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Abstract.

PURPOSE: Electrophysiological event-related potentials (ERP’s) have been reported to change after concussion. The objective
of this study is to use a simple 2-tone auditory P300 ERP in routine clinical settings to measure changes from baseline after
concussion and to determine if these changes persist at return to play when other standard measures have normalized.
METHODS: Three-hundred sixty-four (364) student athletes, aged 17-23 years, participating in contact sports were tracked
over consecutive years. In this blinded study P300, plus physical reaction times and Trail Making tests, were collected alongside
standard clinical evaluations. Changes in these measures after concussion were compared to clinical outcomes over various stages
of post-injury recovery.

RESULTS: Concussed players experienced significant reaction time and/or P300 amplitude changes compared to pre-concussion
baseline measurements (p < 0.005). P300 changes persisted in 38% of the players after standard measures, including reaction
times, had cleared. Many of those players slow to normalize were part of the sub-concussive symptom group and/or appeared
more prone to repeat concussions.

CONCLUSION: These data suggest significant P300 amplitude changes after concussion that are quantifiable and consistent.
These changes often normalized slower than other standard assessments. More data are needed to determine if slow normalization
relates to sub-concussive or repeated events.
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1. Introduction

Concussion is a major source of sports injury. Be-
cause of the nature of the injury, often defined as a
complex pathophysiological process, there currently
exist no definitive tests for the condition [1-4]. While
symptoms often resolve within a few weeks after the
event, around 10-15% of patients report lingering
symptoms and cognitive deficits [5-9]. To complicate
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matters for clinicians making return-to-play decisions,
symptom resolution may not be indicative of injury
resolution, adding additional risk of injury if players
return prematurely [10].

Neuropsychological assessment is one of the main
clinical evaluation tools following concussion, though
sometimes return to pre-concussion testing perfor-
mance can take place when the subjects are still
symptomatic and vice versa [11-13]. Studies have
also demonstrated that some concussed players who
passed clinical tests still displayed electrophysiolog-
ical deficits, suggesting brain-network compensation
to achieve normal functioning [14]. Numerous other
studies have also demonstrated the persistence of al-

1874-5393/20/$35.00 (©) 2020 — IOS Press and the authors. All rights reserved
This article is published online with Open Access and distributed under the terms of the Creative Commons Attribution Non-Commercial License

(CCBY-NC 4.0).



82 G. Clayton et al. / In-clinic event related potentials after sports concussion: A 4-year study

tered brain activity following concussion using various
electroencephalogram (EEG) and magnetic resonance
imaging methods [15-18].

To address these clinical issues, and to study the
effects of concussion on cognitive brain processing,
event-related potentials (ERPs) have been used to as-
sess cerebral activity following mild brain injuries
(mTBI). ERPs are a measurement of signals from an
EEG time-locked to the onset of a given stimulus.
ERP’s are typically labeled by their polarity (P for pos-
itive or N for negative) and their time of occurrence
after the stimulus in milliseconds (e.g., P300). Numer-
ous studies have reported ERP-related differences be-
tween mTBI and control groups, even as some of these
found no differences using neuropsychological mea-
sures [19-29].

Because variations in ERP protocols and corre-
sponding hardware modifications are numerous, stan-
dard procedures are needed for these techniques to be-
come clinically viable. This study, therefore, investi-
gates one of the simplest techniques involving P300
during an audio oddball task. This technique is read-
ily standardizable and can be implemented on a large
scale, including for baseline screening.

The P300 parameters most commonly considered to
be diagnostic include amplitude (voltage) and latency
(detection time after stimulus). The amplitude is often
described as a measure of attentional resources and la-
tency a measure of classification speed [30-34]. While
there is disagreement over the specific cognitive pro-
cesses involved, larger P300 amplitudes and shorter la-
tencies have been associated with superior information
processing [35-37]. Between-person variances and the
influence of physical attributes such as skull shape
or thickness make P300 amplitudes most appropriate
when used for longitudinal tracking [37,38]. Along
with mTBI, P300 changes have also been reported
for aging, dementia, and depressive disorders, among
many others [39]. Because an increase in the P300 la-
tency and a decrease in the P300 peak amplitude are
observed in various diseases accompanied by cognitive
impairment these measurements are considered non-
specific.

The objective here is to include a two-tone P300 pro-
tocol to student-athlete physical evaluations at baseline
and various intervals after a concussion to determine if
P300 measures significantly change from baseline af-
ter concussion and if these changes persist at the begin-
ning of return-to- play protocols when other standard
measures have normalized.

2. Methods

The general goal of this study is to measure the
impact of concussion on the cortical auditory P300
in comparison to the performance measures of phys-
ical reaction time, Trail Making [40], and other stan-
dard concussion-related measures discussed below. For
those athletes who sustained a concussive event, pre-
contact baseline assessments were compared to assess-
ments post trauma. The stability of baseline P300 mea-
sures were evaluated by comparing seasonal pre- and
post-season assessments in a subset of subjects without

injury.
2.1. Subjects

The study followed 364 individuals aged 17-23 over
the course of up to 4 sports seasons at 4 different
sites. These subjects were participants in NCAA Div.
1 men’s football (172 players, representing all players
from a single team), NCAA Div. 1 woman’s soccer (29
players, representing all players from a single team),
men’s high school football (142 players, representing
all seniors from a single team), and Junior A men’s ice
hockey (20 players, representing all players from a sin-
gle team).

The study was approved by the Solutions Institu-
tional Review Board and written informed consent was
obtained from the participants or their guardians before
study intake.

2.1.1. Reference subjects

A 2-tone audio P300 protocol was administered
by sports medicine staff during the course of other
pre-contact clinical evaluations. The protocol included
physical reaction times and Trail Making tests parts
A and B. Physical reaction times, also known to de-
cline with concussion [41], were measured by asking
the participant to click the mouse upon hearing the rare
tone, which represents a different process than P300
latency.

To follow the objectives of this study, which involves
clinical settings, and because the primary marker being
studied is nonspecific, we have kept the exclusion cri-
teria minimal. The baseline reference group, therefore,
comprised baseline measures from all players partici-
pating on these teams and exclusions were limited to
the 8 players who fell asleep during the first-year test
(which was longer in duration as discussed later), leav-
ing a total of 348 players in this baseline group (labeled
BASE, Table 1).
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Assessments and mean timing of re-assessments

Group # assessments  Timing of re-assessments (&= SD)
BASE 348 -

(initial pre-contact assessment upon enrollment into study)

ALL 70 310 (227) days after BASE
(all repeat assessments of non-injured players)

REF 31 146 (110) days after BASE
(subgroup of ALL taken within season, medication exclusions)

CN 33 1.6 (1.2) days after event
(initial assessment after qualified concussion event)

NCN 12 1.1 (0.4) days after event
(initial assessment after non-qualified event)

CRTP 32 10 (5) days after event
(CN group at beginning of return to play)

CEND 24 94 (35) days after event
(CN group at postseason)

NEXT 12 287 (86) days after event

(CN group at following preseason)

To compare P300 changes in the non-concussed to
the concussed population, 2 groups of test-retest sam-
ples were collected which we labeled REF and ALL.
The REF group comprised a convenience sample of
retests performed over a single season on first-year
players 1-2 weeks after the initial baseline and at post-
season. Exclusion criteria were again minimal; 4 tests
with known changes in ADHD medication or condi-
tion (e.g. drowsiness) were excluded from the variance
extraction. The ALL reference group comprised the
single-season tests above with no exclusions, all fol-
lowing year baselines where available, and a conve-
nience sample of post-career tests. While these sam-
ples provide a reasonable real-life example of what to
expect over the course of a season, or a college career,
they also include multiple tests for single players so
statistical caution is needed when group comparisons
are made. Also, note that we have not separated out
gender or age because there were not enough statistics
to detect any differences between these categories and
as such that is outside the scope of this study.

2.1.2. Concussion subjects

Of the 364 players tracked, 56 events occurred
where a player was removed from a game or practice
by a trainer, physician, or the participant for a sus-
pected concussion. Of these, 45 were later confirmed
concussions, yielding a rate consistent with the ex-
pected concussion rates for these sports [42,43]. Con-
cussion included single events as well as repeated sub-
acute events with resultant symptoms. Concussed play-
ers were ideally tested at baseline, 24—48 hours af-
ter a qualified concussion event (CN group), during
graded return-to-play protocols (CRTP), at post sea-
son (CEND) several months removed from the event,

and at pre-contact for the following season when pos-
sible (NEXT). We use the word “ideally” here because
one objective of this study is to perform these tests in
real-life training room settings and so the ideal time-
line could not always be followed. For example, 7 pre-
contact baseline measurements were not made, leaving
test-retest variability to be inferred either from post-
season or the following season. Also, when the event
occurred toward the end of the season there was no re-
turn to play, leaving only post-season tests in these in-
stances.

Establishing concussion criteria is important be-
cause relying on self-reported symptoms alone is not
sufficient. For example, motivations among players
vary as some players can mask symptoms hoping to
get back into a game while others may do the op-
posite. Furthermore, conditions such as jaw or neck
pain can also present with similar symptoms as con-
cussion. A qualified event for this study, then, was de-
fined as a potential event followed by a clinical di-
agnosis of concussion made by a medical provider
trained in the evaluation and management of concus-
sion. These evaluations typically included deficits in
one of the Sport Concussion Assessment Tool (SCAT)
assessments such as balance or delayed recall [44].
Team physicians for the NCAA teams also followed
an assessment and management system from the In-
ternational Symposia on Concussion in Sport to eval-
uate return to play after concussion [2—4]. This in-
cluded a performance-related psychometric exam, the
Immediate Post-Concussion Assessment and Cogni-
tive Test IMPACT™T™) [45], administered both at base-
line and post-symptom resolution. Table 1 summarizes
the number of tests performed for each category. In
this table, non-qualified concussion events are labeled
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NCN. These players were also tracked at return and
end of season but were not included in the CRTP,
CEND, and CNEXT groups.

For the purposes of this study, the attending physi-
cians and players were blinded from the results so that
only current standards of care, and not the P300, were
used in determining return.

2.2. Procedure

After completing a short 1-page intake form, partici-
pants were given an EEG test that included the oddball
audio P300 component. Reaction times were also mea-
sured by asking the participant to click the track pad
or mouse upon hearing the oddball tone. Touch screen
Trail Making Tests A and B were added in the second
year.

2.3. EEG acquisition and preprocessing

The EEG was recorded using the WAVi™ Research
Platform (WAVi Research, Boulder, CO, USA) sam-
pled at 250 Hz and bandpass filtered between 0.5—
30 Hz. The electrodes were placed according to the In-
ternational 10-20 system using caps with 19 tin elec-
trodes (both with the WAVi Headset and Electro-cap
International Inc., Eaton, OH, USA). Linked reference
electrodes were placed at the earlobes.

The test administrators were instructed to keep the
electrode impedances below 20 kOhm for ground-to-
EEG locations and below 10 kOhm for the ground-
to-ear locations where possible. These targets are well
below the 1 GOhm input impedance of the WAVi
amplifiers, are practical regarding preparation time
in the sports setting (including certain “sport-related”
hairstyles) and produced sufficient yield [46].

To be consistent with the goal of testing a simpli-
fied platform, a continuous 4 minute 2-tone audio odd-
ball eyes- closed P300 protocol was used. Here, 200
common tones (1000 Hz) and 40 rare tones (2777 Hz)
were delivered in random order over the span of 4
minutes, creating a 0.95 s interstimulus interval with
a 50 ms tone length. The tones were delivered using
Skullcandy ™ over the ear headphones, at 65 dB.

2.3.1. First season testing

For the first season, in order to collect other qEEG
parameters in addition to the P300, an 18-min test was
administered. Here three 20/100 rare/common tests
were administered in succession, each separated by
3 min of eyes-closed resting and 3 min eyes-open fo-

cused. The eyes-closed qEEG data collected can be
compared to those same parameters extracted during
the eyes-closed P300 paradigm for further studies, in-
cluding post-concussion qEEG spectral analysis. As
discussed above, documented sleeping portions of the
test were discarded. For the following seasons, the test-
ing was reduced to a single 4 min test using a 40/200
paradigm. All new and returning players were sched-
uled for a baseline in the second year using the shorter
4-min protocol. No difference was seen in any of the
P300 parameters between the first year 18-min base-
line protocol and the 4-min baseline protocol.

2.4. EEG extraction

While many methods exist for removing movement
and other artifacts, we have chosen a technique of au-
tomatic artifacting that helps minimize test-retest vari-
ance in subjects to achieve better reliability. Here EEG
segments with excessive amplitude and/or frequency
activities in any of the 4 common EEG frequency
bands (delta, theta, alpha, and beta) were automatically
excluded from analysis on a channel-by-channel basis.
Data were then visually inspected for noise to verify
the accuracy of the automated artifacting.

ERP features can also be quantified by a variety
of methods, including the extraction of P300 param-
eters at the extremum, taking voltage differences be-
tween common and rare at the extremum, and calcu-
lating areas under curves. Here, again to be consistent
with our goal of investigating the simplest approaches
that produce acceptable test-retest variance, we report
P300 components measured by identifying the posi-
tive extremum in the latency range of 240-500 ms. The
depth (P300V) is then extracted from the mean ampli-
tude of all stimuli and the latency (P300T) is the de-
lay recorded for that depth. These independent ERP
epochs were baseline-corrected using the 100ms pre-
stimulus period.

P300 parameters are typically extracted from the Cz,
or Pz, or the average of various sites. Here we report
a P300 pV that is the highest amplitude from the 6 C-
P scalp sites (C3, Cz, C4, P3, Pz, P4), and the fastest
P300 time (smallest latency) from these same 6 C-P
sites. These sites both produce an acceptable test-retest
variance but have also been noted as the most useful
for mTBI identification in previous studies [23].



2.5. Statistics

Categorical group comparisons were analyzed using
unpaired sample t-tests for these sufficiently normal
distributions. While most studies suggest that P300
amplitude should decrease after trauma, amplitudes
may increase in some cases. Because the direction is
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Table 2
Changes from first baseline for non-concussed groups
Indicator Change from % Change from
: baseline (&= SD)  baseline (£ SD)
P300V test-retest variation REF 0@4) uVv 2 (20)%
P300V test-retest variation ALL 0@4) puvV 1 (26)%
P300T test-retest variation REF 9 (29) ms 3(10)%
Reaction Time test-retest variation REF 37 (69) ms 13 24)%
Trail A Time test-retest variation REF —1(13)s —2(30)%
Trail B Time test-retest variation REF 6(30)s 8 (38)%
Table 3
Coefficients of variance (CV) for P300 (REF group) and other assays
Indicator CvV
P300V 15
P300T 8
Glucose 26
HDL 24
Cholesterol 14
Glucose 26

unclear, we use a 2-tailed t-test to compare injured and
non-injured groups. We set our p value cutoff to a more
stringent alpha of 0.005, a value recommended in a re-
cent study to address an apparent lack of reproducibil-
ity in some medical studies [47].

Successful group comparisons do not necessarily re-
sult in clinical utility and so we also constructed re-
ceiver operator characteristic (ROC) curves as a func-
tion of percent change from baseline between con-
cussed and non-concussed groups for both reaction
time and P300 amplitude.

Caution is needed when attempting to create a diag-
nostic marker for concussion, however, because con-
cussion itself is defined clinically and not physiologi-
cally (or electro-physically) and must therefore rely on
expert diagnosis as a standard. Furthermore, the P300,
as with most concussion assessments, is itself a non-
specific marker. While we do report sensitivities and
specificities here, the goal of the study is not to sim-
ply develop another concussion diagnostic, but also to
test the utility of a quantitative method of documenting
post-injury electrophysiological change. One of these
targets is to investigate changes in P300 parameters at
return to play, comparing how individual P300 ampli-
tudes normalize with respect to reaction times, neu-
ropsychological results, and symptoms.

3. Results
3.1. Reference group test-retest variability
Changes in P300 after an event form the basis of this

study and so variations in a non-concussed reference
group from the same population need to be understood.

We can conceptualize variance in P300 metrics as a
combination of trait (stable characteristics of a person)
and of state (representing aspects of a subject’s psycho-
logical or physiologic state, such as concussion). To
separate these traits from states (i.e., is there a concus-
sion?) and for longitudinal tracking it’s therefore im-
portant to determine the within-person variance in rou-
tine clinical settings. Table 2 shows changes from base-
line for the reference groups as a standard deviation
(SD, or 1o), into which 68% of the players fell. This
creates a “normal” expectation. The variation in P300
parameters here is consistent with previous studies for
a normal population [37,38,48]. Variations in reaction
and Trail Making times of Table 2 are larger than P300
variations as they include systematic errors from varia-
tions in posture, in computer interfaces (e.g., track pad
vs mouse), and practice effects.

In order to provide context to compare P300 to
other methods of physiologic assay such as HDL
or cholesterol, it’s useful to investigate P300 vari-
ance as coefficients of variation (CV), calculated as
100*SD/Average for each person and then averaged
over each group. Table 3 shows the CV values of this
study (which are comparable to previous P300 stud-
ies) to be lower than other common clinical assays,
suggesting the clinical utility of longitudinal track-
ing [48,49]. It also suggests that the P300 extraction
methods of this study produce sufficient yield.

It should finally be noted that measuring change
as a percentage change from baseline is one of many
methods that can be employed. Other methods include
investigating the voltage change themselves. Using a
Bland-Altman method, a change of approximately +
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Fig. 1. P300 voltage and latency for various groups, including BASE and NCN for the non-concussed players, and BASE, CN, CRTP, CEND,
and NEXT for the players who had a qualified concussion. Significant differences in P300V exist between BASE and CN/CRTP (* P < 0.001)

with no significant differences in P300 latency for any group.

7 puV covers a 95% limit [50,51]. This method doesn’t
change the results of this paper except that information
from the lowest baselines is lost.

3.2. Between group results

To investigate the general performance of P300 in
relation to concussion, Fig. 1 shows average P300 val-
ues for non-injured groups (BASE and BASE for those
who later became part of the CN group) and the in-
jured group (NCN, CN, CRTP, CEND, and NEXT).
Here, significant P300 voltage differences from BASE
are seen after the event for both CN and CRTP groups
(P < 0.001, effect size Cohen’s d = 1.1/0.8 respec-
tively). No differences from BASE are seen for the
NCN group, and latency differences are not significant
in any group (Fig. 1). The values for the NCN group at
return to play were also not altered in a significant way
from baseline, which otherwise would beg an interest-
ing question regarding a different category of concus-
sion.

Figure 2 plots P300 amplitude changes from initial
baseline alongside performance measures for the var-
ious groups. These between-group statistics show sig-
nificant P300 voltage, reaction time, and Trail A time
changes after concussion (P < 0.001, effect sizes Co-
hen’s d > 1.1 for all of these measures) with only P300
voltage changes remaining significant at the beginning
of return to play (P < 0.001, d = 1.3) where reaction
time and Trail Making had returned to baseline. This
shows a clear trend with P300 amplitude normalizing
at a slower rate than performance measures, which is
consistent with the above-mentioned studies demon-
strating the persistence of altered brain activity follow-
ing concussion.

Note that the large change in the CN group with
Trail B is not significant at the P < 0.005 level (P <
0.05 d = 0.6) partially due to the larger within-person
variation for this test coupled with the fact that Trails
were added in the second year, reducing the number of
test subjects.

3.3. Test-retest results on concussed individuals

The significant group differences seen between base-
line and concussion normalize for all markers for the
CRTP group except for P300V. The next question is
how these translate on an individual basis. We explore
this question below for the 2 strongest parameters: re-
action time and voltage.

Figure 3 shows the ROC curve for the following
conditions: (i) reaction time changes from baseline for
REF versus CN groups in bins of +12% change from
baseline (AUC = 0.80); (ii) P300 voltage changes from
baseline for REF versus CN in bins of 10% change
from baseline (AUC = 0.92); (iii) a combined P300
voltage OR reaction time change from baseline for
REF versus CN (AUC = 0.95).

For reaction time, 68% of the concussed players
slowed by more than 1.5¢ compared to 23% in the
non-concussed reference group. The resulting sensitiv-
ities and specificities are similar to those reported pre-
viously for reaction time, where the trading of a higher
specificity for higher sensitivity was deemed appropri-
ate for concussion screening [40]. Note that the 23%
in the reference is higher than expectation because of
a skew introduced by systematic errors associated with
in-clinic use, (e.g., a group of administrators choosing
the track pad over the mouse even though the mouse
was the suggested method).
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Fig. 3. ROC curves comparing reaction time and/or P300 voltage
changes from baseline for concussed group versus non-concussed
reference group.

Regarding P300 voltage, 88% of the concussed play-
ers showed a greater than 1.5¢0 change, compared to
16% in the reference group which followed normal ex-
pectation. Adding reaction time with P300, we see that
100% of the players had either a 1.50 change in volt-
age OR reaction time at concussion, compared to 29%
in the reference group, dropping to 88% true and 10%
false at the 20 level. If the clinician thinks the trade-
off of higher sensitivity is indeed appropriate in con-
cussion screening, for example in youth sports, these
markers can all provide screening information.

3.4. Injury progression

While this study shows significant P300V and reac-
tion time changes after concussion, as hypothesized,
an objective of this study is to test these parameters at
the beginning of return-to-play protocols where clini-
cal standards are less clear, particularly for the general
practitioner often tasked with making these decisions.
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Fig. 5. P300 rare tone depths for a player at BASE and CN displayed
as topographs (top, with color scale as shown) and as voltage plots
for the C-P region of interest (below, with black at BASE and red at
CN). Vertical dotted lines are at 300msec post stimulus.

As with the group statistics, Fig. 4 clearly shows
slower P300V recovery than for standard symptom-
and performance-based return-to-play assessments in
some players, confirming expectations that electro-
physical changes can linger after symptom resolution.
It should be noted that of the players who had yet to
normalize at return to play, roughly one half of those
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Fig. 6. Sample P300 depth reports showing changes over the course
of an NCAA football career for 3 players. Player 2 played a non—
contact position, Player 3 was in the CN group, and Player 4 was in
the NCN group.

were from a subgroup whose symptoms were not at-
tributed to a single event but rather to a series of sub-
acute events such as those experienced by the offen-
sive line in football. These players also seemed more
prone to multiple year concussions, though more statis-
tics would be needed to confirm this result.

4. Case studies

As shown, the addition of a 4-min P300 protocol that
includes reaction time adds unique information to the
existing protocols currently utilized in sports medicine.
Topographic reports are a common way of heuristically
reporting P300 amplitudes and are described in Fig. 5.
Here the P300 depth values (V) are plotted in color
values ranging from blue to red as given. This figure
represents a player at baseline and then again after a
qualified event. The raw voltage plots from which the
topographic maps are derived are also shown.

4.1. Sample test-retest reports

The topographs of Fig. 6 illustrate a range of
changes to be expected over the course of an NCAA
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7 never fully normalized. Note: Player 7 had concussion events in 3 successive years.

football career for 3 players measured at BASE (pre-
career) and post-career. These players were from three
groups including one from a non-contact position, one
from the CN group, and one from the NCN group.
While the magnitude of the highest P300 voltage may
vary, it appears that people retain the same general
pattern (left-right or front-back) over time, particu-
larly in the central-parietal region of interest. This find-
ing reflects those of previous studies where a per-
son’s specific P300 morphology (waveforms of Fig. 5)
shows little variation over recording sessions or exper-
iments [37].

4.2. Sample injury progression reports

The topographs of Fig. 7 illustrate a range of
changes seen after a concussion event for 3 players:
one whose P300 voltage recovery matched that of the
standard return protocols (symptom and performance),
one whose P300 voltage recovery was delayed but nor-
malized by post season, and one whose voltage never
returned to baseline. This latter player was a part of the
sub-acute group, had concussions in three consecutive
seasons, and never returned to initial baseline in any of
those seasons.

The recovery pattern seen in player a of Fig. 7 was
common, with clear P300 changes at CN that had nor-
malized to within 1.5¢ by the time the graded return-
to-play protocol began. Roughly 40% of the players,

however, showed patterns of players b or ¢ who were
clinically cleared by existing standards of care but still
had lingering P300 deficits. Roughly 20% of these
were clinically cleared with P300 anomalies that were
still > 30 reduced from initial baseline. Finally, there
were six players who had CN events repeated in con-
secutive seasons, and four of these failed to return to
less than 20 of the P300 voltage baseline the season
before.

5. Discussion

Group comparisons showed significant changes
from baseline in both the P300 depth, reaction time,
and Trail Making times following concussion versus
reference retests. By the beginning of return-to-play
protocols only the changes in P300 depth remained
significant. Individual test- retest comparison, further-
more, showed all players at concussion had either a sig-
nificant change in reaction time or P300 depth, where
almost one half of those had P300 depths that had yet to
recover at initiation of a graded return to play protocol.
While previous studies showed attenuated P300 mea-
sures for previously concussed versus non-concussed
groups, this study however is unique by adding base-
line comparisons as well as being limited strictly to a
younger age range (17-23 yrs).
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From these results, we can construct diagnostic mea-
sures with 100% sensitivities, but caution is needed.
As is typical of concussion studies, these values are de-
pendent on expert clinical opinions. For example, the
physicians and trainers of this study knew the players
well, both physically and sociologically. This greatly
aided in determining what other factors were involved,
for example poor game performance, a history of jaw
pain, etc. While we have good reason therefore to have
excluded the NCN group, they were still removed from
participation, albeit temporarily in most cases. Speci-
ficity claims may be even more problematic, given
the multifaceted understanding of concussion. This is
clearly illustrated in the SCAT where cognitive, bal-
ance, and neck tension assessments are included in the
same test. Such are the problems associated with cre-
ating sensitivities and specificities on ill-defined ail-
ments. For this reason, ERP’s may prove most useful
in tracking injury progression.

Another area for consideration is that clinical cor-
relates of P300 amplitude attenuation after concussion
are not clear. For example, if a player is deemed clin-
ically ready for return to play but still has a P300 am-
plitude that is 30 below baseline, does that mean that
they may be more susceptible to further injury (i.e., not
yet fully recovered)? If subsequently injured, would
their symptoms be more severe and longer lasting? Or,
should they be held back from contact until ERP am-
plitudes are more normalized? Perhaps a measure of
ERP such as P300 at last stage of graded return-to-play
could be a next step before making the subsequent as-
sertion of returning or holding out. Caution is in or-
der regarding such procedures, however, because there
may be other risks associated with keeping young ath-
letes out of play and the long-term effects of playing
with a reduced a P300 amplitude post symptom reso-
lution have not been determined [52].

While the association between concussive traumatic
events, ERP amplitudes and behavioral changes has yet
to be clarified, these data lend strong support for those
relationships. The value here likely will come from
consideration of these data as an adjunct to good clini-
cal histories and exams when making return to play de-
cisions. Other diagnoses, clinical or recreational drug
use, etc. can have an impact on the P300. In the end,
the P300 may be most useful not in simply identifying
a concussion, even though the predictive value is high,
but rather in helping determine if a player’s cognitive
resources may still be altered even after other measures
have normalized.

On a methodological note, this study was designed
to test the P300 method in real-life clinical settings and

this in-vivo data collection comes with necessary lim-
itations. For example, the protocol was reduced from
18 to 4 min to better fit into busy schedules and keep
players from falling asleep during baseline tests. Mea-
surements at return to play were sometimes not per-
formed if the concussion occurred at end of the season
when students were dismissed, and a few players failed
to show up for their pre-contact baseline. Furthermore,
the concussion assessment and management tools were
limited to those practice standards and so these results
may lack the granularity that may be achieved in a
different type of study, for example a granularity that
would allow focus on questions such as injury severity.
Finally, this study was also not granular enough to ex-
plore differences between genders and between sports.
While this dataset is structured for other analy-
sis methods that include spectral or machine-learning
techniques [53], this analysis only focused on the P300
component. For that reason, access to these data can
be requested by qualified researchers engaging in in-
dependent scientific research and will be provided fol-
lowing review and approval of a research proposal and
statistical analysis plan and execution of a Data Shar-
ing Agreement. For more information or to submit a
request please contact the corresponding author.

6. Conclusions

The variability of P300 event-related potentials col-
lected at baseline (without injury) appear to remain sta-
ble enough to serve as a reference against which post-
concussion changes can be compared. Using a simple
protocol, our data show significant post-injury changes
in P300 amplitude that tended to normalize back to
baseline at a rate slower than that observed for other
standard clinical and performance measures. Our data
corroborate previous results suggesting that concus-
sions cause measurable changes in the electrophysio-
logical markers of brain activity; that concussed par-
ticipants often pass clinical tests while still displaying
electrophysiological deficits; and that ERPs may con-
stitute a useful adjunct in determining return to play
for injured athletes thereby helping prevent early re-
turn that may prove to correlate with prolonged post-
concussive symptomology.
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