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ABSTRACT 
 
We have collected baseline EEG with event-related potentials (ERP) on 364 athletes, aged 17-23, 
participating in contact and collision sports in order to assess the utility of EEG/ERP as an 
adjunct for assessing return to play following a sports-related concussion. Using a simple 4-min 
procedure, the 39 subsequent concussion events corresponded to significant changes in P300 
amplitude, typically a reduction from baseline, with amplitudes normalizing back to baseline at a 
rate slower than that observed for performance markers in many cases. Our data confirm 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 monitoring the 
clinical course and recovery of concussion in athletes. 
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Introduction 
 
Concussion is a major source of sports injury. Because of the nature of the injury, varying from 
acute disruptions of brain function to more severe disruptions of brain structure, there currently 
exist no singular, definitive, laboratory or imaging tests.1 2 3 
 
While symptoms seem to resolve within a few weeks after the event for most people, 4 5 as many as 
10-15% of patients still report symptoms and cognitive deficits several months, to years, after the 
event.6 7 To complicate matters for clinicians making return-to-play decisions, symptom resolution 
may not be indicative of injury resolution. 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. 8 9 10  Studies 
have also demonstrated that some concussed players who pass clinical tests still display 
electrophysiological deficits, suggesting brain-network compensation to achieve normal 
functioning.11 
 
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 and ERP differences have been found between minor traumatic brain injury 
(mTBI) and control groups even when no differences between were found using 
neuropsychological measures.12 13 14 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).  
 
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. P300 oddball techniques have also been successful in classifying 
sports-related concussion.15 16 
 
The P300 parameters considered to be of the highest diagnostic value include amplitude, latency, 
and peak habituation. P300 amplitude is proportional to the amount of attentional resources 
devoted to a given task where P300 latency is considered to be a measure of stimulus 
classification speed. 17 18  P300 changes have been reported for aging, dementia, and depressive 
disorders, among many others.19 Because an increase in the P300 peak latency, a decrease in the 
P300 peak amplitude, and/or abnormal habituation of the P300 peak are observed in various 
diseases accompanied by the impairment of cognitive functions, these measurements are 
nonspecific (nosologically).  
 
Our objective here is to test a simple audio P300 protocol in a clinical setting alongside the other 
standard student athlete baseline and post-concussion evaluation procedures currently being used. 
Specific questions include: Is there a statistically significant change in P300 parameters after a 
concussion? Do these parameters normalize back to baseline? If so, how does the timing of this 
normalization compare to current return-to-play standards? Can P300 tests help identify those who 
are slow to recover? 
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Methods 
Subjects 
The study has, to date, followed 364 individuals aged 17-23 over the course of 1-3 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, plus a sampling of high school players), 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 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 are used for comparison, both in a general study of pre-contact baselines and a 
study of test-retest variability. In the course of other pre-contact clinical evaluations administered 
by sports medicine staff, baseline P300 measurements were obtained on 356 of the 364 players. 
To follow the objectives of this study, which involves real clinical settings, and because the 
primary marker being studied is non-specific, our exclusion criteria are minimal. Our “control” 
group, therefore, is a reference group taken from all players participating on these teams. 
Exclusions for the reference baseline group, therefore, is 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. 
 
To study test-retest variability, an additional 128 tests were performed on 59 of these above-
mentioned players at various times over the course of 1-3 seasons (on going) with a sample of 
second baselines, following-season baselines, and post-season tests. As with the baselines, our 
exclusion criteria are minimal where only players with known changes in medication or condition 
were excluded, leaving a total of 56 players for our test-retest reference group. 
 
 
 
 
 
 
 
 
 
 
 
Concussion Subjects 
Out of these 364 players, 49 concussion events have occurred to date 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 hours after the event (CN), during graded return-to-play protocols (RTP), at 
post season (END), and at pre-contact for the following season when possible (NEXT).  
 
For our purposes, establishing concussion criteria is important because relying on self-reported 
symptoms alone is not sufficient for the objective of this study.  These include, but are not limited 
to confounding reports from players who both want to return to play and those who don’t. A 
qualified event for this study, then, is defined as an event occurring PLUS a performance deficit 
measured by a trainer or physician in the following days after the event. Performance typically 

Table I: Reference Groups 
Players Baselined  348 

Men’s NCAA Football 158  
Woman’s Soccer 28  
Mens’s High School Football 142  
Men’s Hockey 20  

Players Retested 56 
Single Season 26  

Total Tests 470 
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includes a deficit in either one of the SCAT3 assessments ((balance, delayed recal, xx)). Out of 
these suspected events, 39 qualified concussion events occurred, which is consistent with the 
expected concussion rates for these sports of xx%.20  
 
RTP was then guided by the attending physician, utilizing an assessment and management system 
from the 3rd International Symposia on Concussion in Sport to evaluate return to play after 
concussion.21 Team physicians for the University of Colorado include a performance-related 
psychometric test, ImPact,22 administered both at baseline and post-symptom resolution. For the 
purposes of this study, the attending physicians and players were blinded from the P300 results so 
that these results were not used in determining RTP. 
 
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. Table II summarizes the number of test 
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.23  
 
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 Research Headset and Electro-cap International Inc., Eaton, Ohio, USA). Reference 
electrodes were placed at the earlobes. The EEG was bandpass and notch filtered (0.53– 50 and 
45– 55 Hz, respectively) and montage was changed to average montage before data processing.  
 
To be consistent with the goal of testing a simplified platform, a 4 min 2-tone audio oddball eyes-
closed P300 protocol was used. Here, 200 common tones (xxHZ) and 40 rare tones (xx Hz) were 
delivered on a random order over the span of 4 minutes. The tone was delivered using Skullcandy 
over the ear headphones at xx dB.  
 
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, 

Table II: Concussion Groups 
# Concussion Events 49 
# Qualified Events 39 
# Players 30 
# Total Tests Conducted 110 

Pre-Contact (BASE) 28  
CN [1.0(0.5)days post event] 28  
RTP [7(5)days post event] 25  
END [90(30)days post] 19  
NEXT [250(90)days post] 10  
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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 spectra analysis cited above. 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 240/40 
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 with 
excessive amplitude (> 100 µ V) and/or excessive (threshold= z-score of 6) 0 to 3 Hz and 20 to 
50 Hz band frequency activities were automatically excluded from further analysis on a channel-
by-channel basis. The WAVi platform is intended to be collaborative in nature, and these data can 
be made available to qualified researchers for further analysis, including the above mentioned 
spectral analysis methods as well as other machine-type learning techniques.24 
 
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 
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 prestimulus period. Trials with omission or commission 
errors were excluded from averaging.  
 
P300 parameters can also be extracted from the Cz, or Pz, or the average of various cites. Here 
we report a P300 uV 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.25  
 
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 and set our significance to P<0.01. 
 
Successful group comparisons do not necessarily mean clinical utility. To understand the clinical 
utility, it is common to report sensitivities and specificities for the ailments in question. 
Concussion studies typically don’t lend themselves to these kinds of neuro or bio-marker studies 
because concussion itself is defined clinically and not physiologically (or electro physically). 
Furthermore, P300 is itself a non-specific marker. Because our goal is to investigate the 
usefulness of P300 parameters as an adjunct to existing RTP methods, our case studies will focus 
on comparing the normalization of P300 and reaction time during P300 markers after concussion 
to neuropsychological and symptomatic normalization.  
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Results 
 
Reference Group  
It is important to understand normal ranges and test-retest variation for nonspecific measures such 
as P300 because decision-making remains at the clinical level. As discussed, this study largely 
focuses on the 3 parameters: reaction time (audio, during the P300 test), P300 uV (highest from 
the 6 C-P scalp sites), and the fastest P300 time (smallest latency from the 6 C-P sites). We also 
measure Trail making A and B test times. These parameters were extracted for all players during 
a pre-contact baseline to form a control group as shown in Table III. Subsets of players were 
retested at various times to create a test-retest variance expectation, also shown in Table III for 
the average deviation of each individual from their own averages. The variation in P300 
parameters is suspected to be physiological and consistent with previous studies;26 the variation in 
reaction time is suspected to be both physiological, instrumental (from variations in posture and 
between track pad and mouse), and from practice effects; and the variation in Trail making is 
suspected to be both due to physiology and practice.  
 

Table III: Reference Group Results  
(Standard Deviation in parentheses) 
Group N Value 
P300 Voltage Average 348 17(6) uV 

ΔV Test-Retest Variation 130 0(16)% 
P300 Latency Average 348 301(36) ms 

ΔT Test-Retest Variation 130 0(8)% 
Reaction Time Average 340 295(47) ms 

ΔT Test-Retest Variation 120 0(11)% 
Trail A Time Average 60 42(10)s 

ΔT Test-Retest Variation 10 -2(21)% 
Trail B Time Average 60 78(26)s 

ΔT Test-Retest Variation 10 -2(22)% 
 
Fig. 1 represents a Gaussian fit to these control variances. Here the % change from individual 
averages is plotted on the x-axis, and the number of tests in that %-change bin on the y. From this 
we see a clear peak about 0%, as expected, where the Gaussian fit gives a slightly different 
standard deviation of 12%, meaning 2/3 of all tests fell within 12% of their average expectation.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 

Fig.	1:	Test-retest	P300V	for	all	players	measured,	with	the	%	change	from	baseline	
on	the	x-axis	and	the	number	of	players	in	that	%	change	bin	(10%	bins)	on	the	y.		
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In order to directly compare the reference group to changes from single baselines after 
concussion, Table IV shows the results of Table III except the changes are now from the first 
baseline rather than player averages.  The important parameter here is the standard deviation of 
the change from baseline. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Between Group Results 
To investigate the general performance of P300 in relation to concussion, and in relation to 
performance measures such as reaction and Trail making times, Table V show averages(SD) for 
each group (reference, CN, RTP, END; and Base for following season) and the comparison of 
each of these to the reference group. Here significant differences from reference group are seen 
after the event for P300 voltage, with t values as given, and these normalize by post season. These 
still serve as a general guide, however, because while voltage usually diminishes after the event, 
it may increase beyond expectation in some cases as discussed (see case studies below). No 
differences are seen for latency. Partially because of a smaller sample size, trail making 
differences were not significant. Figures 2-3, furthermore, show the clear trend that P300V 
normalizes at a slower rate than performance measures, as will be discussed further with test-
retest results. These figures also show no differences if the reference group becomes the pre-
season baseline group for those concussed individuals. 
 

 
 
 
 
 
 
 

Table IV: Reference Group Changes from First Baseline  
(Standard Deviation in parentheses) 
Group N  Value 
ΔP300V Test-Retest Variation 59  0(30)% 

Within Single Season 28 0(22)%  
ΔP300T Test-Retest Variation 59  -6(13)% 

Within Single Season 28 -1(6)%  
Reaction Time Test-Retest Variation 55  -1(22)% 
Trail A Time Test-Retest Variation 28  -2(21)% 
Trail B Time Test-Retest Variation 28  -2(22)% 

Table V: Between Group Statistics. P<.01* P<.001** 
Group Reference Cn RTP END NEXT 
P300 uV (SD) 18(6) uV  11(5) uV 13(5) uV 17(6) 16(5) 
Reference vs. Group t value  5.0** 3.4** 1.0 1.1 
P300 ms (SD) 298(34) ms 313(47) ms 304(40) ms 321(46)ms 296(42)ms 
Reference vs. Group t value  2.3 0.9 2.9 0.2 
RT ms (SD) 307(59) ms 504(179) 354(147) 332(104) 295(54) 
Reference vs. Group t value  - 3.3* 1.7 0.6 
TA s (SD) 46(12) s 59(18) 52(16) 46(9) 61(9) 
Reference vs. Group t value  2.0 0.9 0.0 -1.3 
TB s (SD) 79(24) s 91(34) 73(24) 67(24) 68(16) 
Reference vs. Group t value  1.9 -0.9 -1.6 1.0 
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Between Group Test-Retest Results 
The between-group statistics confirm the results that suggest P300 voltage changes after 
concussion. Results also show continued differences at the beginning of RTP. As this study 
focuses on changes from baseline, Table VI shows variances from the first baseline for various 
groups, with significant differences between reference and RTP groups for P300V and reaction 
time. We also compare the test-retest results for 28 references in the CN group measured as 
references before the concussion event, where differences are still significant. (Note: x cases had 
no baseline so delta taken from end of season.) 
 
 

Fig.	2:	P300	Parameters	for	various	groups.	Between-group	differences	(t-tests)	are	significant	for	
P300V	to	P<.001	between	(a)	BASE	and	CN	(b)	BASE	and	RTP.	Differences	between	CN	group	
baselines	and	CN/RTP	are	also	significant	to	P<.001.	No	differences	are	found	for	P300	latency.	

Fig.	3:	Performance	parameters	for	various	groups.	Only	the	differences	between	
reaction	time	baselines	and	RTP	are	significant	at	the	P<.01	level	(	reaction	time	for	
CN	is	by	definition	reduced).	
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Individual Player Results  
While group comparisons show very significant P300V differences between reference and 
CN/RTP in both overall values and % changes from baseline, these statistics don’t answer the 
complete question of utility. To do this, we must look at individual results. Figure 5 shows a plot 
of all players % change from baseline for the various conditions: CN, RTP, END, and NEXT for 
P300V and reaction time. Here we see the clear trend again that players normalize at different 
rates.  
 
 

Table VI: Test-retest changes from first baseline for various groups.  
Group CN RTP END NEXT 
N 28 25 19 10 
ΔP300V change from BASE: reference vs. group -34% -27% -11% -9% 
 t value 6.1** 4.3** 1.9 1.2 

t value: CN group in reference vs. group  4.6** 3.3* 1.1 1.3 
ΔP300T change from BASE: reference vs. group 0% 0% 1% -16% 
t value  1.8 2.0 2.3 2.0 
Reaction Time change from BASE: reference vs. group 61% 23% 7% -14% 
t value 7.1** 3.7** 1.4 1.8 
Trail A Time change from BASE: reference vs. group 29% 10% 6% - 
t value 3.0* 1.1 0.6  
Trail B Time change from BASE: reference vs. group 30% -4% -21% - 
t value 2.1 -0.2 0.1  

Fig.	4:	P300	and	performance	parameters	for	various	groups.	Only	for	P300V	and	reaction	time	
are	differences	between	baselines	and	RTP	significant	at	the	P<.01	level.	
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If we use the single-season expected P300V change from the first baseline of 1σ=+/−23%,  then all 
players who had a qualified event were successfully identified by having either P300V OR 
reaction time changes > 1σ and 96% had either P300V or reaction time changes of  > 2σ. 
However, by the time return to play protocols begin and the player has normalized according to 
clinical and performance tests, 8 players remained above 2σ in P300V change from their baseline, 
6 of which had returned to normal (< 1σ change from baseline) on their reaction time tests. These 
results reinforce the previous results cited above that suggest adaptation occurs before healing. It 
also suggests that the addition of the P300 to standard RTP protocols adds additional information 
and that this information may be subclinical in nature.  
 
On a final note, of the 17 players who had yet to normalize either in the P300 or reaction time, 10 
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.  
 

 
 
 
 
 
 
 
 
 
 
 

 
 
Case Studies 
The addition of P300, plus reaction time during P300, adds unique information to the existing 
RTP protocols currently utilized in sports medicine and can easily be added, as shown here with a 
4-minute protocol.  Every concussion is different, however, and RTP remains a clinical 
determination. We show sample reports below for a range of players.  
 

Table VII: P300 and recovery. Numbers of players with out-of-variance changes from 
baseline. 

Indicator 
Reference (within 
season) Cn RTP 

ΔP300 uV> 46% (2σ)  1/28 12/27  8/27 
#Expected by chance 1/28 1/27 1/27 

RTP P300 Recovery  
(# when ΔReaction normal AND ΔP300uV>46%) - - 6/27 
RTP Reaction Time Recovery  
(# when ΔP300 normal AND RT>22%) - - 0/27 
    

Fig.	5:	Gaussian	fits	of	the	test-retest	P300V	for	all	players	measured,	with	the	%	change	
from	baseline	on	the	x	axis	and	the	number	of	players	in	that	%	change	bin	(10%	bins)	on	
the	y.		Here	baseline	is	compared	to	Cn,	RTP,	END,	and	NEXT.	
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Sample baseline-concussion topograph 
Useful illustrations include topographs of Figure 6. Here the P300 depths values (uV) are plotted 
in color values ranging from blue to red as given. For example, in this figure the scalp locations 
with 21uV of depth are shown in red and 2uV in blue. This figure represents a player at baseline 
and then again after a qualified event. The raw voltage plots from which the topos are derived are 
also shown. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sample baseline-test-retest topographs 
To show what expected test-retest looks like on a yearly basis for our reference group, Figure 7 
shows topos for a range of -1% change to 33% change over the yearly tests. Note: solid black 
dots represent sites that did not pass the minimum number of artifacted events and whose values 
were rejected. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.	6:	Topographs	of	P300	depth	for	player	C17	at	baseline	and	CN.	Notice	
the	region	of	interest	in	the	C-P	region	and	the	corresponding	voltage	plots	
from	which	the	topos	are	derived.		

Fig.	7:	Topographs	of	P300	depth	for	reference	players	at	yearly	
baselines	starting	with	the	lowest	to	highest	changes.	
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Baseline-concussion topographs for normal RTP cases 
Figure 8 shows injury progression for 5 players whose P300 results normalized in accord with 
standard RTP protocols. Clear decline, or change, after concussion is seen and clear 
normalization occurs at testing during the graded RTP protocol. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Baseline-concussion topographs for player with P300 increase for multi-year events 
Figure 9 shows injury progression for a player who had concussion events in 2 successive 
seasons, showed a P300V increase each time, and normalized at RTP and END. Note that the first 
season topo also shows the results 2 hours post event. 
 
 
 
 

Fig.	8:	Topographs	of	P300	depth	for	5	players,	who	showed	P300	
normalization	at	RTP,	at	baseline	and	various	stages	of	recovery.		
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Baseline-concussion topographs for players who did not normalize by RTP 
Figure 10 shows injury progression for 4 players whose P300 results did not normalize in accord 
with standard RTP protocols. Clear decline, or change, after concussion is seen, no clear 
normalization occurred during graded RTP protocols, but all players returned to normal at post 
season except one, who also showed an increase at CN with a subsequent decrease at RTP. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Fig.	10:	Topographs	of	P300	depth	for	4	players	who	did	not	show	

P300	normalization	at	RTP.		
	

Fig.	9:	Topographs	of	P300	depth	for	player	who	had	concussion	events	in	successive	
years	but	showed	increased	depth.	Note	first	Cn	test	2	hours	post	event.		
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Baseline-concussion topographs for players with multi-year events. 
Figure 11 shows injury progression for 3 players who had concussion events in 2 successive 
seasons, with one player with 3 successive seasons. Two of these players did not normalize at 
graded RTP.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.	11:	Topographs	of	P300	depth	for	3	players	who	had	concussion	
events	in	successive	years,	2	of	whom	never	fully	normalized.		
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Baseline-concussion topographs for players with non-qualified events 
Figure 12 shows test-progression for players who had a non-qualifying event. Note that the first 
season topo also shows the results 2 hours post event. Note player C14 had voltage increases at 
CN and RTP. Also note how the locations of the hot spots reproduce themselves on test-retest as 
seen in the reference group. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Discussion  
 
Significant changes from baseline measures were seen in the P300 depth following concussion 
both on an inter- and intra-subject basis. These changes had normalized to within 2σ by the time 
return-to-play protocols began (i.e. when player’s performance testing had normalized) for only 
2/3 of the concussion events. Around 10% of the events failed to normalize by post season. While 
the statistics are too small to make any claims, it may be conjectured whether these players may 
have higher risk of repeat concussion the following season. Further study would be needed, as 
would spectral or machine-learning studies on this data set as only the P300 was analyzed here.   

Fig.	12:	Topographs	of	P300	depth	for	4	players	who	had	non-qualified	
concussion	events,	one	of	whom	removed	himself	twice	from	games.		
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Conclusions 
 
Baseline event-related potentials (ERP) were collected on 364 athletes participating in contact 
sports in order to assess the utility of EEG/ERP as an adjunct in assessing return to play following 
a mild traumatic brain injury. Using a simple 4-min procedure, the 39 subsequent concussion 
events corresponded to significant changes in P300 amplitude, typically a reduction from 
baseline, with amplitudes 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. 
As more data are collected, this method may also have utility as an adjunct 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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