utility of a biomarker on the basis of brain electrical activity in the acute assessment and
quantitative tracking of recovery of brain functioning after concussion was demonstrated in this study. The ability to obtain such an index rapidly, at any point along
the sequelae of concussion, suggests that such a measure
can contribute greatly to the assessment of concussive
injury, going beyond that obtained with the more traditional subjective clinical indices that are currently used
in the sport setting.
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