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ABSTRACT 

 
Background: Numerous studies have reported changes in electrophysiological event-related 
potentials at various stages of recovery after concussion. While suggesting the possibility of use as 
a needed clinical adjunct for monitoring post concussive outcomes, questions remain about the 
transferability of this technology/paradigm to direct clinical application. 

Objective: To determine if one of the simplest event-related potentials, the audio P300 amplitude as 
measured in a routine clinical setting, significantly changes from baseline after a concussive event 
(including a series of sub-concussive events) and if these changes persist at the beginning of 
return-to-play protocols when other standard measures have normalized. 

Design: Cross sectional. 

Participants: Three-hundred-sixty-four student athletes (17-23 years) were tracked over consecutive 
years, with forty-six concussion events. 

Methods: P300 amplitudes and physical reaction times were analyzed for all students prior to contact 
sport participation, at various periods over the season, and during stages of post-injury recovery. 
The injury recovery values were then compared with symptom profiles, neuropsychological test 
results, and other clinical evaluations. 

Group Results: After concussion, significant changes in P300 amplitude and physical reaction time 
from baseline were seen for the injured group compared to the non-injured group (P<0.001; 
Cohen’s d>1.1). At the beginning of return to play protocols only the P300 amplitude changes 
remained significant (P<0.001, d=1.3), with reaction times changes no longer significant where 
both the neuropsychological and clinical evaluations had been deemed to have normalized. 

Individual Results: All concussed players experienced a significant (>1.5SD) change in reaction 
time or P300 amplitude (sensitivity/specificity=100%/79%; or 88%/84% if P300 alone) and many of 
these players still showed large P300 amplitude changes when return to play protocols began even 
though reaction time had recovered (~40%>2SD P300 change in the concussion group compared to 
5% in the reference group, with 20%>3SD). Most of these P300 changes had normalized by post 
season. Those who were slow to or did not normalize appeared to be more prone to repeat 
concussions and/or were part of the sub-acute group. 

Conclusion: These data suggest significant changes in P300 amplitude after concussion and that 
these changes can normalize at a slower rate than other standard return-to-play assessments. More 
data are needed to determine if slow normalization relates to sub-concussive blows or repeated 
concussions. 

Introduction 
Concussion is a major source of sports injury. Because of the nature of the injury, often defined 
as a complex pathophysiological process, there currently exist no singular definitive, laboratory or 
imaging tests. 1-4  While symptoms seem to resolve within a few weeks after the event, 
around 10-15% of patients still report symptoms and cognitive deficits several months, to years, after 
the event. 5 - 9 To complicate matters for clinicians making return-to-play decisions, 
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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 performance 
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 electrophysiological deficits, suggesting brain-network compensation to achieve normal 
functioning. 14  Similar results have recently been reported for fMRI studies where 
structural changes seemed to persist even as players were clinically cleared to play after concussion.  15  

 
To address these clinical issues, and to study the effects of concussion on cognitive brain processing, 
event-related potentials (ERP) have been used to assess cerebral activity following mild brain 
injuries (MTBI). ERPs are a measurement of the EEG signal time-locked to the onset of a given 
stimulus and consist of different components labeled by their polarity (P for positive or N for 
negative) and their time of occurrence after the stimulus in milliseconds (e.g. P300). Numerous 
studies have reported ERP and ERP-related differences between mTBI and control groups, even as 
some of these found no differences using neuropsychological measures.  16-26  

 
Because the variations of ERP protocols and corresponding hardware modifications are numerous, 
standard procedures are needed for these techniques to become clinically viable. This study, 
therefore, investigates one of the simplest techniques involving P300 during an audio oddball task. 
This technique is readily standardizable and can be implemented on a large scale, including for 
baseline screening. 

 
The P300 parameters most commonly considered to be diagnostic include amplitude, latency, and 
peak habituation. The amplitude has been considered proportional to the amount of attentional 
resources devoted to a given task where latency suggested as a measure of stimulus classification 
speed.  27-31 While there is disagreement over the specific cognitive processes involved, 
shorter P300 latencies and larger amplitudes have been associated with superior information 
processing.32-34  Because of wide variances and the influence of physical attributes such as skull 
shape or thickness, however, amplitudes may be most appropriate when used for longitudinal 
tracking. 34,35  Along with mTBI, P300 changes have also been reported for aging, dementia, and 
depressive disorders, among many others. 36   Because an increase in the P300 latency and a 
decrease in the P300 peak amplitude are observed in various diseases accompanied by cognitive 
impairment, these measurements are considered nonspecific (nosologically). 

 
Our objective here is to test an auditory P300 protocol, using a two-tone odd-ball presentation, in a 
clinical setting alongside standard student athlete baseline and post-concussion evaluation 
procedures. The goal is to determine if the amplitude, as measured in-vivo, significantly changes 
from baseline after a sports concussion and if these changes persist at the beginning of return-to- 
play protocols when other standard measures have normalized. If so, can P300 tests help identify 
those who will be slow to recover? 

Methods 
The general analytical goal of this study was to understand the impact of concussion on measures of 
auditory p300 amplitudes, p300 latency, auditory response reaction time as well as assessments of 
visual attention and task switching. For those athletes that sustained a concussive event post- 
trauma, measures were compared to baseline (pre-season, no injury) assessments. In addition, 
stability of baseline measures was evaluated by comparison of pre- and post-season assessments in 
a subset of subjects without injury. 

 
Subjects 
The study followed 364 individuals aged 17-23 over the course of up to 4 sports seasons and at 5 
different sites. These subjects are participants in NCAA Div. 1 men’s football (172 players, 
representing all players from a single team), woman’s soccer (29 NCAA Div. 1, representing all 
players from a single team), men’s high school football (142 players, representing all seniors from a 
single team), and semipro men’s ice hockey (20 players, representing all players from a single 
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team). 
 
The study was approved by the Solutions Institutional Review Board and written informed 
consent was obtained from the participants before study intake. 

 
Reference Subjects 
Reference subjects were used to compare pre-contact to post-concussion and return-to-play groups. 
Here P300 voltages, along with reaction time and Trail Making measurements, were assessed during 
the course of other pre-contact clinical evaluations administered by sports medicine staff on 356 of 
the 364 players tracked. To follow the objectives of this study, which involves real clinical 
settings, and because the primary marker being studied is nonspecific, our exclusion criteria are 
minimal. The “control” group, therefore, is a reference group taken from all players participating on 
these teams and exclusions are limited to the 8 players who fell asleep during the first-year test 
(which was longer in duration as discussed later), leaving a total of 348 players comprising the 
baseline reference group of Table I. 

 
While the P300 test is considered nonspecific it’s still informative to compare normal changes to 
changes seen after a concussion event. Normal changes in the specificity tests to follow are taken 
from 2 groups of assorted test-retest samples, REF and ALL. The REF group comprises a 
convenience sample of 34 retests performed over a single season (ΔT=0.4±0.3Yr from initial test), with 
a sampling of follow-up tests 1-2 weeks after the initial baseline as well as postseason tests. 
Exclusion criteria are again minimal where 4 tests with known changes in medication or 
condition (e.g. drowsiness) were excluded from the variance extraction, leaving a total 31 retests on 
26 players for this group. The ALL reference group comprises a convenience sample of 70 tests 
from 57 players and includes the single-season tests above but also includes the excluded tests as 
well as other retests taken from the 348 players at various times over the course of up to 4 seasons 
with a sample of following-season baselines and post career tests (ΔT=1+-0.6Yr from initial test). 
While these samples provide a reasonable real-life example of what to expect over the course of a 
season, or college career, for a player, it also includes multiple tests for single players so statistical 
caution is needed. 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 outside the scope of this 
study. 

 
Concussion Subjects 
Out of these 364 players, 56 concussion events occurred where a player was removed from a 
game or practice by a trainer or physician for a suspected concussion, including those from single 
events as well as repeated sub-acute events. These players were ideally tested at baseline (BASE), 
24-48 hours after the event (CN, or NCN for non-qualified events), during graded return-to-play 
protocols (RTP), at post season (END) several months removed from the event, and at pre-contact 
for the following season when possible (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 
timeline 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 return to play, 
leaving only post-season tests in these instances. 

 
For our purposes, establishing concussion criteria is important because relying on self-reported 
symptoms alone is not sufficient for the objective of this study. For example, motivations among 
players vary as some can mask symptoms hoping to get back into a game while others may do the 
opposite. Furthermore, conditions such as jaw or neck pain can also present with similar 
symptoms as concussion. A qualified event for this study, then, was defined as an event occurring 
followed by a clinical diagnosis of concussion made by a medical provider trained in the evaluation 
and management of concussion. These evaluations typically included deficits in one of the SCAT3 
assessments such as balance or delayed recall.  Out of these suspected events, 45 qualified concussion 
events occurred, which is consistent with the expected concussion rates for these sports. 37,38  
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RTP for both the CN and NCN groups was then guided by the attending physician, utilizing an 
assessment and management system from the International Symposia on Concussion in Sport to 
evaluate return to play after concussion. 3,4  Team physicians for the University of Colorado include a 
performance-related psychometric exam, the Immediate Post-Concussion Assessment and Cognitive 
Test (ImPACTTM),  administered both at baseline and post-symptom resolution. 39  For the purposes of 
this study, the attending physicians and players were blinded from the study results so that only 
current standards of care, and not the P300, were used in determining RTP. Table I summarizes the 
number of tests performed for each category. 

 
Procedure 
After completing a short 1-page intake form, participants were given an EEG test that included an 
oddball audio P300 component (discussed below). Reaction times were also measured 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. 40  

 
EEG acquisition and preprocessing 
The electroencephalogram (EEG) was recorded using the WAVi TM  Collaborative Research 
Platform (WAVi Co., Boulder Co USA) and sampled at 250 Hz. The electrodes were placed 
according to the International 10– 20 system using caps with 19 tin electrodes (both with the 
WAVi Headset and Electro-cap International Inc., Eaton, Ohio, USA). Linked reference 
electrodes were placed at the earlobes. 

 
To be consistent with the goal of testing a simplified platform, a 4 minute 2-tone audio oddball eyes- 
closed P300 protocol was used. Here, 200 common tones (1000 Hz) and 40 rare tones (2777 Hz) 
were delivered on a random order over the span of 4 minutes. The tone was delivered using 
SkullcandyTM  over the ear headphones. 

 
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 and 3 min eyes-open focused. The eyes closed qEEG data 
collected can be compared to those same parameters extracted during the eyes-closed P300 paradigm 
for further studies, including post-concussion qEEG spectral analysis. The three P300 portions of 
these tests can be combined into 60/300 common/rare test providing the subjects remained awake. As 
discussed above, documented sleeping portions of the test were discarded. For the following 
seasons, the testing was reduced to a single 4 min test using a 40/200 paradigm. No significant 
differences in the P300 parameters between the first year 18-min protocol and the 4-min protocol 
were observed once sleeping subjects were removed. 

 
EEG extraction 
While many methods exist for removing movement and other artifacts, we have chosen a technique 
of automatic artifacting that produces acceptable test-retest variance. Here EEG segments with 
excessive amplitude and/or frequency activities were automatically excluded from analysis on a 
channel-by-channel basis. Data were then visually inspected to eliminate other artifacts, such as 
blinks or movements synchronized with the delivery of the oddball tone. The WAVi platform is 
intended to be collaborative in nature and these data can be made available to 
qualified researchers for further analysis, including for spectral analysis discussed above or other 
machine-type learning techniques not investigated here. 41 

 
Likewise, the individual ERP features can be quantified by a variety of methods, including the 
extraction of P300 parameters at the extremum, taking voltage differences between common and 
rare at the extremum, and calculating areas under curves with some time window centered at the 
individual extremum. Here, again to be consistent with our goal of investigating the simplest 
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approaches that produce acceptable test-retest variance, the amplitudes of the P300 components 
reported here were measured by identifying the positive extremum in the latency range of 240– 
500 ms. The depth (P300V) is then extracted from the mean amplitude of all stimuli and the 
latency (P300T) is the delay recorded for that depth. These independent ERP epochs were baseline 
corrected using the 100 ms pre-stimulus period.  Trials with omission or commission errors were 
excluded from averaging. 

 
P300 parameters are typically extracted from the Cz, or Pz, or the average of various sites. Here 
we report a P300 µV 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 6 C-P sites. These sites both produce 
an acceptable test-retest variance here but have also been noted as the most useful for mTBI 
identification in previous studies. 20  

 
Statistics 
Categorical group comparisons were analyzed using paired-sample t-tests. While most studies 
suggest that P300 amplitude should decrease after trauma, amplitudes may increase in some cases. 
Because the direction is unclear, we use a 2-tailed t-test. In response to a concern over the lack of 
reproducibility of certain medical studies, we also set our p value cutoff to a more 
stringent alpha of 0.005. 42  

 
Successful group comparisons do not necessarily mean clinical utility. To understand potential 
clinical utility, it is common to report sensitivities and specificities for the ailments in question. If 
group comparisons are favorable we can turn our attention to sensitivities, using the expert- diagnoses 
as the standard, and specificities, with both the reference group and the reference group expanded to 
include multi-year and excluded players as the standards. Concussion studies, however, typically 
don’t lend themselves to these kinds of neuro or biomarker studies because concussion itself is 
defined clinically and not physiologically (or electro-physically) and therefore the utility in 
development of a quantitative method of documenting post-injury electrophysiological change. 
Furthermore, the P300, as with most concussion assessments, is itself 
a non-specific marker. Because one of our goals is to investigate changes in P300 parameters at 
RTP, our individual player studies will therefore also focus on comparing P300 normalization to 
reaction times as well as to neuropsychological and symptomatic normalization. 

 
Results 

 
Reference Group Test-Retest 
Changes in P300 and timed performance 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. Table II 
shows changes from baseline for this reference group as a standard deviation (SD, or 1 ⌠), into 
which 68% of the players fell. This creates a “normal” expectation where the statistical 
variation in P300 parameters here is consistent with previous studies for a normal population. 34,35,43  
While it’s not the purpose of this study to explore the Gaussian nature of P300 changes, these test-
retest ranges provide useful endpoints for the Receiver Operator Characteristic (ROC) calculations 
to follow. Variations in reaction and Trail Making times include systematic errors from variations 
in posture, in computer interfaces (e.g. track pad vs mouse), and practice effects. 

 
It should finally be noted that measuring change as a percentage change from baseline is one of 
many methods that can be employed. In this instance, information from players with lower 
baseline voltages can be overstated, for example a change of 50% for a player with a 3µV baseline 
is much less significant than a 50% change from a player at 30µV. Other methods include 
investigating the voltage change themselves. Using a Bland-Altman method, a change of 
approximately ±7µV covers a 95% limit 44,45. This method doesn’t greatly change the results of 
this paper except that information from the lowest baselines is lost. 
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Between Group Results 
To investigate the general performance of P300 in relation to concussion, Figure 1 shows average 
P300 amplitude and latency for 7 groups (BASE, NCN, and BASE, CN, RTP, END, and NEXT 
for the players who had a qualified concussion). Here significant differences from BASE are seen 
after the event at CN and RTP for P300 voltage (P<0.001, effect size Cohen’s d=1.1/0.8 
respectively) and these normalize by post season. No differences are seen for the NCN group and 
latency differences are not significant, as also shown in Figure 1. 

 
Figure 2 plots changes from initial baseline in the P300 amplitude along with other performance 
measures for the various groups. These between-group statistics show significant P300 voltage, 
reaction time, and Trail A time changes after concussion (P<0.001, effect sizes Cohen’s d>1.1 for all 
of these measures). Note that even though Figure 2 shows a large change at CN for Trail B, these 
changes were 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. Most importantly to this study, we see P300 recovery 
lingering at RTP (P<0.001, d=1.3) and possibly beyond, where reaction time and Trail Making 
changes were no longer significant. This shows a clear trend with P300V normalizing at a slower 
rate than performance measures, as will be discussed further with test-retest results. 

 
Test-Retest Results on Concussed Individuals 
The significant group differences seen between baseline and concussion normalize for all markers 
at RTP except P300V. The next question is how these translate on an individual basis. We   explore 
this question below for the 2 strongest parameters: reaction time and voltage. 

 
Figure 3 shows the ROC curve for the test-retests in these data 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); (iv) a combined P300 voltage OR reaction time change 
for ALL (no exclusions) versus CN groups (AUC=0.91). 

 
For reaction time, 68% of the concussed players slowed by more than +37% (slowed by >1.5⌠ if we 
assume a Gaussian distribution for normal test-retest), compared to 23% in the non-concussed 
reference group. The resulting sensitivities and specificities are similar to that reported previously 
for reaction time, where the trading of a higher specificity for higher sensitivity was deemed 
appropriate for concussion screening. 46   Note that the 23% in the reference is higher than 
expectation because of a skew introduced by systematic errors associated with in-clinic use, for 
example a group of administrators choosing the track pad over the mouse even though the mouse 
was the suggested method. 

 
Regarding P300 voltage, 88% of the concussed players showed a greater than ±30% change (>1.5 if 
Gaussian), compared to 16% in the reference group who unlike reaction time more closely 
followed expectation. 

 
Adding reaction time with P300, we see that 100% of the players either had either a 1.5⌠ change in 
voltage OR reaction time at concussion, compared to 29% in the reference group, dropping to 88% 
true and 10% false at the 2⌠ level. If the clinician thinks the tradeoff of higher sensitivity is indeed 
appropriate in concussion screening, for example in youth sports, these markers can all provide 
significant screening information. 

 
Injury Progression 
While this study shows significant P300V and reaction time changes after concussion, as expected, 
another objective of this study is to test these parameters at the beginning of return to play 
protocols where clinical standards are less clear, particularly for the general practitioner often tasked 
with making these decisions. Evoked potentials can perhaps be most useful in providing additional 
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return-to-play insight, where a “when in doubt keep them out approach” may not warrant additional 
or more accurate tools in concussion diagnostics proper. 

 
As with the group statistics, Figure 4 clearly shows P300V resolving slower than the standard 
symptom- and performance-based RTP 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 RTP, roughly one half of those were from the subgroup of those who 
did not have a single event, rather experienced a series of sub-acute events typically associated 
with offensive linemen in football. These players also seemed more prone to multiple year 
concussions, though more statistics would be needed to confirm this result. 

 
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 Figure 5. Here 
the P300 depth values (µV) 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. 

 
Sample Test-Retest Reports 
The topographs of Figure 6 illustrate a range of changes to be expected over the course of an 
NCAA 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 in order of highest to least change. 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, particularly in the central-parietal region of interest. This finding 
reflects those of previous studies where a person’s specific P300 morphology (waveforms of 
Figure 5) shows little variation over recording sessions or experiments.34

 

 
Sample Injury Progression Reports 
The topographs of Figure 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 normalized by 
pos 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 these seasons. 

 
Roughly 50% of the players showed the pattern seen in player a of Figure 7, with clear P300 
changes at CN that had normalized to within 1.5⌠ by the time the graded RTP protocol began. 
Roughly 40% of the players, however, showed patterns of players b or c 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 sill >3SD reduced from initial baseline. 
Finally, there were six players who had CN events repeated in consecutive seasons, and four of 
these failed to return to less than 2 sigma of P300 voltage baseline the season before. 

 
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, furthermore, showed all players at concussion had either a significant change in 
reaction time or P300 depth, where close to one half of these had P300 depths that had yet to 
recover at initiation of a graded return to play protocol. While previous studies showed attenuated 
P300 measures for previously concussed versus non-concussed groups, this study however is 
unique by adding baseline comparisons as well as being limited strictly to a younger age range 
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(17-23). 
 
From these results, we can construct diagnostic measures with 100% sensitivities, but caution is 
needed because as is typical of concussion studies, these values are dependent 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 if there were pre-post changes and 
what other factors were also 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. The inclusion of these 12 cases would have 
resulted in 3 additional positives and 9 negatives, in line with our statistical expectations of normal 
but reducing our sensitivity of the combined P300 reaction time test from 100% to 80% (or from 
88% to 71% in the case of P300 alone). Specificity claims may be even more problematic, given the 
multifaceted understanding of concussion. This is clearly illustrated in the SCAT3 where cognitive, 
balance, and neck tension assessments are included in the same test. Such are the problems 
associated with creating sensitivities and specificities on ill-defined ailments.  (It should also be noted 
that there were more tests than patients, meaning in some cases a single player contributed 
more than one concussion or normal retest data point, thereby possible altering the statistical accuracy). 

 
Another area for consideration is that clinical correlates of P300 amplitude attenuation after 
concussion are not clear. For example, if a player is deemed clinically ready for return to play but 
still has a p300 amplitude that is 3SD 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 out until p300 amplitudes 
are more normalized? Given the current “when in doubt keep them out” approach to concussion 
management, perhaps a measure of ERP such as P300 at last stage of graded RTP protocol would 
be a next step before making the subsequent assertion of returning or holding out. 

 
While the association between concussive traumatic events, P300 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 clinical histories and 
exams when making return to play decisions. Other diagnoses, clinical or recreational drug use, etc. 
can have an impact on the p300. In the end, the P300 likely will be most useful not in identifying a 
concussion, even though the predictive value is high, or even when it’s safe to return, but rather in 
helping determine when it’s not yet safe. 

 
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 limitations. 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. Measurements at RTP were sometimes not preformed if the 
concussion occurred at end of the season when students disappear for the semester, 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, while this dataset is rich and could include other analysis methods such as spectral or 
machine-learning techniques, this analysis only focused on the P300 component. For that reason, 
we will make the raw data available to qualified researchers for further study. 

 
Conclusions 
The stability of p300 event-related potentials collected at baseline (without injury) across 
significant periods of time appear to remain stable with a known amount of inherent variability 
suggesting utility in serving as a reference for comparison with changes seen post-concussion. 
Using a simple 4-min procedure, our data from post baseline concussion events corresponds to 
significant changes in P300 amplitude, typically a reduction from baseline, with amplitudes 
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normalizing back to baseline at a rate slower than that observed for performance markers in many 
cases. Our data corroborate previous results suggesting that concussions cause measurable 
changes in the electrophysiological markers of brain activity, concussed participants often pass 
clinical tests while still displaying electrophysiological deficits, and that ERPs may constitute a 
useful adjunct in determining return to play for injured athletes thereby preventing early return 
that may be a cause for prolonged post-concussive symptomology.  As more data are collected, 
this method may also be proven to have utility in managing more chronic mTBI cases or perhaps 
preventing early return that may be a cause of prolonged post-concussive symptomatology. 
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TABLES 
 
 
 

Table I Assessments and mean timing of re-assessments. 
Group # assessments timing of re-assessments 

(±SD) 
BASE 
(initial pre-contact assessment upon enrollment into study) 

348 - 

ALL 
(all repeat assessments of non-injured players) 

70 310(227) days after BASE 

REF 
(subgroup of ALL taken within season, medication exclusions) 

31 146(110) days after BASE 

CN 
(initial assessment after qualified concussion event) 

33 1.6(1.2) days after event 

NCN 
(initial assessment after non-qualified event) 

12 1.1(0.4) days after event 

RTP 
(CN group at beginning of return to play) 

32 10(5) days after event 

END 
(CN group at postseason) 

24 94(35) days after event 

NEXT 
(CN group at following preseason) 

12 287(86) days after event 

 
Table II Changes from first baseline for non-concussed groups. 

 
Indicator 

Change from 
Baseline (±SD) 

% Change from 
Baseline (±SD) 

⊗P300V test-retest variation REF (within season, medication exclusion) 0(4)	µV 2(20)% 
⊗P300V test-retest variation ALL (multiyear, no exclusions) 0(4)	µV 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)% 
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FIGURES 

 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 1: P300 voltage and latency for various groups, including BASE and NCN for the non- concussed 
players, and BASE, CN, RTP, END, and NEXT for the players who had a qualified concussion. Significant 
differences in P300V exist between BASE and CN/RTP (* P<0.001) with no significant differences in P300 
latency for any group. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Changes in P300 voltage and performance parameters from initial baseline for various groups. 
Significant changes between baseline and CN are seen for all parameters (* P<0.001) except 
for Trail B. Only P300 changes remain significantly different at RTP. 
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Figure 3: ROC curves comparing reaction time and/or P300 voltage changes from baseline for concussed 
group versus non-concussed reference groups. Specificities for the REF group (retests taken within season 
and with medication exclusions) are shown in the blue, green, and black curves. Specificities for the ALL 
group (all retests with no exclusions) are in red. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Number of players showing greater than ±40% (>2ó) P300 voltage change from baseline for CN, 
RTP, and non-concussed REF groups. Figure shows lingering P300 changes at RTP. 
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Figure 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. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 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. 
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Figure 7: P300 depth reports for 3 sample players. Player 5 normalized at RTP, Player 6 did not 
normalize until post season (END), and Player 7 never fully normalized. Note: Player 7 had 
concussion events in 3 successive years. 
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