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ABSTRACT 

 

SUBCONCUSSIVE HEAD IMPACT EFFECT ON PLASMA EXPRESSION 

 OF S100-BETA AND PINCH PROTEINS IN  

COLLEGIATE FOOTBALL PLAYERS 

 

By Keisuke Kawata 

Doctor of Philosophy 

Temple University, July 2016 

Major Advisor: Dr. Ryan Tierney 

 In this prospective longitudinal investigation of Division-I collegiate football 

players, the acute and longer-term effects of repetitive subconcussive impacts on plasma 

S100β and PINCH levels and concussion-related symptom score were examined. The 

first aim was to investigate the acute repetitive subconcussive impact effect by comparing 

the biomarker levels at pre and post full-gear practice, followed by examining the 

relationship of head impact magnitude and frequency of on acute increases in S100β and 

PINCH levels and symptom score. Hypotheses for the first aim were that there would be 

acute increases in plasma S100β and PINCH levels, but no change would be observed in 

symptom score. A significant relationship between subconcussive impact kinematics and 

acute changes in outcome measurements would be observed only in S100β. The second 

aim was to examine the longer-term effect of subconcussive effects on plasma S100β and 
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PINCH levels as well as symptom score compared to the pre-season baseline. It was 

hypothesized that the players who sustained high frequency and magnitude of 

subconcussive impact would induce chronically high levels of plasma PINCH compared 

to the baseline. However, chronic effect would not be found in plasma S100β and 

symptom score. 

 Independent variables were time (pre vs. post-practice), days (baseline, 1st Pads-

OFF, 1st Pads-ON, 2nd Pads-ON, 3rd Pads-ON, 4th Pads-ON, and post-season), and group 

(higher vs. lower impact group). Dependent variables were the plasma expression of 

S100β and PINCH and symptom scores at each time point, pre-post differences in the 

plasma expression of S100β and PINCH and symptom scores, and head impact 

kinematics (frequency, sum of peak linear and rotational acceleration).  

This prospective observational study of 22 Division-I collegiate football players 

included pre-season baseline, pre-season practices [1 helmet-only and 4 full-gear], and 

post-season follow-up. Acute subconcussive effects were examined using the data from 

the first full-gear practice. Cumulative subconcussive effects were examined across the 

study duration (total 12 time points per player). Blood samples and self-reported 

symptom scores were obtained and blood biomarkers were assessed for pre-post practices 

and pre-post season. Plasma S100β expression level was assessed using a sandwich-

based enzyme-linked immunosorbent assay. Plasma PINCH expression level was 

assessed using western blot analysis. An accelerometer-embedded mouth guard was 

employed to measure impact kinematics including number of impacts (hits), peak linear 

acceleration (PLA), and peak rotational acceleration (PRA).  For examining cumulative 

effects, based on the previously established cut-off value of 173.5 g, players who were 
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exposed average impact magnitudes below 173.5 g per practice were categorized into 

lower (n = 8) or greater than 173.5 g were categorized into higher (n = 14) impact groups. 

 Data analysis consisted of descriptive and inferential statistics. Student’s t-tests 

were used to assess group differences in demographic and head impact kinematic data, 

acute effects using pre-post practice change in concussion-related symptom scores and 

biomarker levels, and longer-term effects using pre-post season change in concussion-

related symptom scores and biomarker levels. Pearson r correlations were used to 

examine potential relationship between acute increase in outcome measures and head 

impact kinematics data. Two-way repeated measures ANOVAs were used to identify 

cumulative subconcussive effects over time in concussion-related symptoms scores and 

biomarker levels. If necessary, one-way ANOVA as a function of group was used to 

identify where cumulative effect began compared to the baseline, using Dunnett’s host-

hoc correction. The alpha level was set at p < 0.05.    

 A total of 721 head impacts were recorded from the 22 players during the 5 

training camp practices.  There were significant differences in head impact kinematics 

per practice between lower and higher impact groups [number of impacts per practice, 

1.3 vs. 10.0 (p < .001); linear acceleration, 36.4 vs. 285.6 g (p < .001); rotational 

acceleration, 2,048.4 vs. 16,497.31 rad/s2 (p < .001), respectively]. There were no 

changes in self-reported concussion symptoms across the study duration. While there was 

no change in longer-term effect between pre-season baseline and post-season follow-up 

in plasma S100β level, robust and acute increase was observed in post-full gear practice 

(0.111 + 0.01 ng/ml) compared to pre-practice S100β level, (0.048 + 0.01 ng/ml; p 

< .0001). The acute increase in plasma S100β was significantly and positively correlated 
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to the number of hits (r = 0.636, p = 0.001), sum of peak linear acceleration (r = 0.570, p 

= .006), and sum of peak rotational acceleration (r = 0.655, p = 0.001) sustained. For 

plasma PINCH level, there was a 4-fold increase at post-practice compared to that of pre-

practice (p = .037), indicating the acute effect of subconcussive impacts. However, the 

acute increase in plasma PINCH level was independent from frequency and magnitude of 

impacts sustained, demonstrated by no statistically significant correlations with the 

number of hits (r = 0.222, p = .333), sum of peak linear acceleration (r = 0.289, p = .204), 

and sum of peak rotational acceleration (r = 0.297, p = .191). When players were 

categorized into the lower and higher impact groups and assessed across the 5 training-

camp practices, consistently higher levels of plasma S100β and PINCH were found only 

in the higher impact group at post-practice compared to the baseline. However, plasma 

level of S100β and PINCH at pre-practice remained stable from the baseline, suggesting 

the absence of chronic effect from repetitive head impacts. When season-long effects on 

plasma S100β and PINCH levels were examined, 10 out of 16 players showed increase in 

plasma PINCH level at post-season compared to the baseline (p = .039) while no 

significant difference in plasma S100β level.  

Results from the current study suggest that subconcussive head impacts do not 

exert self-claimed concussion-related symptoms; however, blood biomarkers detected 

noticeable acute changes following repetitive subconcussive impacts. Plasma level of 

S100β protein can be a potential diagnostic measurement to track acute brain burden, and 

plasma level of PINCH protein may be reflective of the longer-term cumulative brain 

damage from repetitive head impacts.  
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CHAPTER 1 

SUBCONCUSSIVE HEAD IMPACT EFFECT ON PLASMA EXPRESSION OF S100-

BETA AND PINCH PROTEINS IN COLLEGIATE FOOTBALL PLAYERS 

Introduction 

 Of the estimated 1.7 million traumatic brain injuries (TBI) per year in the U.S., 

approximately 1.4 million are classified as mild TBI (mTBI; Mondello et al., 2014).  It is 

likely that many mTBI, or concussions, are not reported, thus the number of mTBI 

reported is likely a conservative estimate at best. Unlike more severe head trauma, many 

mTBI occur in the absence of outward signs of injury, making accurate diagnosis 

difficult. Diagnosing and effectively managing a concussed individual is critical as a 

second concussion during recovery from the first can increase the severity of injury 

(McCrory et al., 2013). During recovery from concussion there is a period of increased 

vulnerability for sustaining subsequent concussions. Returning to physical activity too 

soon after a concussion before adequate recovery has been associated with increased risk 

for future concussions (Guskiewicz et al., 2003; Laurer et al., 2001). 

 While concussion management and awareness have been improved, there is 

emerging evidence that subconcussive head impacts have the potential to cause 

significant long-term neurological defects (McKee et al., 2013; Stamm, Bourlas, et al., 

2015; Stamm, Koerte, et al., 2015). Subconcussion can be defined as a head impact 

resulting from a low magnitude of force that does not elicit clinical signs of concussion 

(Bailes, Petraglia, Omalu, Nauman, & Talavage, 2013; McCrory et al., 2013). Although 

growing concern in the neuroscience and medical communities highlight the importance 
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of early detection of concussion and its treatment (McCrory et al., 2013), the 

compounding problem may be the repetitive nature of subconcussive head insults. 

American football, especially at the collegiate level, is the sport associated with the 

highest incidence of concussion (0.61 per 1,000 athlete exposures; Daneshvar, Nowinski, 

McKee, & Cantu, 2011; Gessel, Fields, Collins, Dick, & Comstock, 2007); moreover, 

some college football players are reported to endure from 950 to 1,353 subconcussive 

head impacts per season (Bailes et al., 2013; Guskiewicz & Mihalik, 2011; Guskiewicz et 

al., 2007; Schnebel, Gwin, Anderson, & Gatlin, 2007). 

Similar to concussions, subconcussive blows may transfer linear and rotational 

acceleration forces to the brain (Bailes et al., 2013) that can hinder brain oxygen 

consumption and alter neuronal connectivity (Johnson et al., 2012). Post-mortem studies 

on former National Football League athletes without a reported history of concussion 

showed tau protein aggregation surrounding the cerebrovasculature, which is termed 

chronic traumatic encephalopathy. The severity of tau clustering is positively correlated 

to career longevity, meaning that the longer players are exposed to low-level of head 

impacts, the greater a risk for tau aggregation (McKee et al., 2009; Omalu et al., 2006; 

Omalu et al., 2005). 

Although sports-related concussion is often attributed to a single impact, many 

athletes are exposed to multiple head impacts before injury on a regular basis (Beckwith 

et al., 2013b).  Establishing a kinematic threshold for concussion based on a single 

impact may be inconclusive due to wide variation in concussion-associated head impact 

accelerations (29 – 205 g; Beckwith et al., 2013a, 2013b). Head impact kinematics in 

contact sports have been widely investigated using the Head Impact Telemetry System 
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mounted inside a football helmet (Crisco et al., 2010; Duma et al., 2005) and 

accelerometer embedded mouth guard (Camarillo, Shull, Mattson, Shultz, & Garza, 

2013; King, Hume, Brughelli, & Gissane, 2015).  Previous studies using a controlled 

soccer heading model, with ball speeds of 25, 30, and 50 mph, induced average linear 

head accelerations of 14.5 + 5.0 (Kawata, Tierney, Phillips, & Jeka, 2016), 30.6 + 6.2, 

and 50.7 + 7.7 g (Dorminy et al., 2015), respectively, with no evidence of concussion. 

Broglio et al. (2011) reported that football players were exposed to a season average of 

652 head impacts, 16,746 g head linear acceleration, and 1,090,697 rad/sec2 head 

rotational acceleration per player of whom did not sustain a reported concussion during 

the season. Offensive and defensive linemen as well as linebackers sustained greater 

numbers of impacts per practice compared to other positions (Crisco et al., 2010), with 

the three positions collectively accounting for 67.8% of total head impacts (offensive 

lineman, 35.5%; defensive lineman, 22%; linebacker, 10.3%) observed per season. 

However, there were no noticeable position differences in linear acceleration (offensive 

lineman, 22.89 g; defensive lineman, 21.56 g; wide receiver, 22.67 g; defensive back, 

21.02 g; and linebacker, 22.67 g; Mihalik, Bell, Marshall, & Guskiewicz, 2007).  

Reynolds et al. (2015) further reported that head impact kinematics significantly varied 

among practice type, such that game-style and full-gear practices induced 1.5 to 3 fold 

higher frequency in subconcussive head impacts compared to helmet-only and shell-only 

practices. There are, however, substantial knowledge gaps in the relationship between 

subconcussive impact kinematics, practice type, and injury outcome measures such as 

blood biomarker assessments and concussion-related symptomatology. 
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Self-reported concussion-related symptoms are used to screen for concussion as 

well as monitor the resolution of post-concussion symptoms (Broglio et al., 2014). The 

symptom checklist is simple to measure and does not require training, and it provides 

clinicians with a direct status of the patient’s well-being (McCrory et al., 2013).  While 

various factors (e.g., championship game, rookie players) may influence the reliability of 

symptom scores, the subjective assessment is still considered clinically useful in 

concussion management (Alla, Sullivan, Hale, & McCrory, 2009).  Unlike concussion, a 

subconcussive head impact is a mild impact that does not induce detectable change in 

symptom and gross behavioral measures (e.g., balance error scoring system) while more 

sensitive measures such as fMRI (Johnson, Neuberger, Gay, Hallett, & Slobounov, 2014) 

and sensory system perturbations (Haran, Tierney, Wright, Keshner, & Silter, 2013; 

Hwang, Ma, Kawata, Tierney, & Jeka, 2016) can begin to identify subtle changes. 

However, the effect of football subconcussive head impacts, if sustained repetitively, on 

symptom scores remains unclear.    

Over the past two decades extensive research has been conducted to establish 

TBI-specific blood biochemical markers for objective concussion diagnosis.  Clinical use 

of measuring protein biomarkers in the peripheral blood is not only cost effective and 

minimally invasive, but also it may contribute to the decision for follow-up neuroimaging 

assessment. The search for reliable biochemical markers has yielded several blood 

biomarker candidates with S100β being the most extensively studied biomarker for brain 

injury (Jeter et al, 2013). 

S100β is an astrocyte-enriched member of the S-100 family of low molecular 

weight (10.5 kDa) calcium, copper, and zinc ion-binding proteins that regulate 
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intracellular calcium levels (Heizmann, Fritz, & Schafer, 2002).  By modulating calcium, 

S100β is involved in various cellular activities, including signal transduction, cell 

differentiation, and regulation of cell motility (Schafer & Heizmann, 1996).  S100β can 

be released into the extracellular space, but regardless of location, its effect may be 

concentration dependent.  For example, it is protective and trophic at low concentrations, 

but toxic and pro-apoptotic at high concentrations, leading to glial activation and 

neuronal inflammation (Donato et al., 2009; Pena, Brecher, & Marshak, 1995).  In 

normal conditions, S100β is detected at very low levels in human blood (0.05 ng/ml), 

with increased levels proposed as an indicator of astrocyte activation (Jeter et al., 2013).  

Increase level of serum S100β was observed after concussion by approximately 200% 

compared to baseline (Kiechle et al., 2014; Shahim et al., 2014). Furthermore, using a 

cut-off value of 45.9% increase from baseline, serum S100β showed a sensitivity of 

70.6% and a specificity of 96.7% to diagnose concussion (Kiechle et al., 2014). Recent 

studies investigated the effect of subconcussive head impacts on serum S100β levels on 

college football players, resulting frequency of subconcussive impacts was positively 

correlated with S100β levels in the blood. However, the subconcussive head impact 

measurement employed in the study was highly subjective, such as side-line video-

recording system and subjective questionnaire (e.g., “how many head impacts do you 

remember receiving?”), and those measurements do not assess for linear and angular 

accelerations of each impact (Marchi et al., 2013; Puvenna et al., 2014). Therefore, 

research using more direct head impact measurement is needed to advance the 

relationship among frequency of hits, and linear and angular head accelerations and 

S100β levels in the blood.  
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 Another area of particular interest is the long-term predictive capacity of 

biomarkers to identify those that may be at risk for developing chronic traumatic 

encephalopathy or other devastating neurodegenerative diseases.  Particularly 

Interesting New Cysteine Histidine-rich (PINCH) protein is an adaptor protein involved 

in cytoskeletal organization, cell attachment, and survival of neuronal cells. PINCH 

may provide increased information regarding cumulative neuronal damage (Wu., 1999). 

As opposed to S100β, little is known about the PINCH protein and its utility in brain 

injury evaluation.  

 When the brain experiences a trauma-related mechanical force, neuronal axons 

undergo dynamic microscopic distortion known as diffuse axonal injury (Kilinc, Gallo, & 

Barbee, 2009a; Sahoo, Deck, & Willinger, 2016; Siedler, Chuah, Kirkcaldie, Vickers, & 

King, 2014). Tau protein serves as a microtubule-binding molecule in the axon and is 

particularly vulnerable to rapid, high-force mechanical stress (Ahmadzadeh, Smith, & 

Shenoy, 2014). When tau is disrupted, its fragments are subjected to abnormal 

phosphorylation (hyperphosphorylation; Gabbita et al., 2005). As the level of 

hyperphosphorylated tau increases, PINCH expression is also up-regulated. Furthermore, 

PINCH protein scaffolds hyperphosphorylated tau, making it difficult to degrade and 

clear from the brain (Adiga et al., 2014; Ozdemir et al., 2013). Consequently, tau 

fragments accumulate in the brain, as often observed in Alzheimer’s disease, 

frontotemporal dementia, human immunodeficiency virus encephalitis (Ozdemir et al., 

2013), and chronic traumatic encephalopathy (McKee et al., 2013). Researchers further 

reported that increased PINCH levels accompanied changes in hyperphosphorylated tau 

levels in Alzheimer’s disease, frontotemporal dementia, and human immunodeficiency 
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virus encephalitis, but in healthy subjects PINCH was nearly undetectable (Adiga et al., 

2014; Ozdemir et al., 2013).   

 In a recent study, it was reported that in patients with mesial temporal epilepsy, 

where a seizure originates from the hippocampus, parahippocampal gyrus, and 

amygdala, that PINCH and hyperphosphorylated tau levels were significantly increased 

in resected hippocampal tissues compared to healthy controls. Furthermore, in the same 

epilepsy patients, PINCH was detectable in the blood while undetectable in healthy 

controls (Figure 1). Intriguingly, a recent study to test effects of mild head impact using 

a controlled soccer heading model showed detectable PINCH expressions in the blood 

after headings in 5 out of 10 subjects while pre-heading plasma PINCH was 

undetectable (Figure 2).  

Statement of Purpose 

 Despite advancements in characterizing potential TBI-related blood biomarkers, 

due to lack of knowledge on the effect of low magnitude of head impacts, it is difficult to 

accurately interpret existing blood biomarker information (Jeter et al., 2013).  Instead, 

subjective measurements such as self-reported symptoms prevail in concussion diagnosis 

methods (McCrea et al., 1998; McCrory et al., 2013). There are several blood biomarkers 

that may reflect acute and risk of chronic brain injury. The outcomes of this study are 

intended to contribute to the understanding of the relationships between blood biomarker 

expression and subconcussive impact kinematics for improved diagnosis of brain injury. 

Therefore, the central hypothesis of this study is that subconcussive head impacts will 

increase brain-derived blood biomarkers, such as S100β and PINCH proteins, with no 
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change in self-reported symptom scores. In supporting the central hypothesis, the 

following specific aims are proposed.  

Specific Aims and Hypotheses 

Specific Aim 1.  To investigate the acute effect of repetitive subconcussive head impacts 

on blood biomarker and concussion-related symptom scores.    

Specific Aim 1-1. To examine the effect of repetitive subconcussive head impacts 

on plasma S100β and PINCH expressions and symptom scores.  

Specific Aim 1-2.  To examine the relationships among subconcussive head 

impact kinematics (frequency of hits, sum of peak linear and rotational 

acceleration) and plasma S100β and PINCH expressions and symptom 

scores.  

Hypothesis 1-1-1. There will be a significant increase in plasma S100β level at 

post-practice compared to pre-practice.  

Hypothesis 1-1-2. There will be a significant increase in plasma PINCH level at 

post-practice compared to pre-practice. 

Hypothesis 1-1-3. There will be no significant increase in concussion-related 

symptom scores between pre- and post-practice.  

Hypothesis 1-2-1. There will be a significant positive correlation between pre-

post changes in plasma S100β level and head impact kinematics (frequency 

of hits, sum of peak linear and rotational acceleration). 

Hypothesis 1-2-2. There will be no significant correlation between pre-post 

changes in plasma PINCH level and head impact kinematics (frequency of 

hits, sum of peak linear and rotational acceleration). 
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Hypothesis 1-2-3. There will be no significant correlation between pre-post 

changes in concussion-related symptom scores and head impact kinematics 

(frequency of hits, sum of peak linear and rotational acceleration). 

Specific Aim 2.  To investigate the cumulative effect of subconcussive head impacts on 

blood biomarker and concussion-related symptom scores.   

Specific Aim 2-1. To examine the changes in plasma S100β and PINCH 

expression and symptom scores over time compared to baseline between 

higher and lower impact groups.   

Specific Aim 2-2. To examine the changes in plasma S100β and PINCH 

expression and symptom scores between pre-season baseline and post-

season follow-up.   

Hypothesis 2-1-1. There will be no significant change in plasma S100β over time 

compared to baseline for the higher and lower impact groups.  

Hypothesis 2-1-2. There will be a significant change in plasma PINCH over time 

compared to baseline for the higher impact group, only.  

Hypothesis 2-1-3. There will be no significant change in symptom scores over 

time compared to baseline for the higher and lower impact groups. 

Hypothesis 2-2-1. There will be no significant change in plasma S100β between 

pre-season baseline and post-season follow-up. 

Hypothesis 2-2-2. There will be a significant higher level of plasma PINCH at 

post-season follow-up compared to pre-season baseline.   

Hypothesis 2-2-3. There will be no significant change in symptom scores between 

pre-season baseline and post-season follow-up. 



10 
 

 

Methods 

Research Design 

 A pre-post repeated measures design was used in the study. Independent variables 

were time (pre vs. post-practice), days (baseline, 1st Pads-OFF, 1st Pads-ON, 2nd Pads-

ON, 3rd Pads-ON, 4th Pads-ON, and post-season), and group (higher vs. lower impact 

group). Dependent variables were the plasma expression of S100β and PINCH and 

symptom scores at each time point, pre-post differences in the plasma expression of 

S100β and PINCH and symptom scores, and head impact kinematics (frequency, sum of 

peak linear and rotational acceleration).  

Acute effects of subconcussive head impacts were determined by changes in 

S100β, PINCH, and symptom scores between pre- and post-practices of full-gear (1st 

Pads-ON) practice, and the changes in outcome measure were correlated to impact 

kinematics. Cumulative effects of subconcussive head impacts were determined 

comparing each pre- and post-practice values for S100β, PINCH, and symptoms over 

time to pre-season baseline. Between-group (lower and higher impact) comparisons were 

also conducted at each time point. Additionally, longer-term analysis comparing pre-

season baseline and post-season follow-up identified if there was a season-long effect in 

outcome measures.  

Participants 

 Twenty-two Division I college football players volunteered to participate in this 

study. Of the 22 players, 6 players did not return for the post-season follow-up data 

collection due to graduation, transferring school, and unwillingness to return to the 

follow-up. Inclusion criterion for the study was being a currently active Temple 
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University football team member. Exclusion criteria for the study included any history of 

head, neck or face injury in the 6 months prior to the study period, and any central and 

peripheral nervous system related neurological disorders. Participants were told to refrain 

from substances including both over-the-counter and prescribed medication that could 

affect their nervous system (e.g., stimulus and/or depressants), and also alcohol intake 

was strictly prohibited during the study period.  

All participants gave written informed consent and signed a Health Insurance 

Portability and Accountability Act form. The Temple University Institutional Review 

Board approved the study. 

Instrumentation 

Head Impact Measurement 

 The Vector mouth guard (i1 Biometrics, Inc., Kirkland, WA, USA) was used to 

measure linear and rotational head kinematics during impact. The mouth guard employs a 

triaxial accelerometer (ADXL377, Analog Devices, Norwood, MA, USA) with 200 g 

maximum per axis to sense linear acceleration and a triaxial rotational rate gyroscope for 

rotational kinematics, (L3GD20H, ST Microelectrics, Geneva, Switzerland).  

Accelerometer and gyroscope data were low-pass filtered at 180 and 40 Hz, respectively.  

When a preset threshold for peak linear acceleration magnitude exceeded 10.0 g, 16 pre-

trigger and 80 post-trigger samples at a 1,024 Hz sampling frequency with a standard hit 

duration of 93.75 milliseconds of all impact data were transmitted wirelessly to a 

computer, then stored on a secure internet database (Figure 3). The Vector mouth guard 

employs in-mouth sensor to ensure that the data acquisition only occurs when the mouth 

guard is placed in one’s mouth. A subset of 43 impact data from Pads-ON1 and Pads-ON 
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2 practices was compared to the film to validate the impacts were in fact “head impacts”. 

All 43 impacts were hits above the shoulder. Impacts that exceeded 10 g were directed to 

either the head or head-neck segment. From raw impact data extracted from the server, 

the number of hits, peak linear acceleration (PLA), and peak rotational acceleration 

(PRA) were determined.  

Blood Collection and Sampling 

 Blood samples at pre-season baseline, post-season follow-up, and 1-2 hr before 

and 1-2 hr after each practice were collected from the antecubital vein. Seven milliliter of 

whole blood was collected into vacutainer sterile tubes with EDTA anti-coagulant (BD 

Bioscience, Franklin Lakes, NJ, USA) and 6 ml vacutainer sterile tubes with ACD anti-

coagulant (BD Bioscience, Franklin Lakes, NJ, USA). The plasma was separated from 

whole blood by centrifugation (2000 x g, 15 mins). Samples were assigned an internal ID 

and stored at -80 ºC until further analysis.  

S100β Protein Measurement 

 Plasma expression of S100β was measured by a sandwich-based monoclonal 

enzyme-linked immunosorbent assay kit from EMD Millipore Inc. (Billerica, MA, USA). 

The lower detection limit of the assay is 0.0028 ng/ml, and the normal range in healthy 

subjects is between 0.01 – 0.06 ng/ml (Jeter et al., 2013).  The assay covers a 

concentration range up to 2 ng/ml with a typical < 2.9% intra-assay precision and a < 

1.9% inter-assay precision.  Fifty microliters of ACD plasma samples in duplicate were 

plated in each well, which contained pre-coated anti-human S100β primary antibody, 

followed by 2 hrs incubation on an orbital microtiter plate shaker set to rotate at moderate 

speed of 500 rpm. Each well was then washed 5 times with washing buffer, and 100 µl 
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detection antibody solution was added. The plate was incubated on the orbital shaker for 

1.5 hrs.  Each well was washed 5 times with washing buffer, and 100 µl enzyme solution 

was added. After subsequent washing, 100 µl of substrate solution was added and 

incubate for 10 min. When blue color was developed in wells, 100 µl of stop solution was 

added and placed the plate into a multi-plate fluorescent reader. Total protein abundance 

was measured with light wavelength at 595 nm, and S100β protein concentration was 

measured at 450 nm. Fluorescent signals were converted into ng/ml per standard curve 

concentrations.   

PINCH Protein Measurement 

 PINCH protein was assessed using a Western Blot technique. Pierce Albumin/ 

immunoglobulin G removal kit (Thermo Fisher Scientific, Grand Island, NY, USA) was 

used to decrease albumin and immunoglobulin G, which accounts for nearly 70% of total 

plasma proteins; in turn, less abundant protein, PINCH, can be detected. Ten microliters 

of plasma were mixed with gel slurry containing Cibacron Blue Dye and Protein A 

agarose affinity resin, which bind to albumin and IgG. Using filter-based spin column, 

the albumin and IgG were filtered and the remaining plasma is albumin/IgG free plasma. 

The equivalent of 10 µl of plasma was loaded per well in 4-12% Bis-Tris pre-cast midi-

gels (Invitrogen, Carlsbad, CA, USA), separated by electrophoresis, and transferred onto 

nitrocellulose membranes (Bio-Rad, Hercules, CA, USA). Equal loading of samples was 

assessed using Ponceau staining (Sigma-Aldrich, St. Louis, MO, USA). Membranes were 

blocked in 5% nonfat dry milk in Tris-buffered saline with Tween-20 (TBST) for 45 min 

before incubation overnight at 4 ºC with a monoclonal anti-PINCH primary antibody 

(BD, Rockville, MD, USA). The membranes were washed three times in TBST and 



14 
 

 

incubated with horseradish peroxidase-conjugated anti-mouse IgG2α secondary antibody 

for an hour at room temperature followed by washing three times with TBST. The 

membranes were developed with enhanced chemiluminescence (Amersham Pharmacia 

Biotech, Piscataway, NJ, USA). Band intensities were calculated using ImageJ software 

(NIH, Bethesda, MD, USA).  

Symptom Checklist 

 A symptom checklist (a subset of Sport Concussion Assessment Tool version 3) 

was used to measure self-claim concussion-related symptom. The symptom checklist has 

a sensitivity of 68.0% to accurately diagnose a concussion (Broglio, Macciocchi, & 

Ferrara, 2007). While there are limitations in the use of subjective measurement, self-

reported symptom scores are one of the most direct methods to measure participants’ 

response after head impacts. Also, it was important to validate whether or not repetitive 

subconcussive head impacts do not elicit any concussion-related symptoms.  

Study Procedures 

 Data collection was conducted during a pre-season physical exam, a series 

of full-gear and helmet-only training-camp practices, and post-season follow-up. During 

the pre-season physical examination, participants were fitted with the Vector mouth 

guard by a service technician from i1Biometrics. Inc. The mouth guard was used to 

measure the number of hits and magnitude of head acceleration. The mouth guard was 

molded through the standard boil-and-bite process. Simultaneously, demographic 

information (age, height, mass, history of concussion, and years of American football 

experience) was collected.  The Sports Concussion Assessment Tool 3 symptom checklist 

and blood samples were collected at each time point (baseline, pre-post season, and pre-
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post practice). During training-camp practices, head impact data were collected from five 

practices with intervals of 3 to 4 days between measures, starting from first non-contact 

(Pads-OFF), first full contact (Pads-ON), and three other full contact practices (see study 

flow-chart: Figure 4). For Specific Aim 2 assessing the cumulative burden of 

subconcussive impacts on blood biomarkers and symptom scores, players were 

categorized into lower and higher impact groups based on the impact kinematics. 

Symptom checklist and blood samples were collected 1-2 h before and 1-2 h after of each 

practice. 

Players were categorized into lower and higher impact group in reference to our 

previous laboratory heading study. Dorminy et al. (2015) applied 5 soccer headings with 

ball speed of 30 mph, which induced head acceleration of 34.7 g per hit. A total of 5 

impacts induced mean accelerations of 173.5 g, however there was no change in plasma 

S100β expression between pre and post-heading. Using 173.5 g as a cut-off value, players 

who sustained average linear acceleration less than 173.5 g per practice were categorized 

into the lower impact group, whereas players who sustained greater than 173.5 g per 

practice were categorized into the higher group.  

Statistical Analysis 

Data were analyzed using descriptive and inferential statistics.  Specific Aim 1 

assessed an acute effect of subconcussive head impact on blood biomarkers and symptom 

scores. Student’s 2-tailed paired t-tests were used to individually evaluate the pre-post 

difference in S100β and PINCH levels and symptom scores on 1st Pads-ON practice.  If 

acute change in outcome measures (biomarker and symptom scores) between pre-post 

practice was found, then multiple Pearson r correlations were used to examine the 
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association between pre-post practice and frequency and magnitude of head impact 

sustained.   

Specific Aim 2 assessed a potential cumulative effect of subconcussive head 

impacts on blood biomarkers and symptom scores on group (lower and higher impact). 

Group differences in demographic characteristics were compared using independent 

samples t-tests. To examine group differences in the cumulative effects of subconcussive 

impacts, separate group (lower vs. higher) x time (baseline, Pads-OFF1, Pads-ON1, 2, 3, 

and 4) analysis of variances (ANOVA) with repeated measures on time was employed. 

When a significant interaction was present, follow-up one-way ANOVA was used to 

assess a time main effect within each group. When a significant main effect was present, 

baseline values were compared to each time point (pre and post practices) using post-hoc 

Dunnetts’ test to correct for type 1 error in multiple comparisons. All data analyses were 

performed in SPSS statistical software version 22 (SPSS Inc, Chicago, IL), and the level 

of statistical significance was set to p < .05. 

Results 

Demographic and Head Impact Kinematics 

 There were no significant differences between the lower and higher impact groups 

in age, body mass index (calculated as weight in kilograms divided by height in meters 

squared), number of previous concussions, and years of football experience (Table 1 and 

2). A total of 721 head impacts were recorded from the 22 players during the 5 training 

camp practices. There were significant differences in head impact kinematics between 

lower and higher impact groups (Tables 4, 5, and 6). Please see appendix D for statistical 

tables.   
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Table 1. Participants’ Descriptive Data Demographic 

 
Variables 
 

Participants (n=22) 

Demographics, M (SD)  

  Age 20.6 (1.5) 

  Body Mass Index 30.0 (4.4) 

  # of previous concussion 0.6 (0.8) 

  Years of  Football Experience 9.4 (5.0) 

Position, n (%)  

  Linemen (OL, DL) 6 (27.5) 

  Linebacker, Tight End 6 (27.5) 

  Skill Players (WR, DB, RB, QB)  8 (36) 

  Special Team 2 (9) 

Note. OL: offensive lineman. DL: defensive lineman. WR: wide 
receiver. DB: defensive back. RB: running back. and QB: quarterback.  



18 
 

 

 

Acute Effect of Subconcussive Head Impact 

 The acute effects of subconcussive head impacts on plasma S100β and PINCH 

protein and concussion-related symptom score were assessed using pre-post change in the 

first full-gear practice (Pads-ON1). There was a significantly higher level of plasma 

S100β in the post-practice (0.111 + 0.01 ng/ml) compared to pre-practice S100β level, 

(0.048 + 0.01 ng/ml; t21 = 6.021, p < .001; Figure 5). Similarly, there was a 4-fold 

increase in plasma PINCH level in post-practice (t20 = 2.240, p = .037) compared to pre-

Table 2. Group Difference in Demographics  

 Group   

Variables Lower (n = 8) Higher (n = 14) t P 

Demographics, M (SD)     

  Age 20.9 (0.9) 20.7 (1.3) 0.92 0.83 

  Body Mass Index 28.3 (4.9) 31.1 (4.2) 1.34 0.16 

  # of previous concussion 0.7 (1.1) 0.5 (0.8) 1.12 0.67 

  Years Football Experience 9.1 (5.5) 9.4 (5.4) 0.89 0.89 

Position, n (%)     

  Linemen (OL, DL) 2 (14) 5 (33)   

  Linebacker, Tight End - 6 (40)   

  Skill Players (WR, DB, RB, QB) 4 (57) 4 (27)   

  Special Team 2 (29) -   

Note. OL: offensive lineman. DL: defensive lineman. WR: wide receiver. DB: 
defensive back. RB: running back. And QB: quarterback. #, number. 
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practice level (Figure 6). However, no significant acute change in concussion-related 

symptom score in the post-practice (0.77 + 0.41) compared to pre-practice (0.91 + 0.45; 

t21 = 0.383, p = .706; Figure 7) was observed. 

Next, to examine if the acute increase in plasma S100β and PINCH levels may be 

driven by repetitive exposure to subconcussive head impacts, pre-post changes (Pads-ON 

1) in each outcome measure (S100β, PINCH) was associated with the frequency and 

magnitude of head impacts sustained during Pads-ON1 practice. Robust correlations were 

observed between pre-post practice changes in S100β to the number of hits (r = 0.636, p 

= .001; Figure 8A), sum of peak linear acceleration (r = 0.570, p = .006; Figure 8B), and 

sum of peak rotational acceleration (r = 0.655, p = .001; Figure 8C). Conversely, there 

were no statistically significant correlations between pre-post practice changes in PINCH 

level to the number of hits (r = 0.222, p = .332; Figure 9A), sum of peak linear 

acceleration (r = 0.289, p = .204; Figure 9B), and sum of peak rotational acceleration (r = 

0.297, p = .191; Figure 9C). 
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Table 3. Head Impact Kinematic Descriptive Data   

 Participant (n = 22) 

 Avg. Impact Per Practice Avg. Impact from 5 Practices 

Impact Kinematics Pads-OFF Pads-ON  

    

# of  hits 1.67 (2.5) 7.97 (8.1) 31.5   (23.5) 

Sum of PLA [g] 43.6 (73.2) 220.5 (241.2) 867.3 (663.1) 

Sum of PRA [rad/s2] 2,881.0 (4,440) 13,038.8 (15,392) 43,377.0 (32,725) 

    
Note. Mean (SD). Values are per player in each practice type. A single player sustain the 
kinematic value from 5 practices. Pads-OFF: helmet-only practice. Pads-ON: full-gear practice. 
PLA: peak linear acceleration. PRA: peak rotational acceleration. #, number. 

Table 4. Head Impact Kinematic Group Dependent Descriptive Data 

 Group 

 Lower (n = 8) Higher (n = 14) 

Impact Kinematics Pads-OFF Pads-ON Pads-OFF Pads-ON 

     

# of  hits 0.88  (1.7) 1.91   (2.9) 2.15  (2.9) 11.8    (7.9) 

Sum of PLA (g) 12.36 (17.4) 45.85 (66.6) 62.86 (87.8) 330.0 (246.8) 

Sum of PRA (rad/s2) 632.56 (1008) 2745.7 (4129) 4264.7 (5178) 19373.1 (16366) 

Note. Mean (SD). Values are per player per practice. Pads-OFF: helmet-only practice. Pads-ON: full-
gear practice. PLA: peak linear acceleration. PRA: peak rotational acceleration. #, number. 
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Cumulative Effect of Subconcussive Head Impact 

 In the overall sample, the concussion-related symptom scores were not 

statistically different among any data points across the study duration, F(10, 210) = 0.92, 

p = .89 (Figure 10). This was also the same when players were categorized into higher or 

lower impact group, as illustrated by a non-significant group by time interaction, F(10, 

200) = 0.72, p = .704 (Figure 11).  

 

 

 

 

Table 5. Group Difference in Head Impact Kinematics from 5 Practices 

 Group   

Impact Kinematics Lower (n = 8) Higher (n = 14) t P 

     

# of  hits 8.38   (7.84) 44.71 (18.46) 5.26 < .0001 

Sum of PLA (g) 192.1 (172.9) 1253.2 (503.24) 5.72 < .0001 

Sum of PRA (rad/s2) 10994.6 (9396) 61881.3 (25853) 5.32 < .0001 

Note. Mean (SD).  A single player in each group sustain the kinematic value from 5 
practices. PLA: peak linear acceleration. PRA: peak rotational acceleration. #, number. 
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Table 6. Group Descriptive Data in Total Impact Kinematics Per Practice 

  Impact Kinematics 

Day Group  # of  hits  PLA (g) PRA (rad/sec2) 

Pads-OFF Lower  7 98.9 5,061 

Higher  28 817.2 55,441 

Pads-ON 1 Lower  24 636.9 38,332 

Higher  209 6,138.9 343,775 

Pads-ON 2 Lower  11 419.4 26,222 

Higher  95 2,398.2 145,561 

Pads-ON 3 Lower  14 278.2 18,342 

Higher  162 4,750.0 352,156 

Pads-ON 4 Lower  4 132.7 4,967 

Higher  135 3,544.6 196,503 

Note. Group total impact recorded in each practice. Pads-OFF: helmet-
only practice. Pads-ON: full-gear practice. PLA: peak linear acceleration. 
PRA: peak rotational acceleration. #, number. 
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Plasma S100β levels, in the overall sample, changed significantly across the study 

duration with a large effect size, F(10, 210) = 21.19, p < .001, Cohen’s d = 0.502 (Figure 

12). When plasma S100β levels at each time point were compared to the pre-season 

baseline using post-hoc Dunnett’s tests, S100β levels remained stable from baseline to all 

pre-practice time points (p > .14), but significant increases in S100β were observed in all 

post-practice time points (p < .01) compared to the baseline (Figure 12). To examine 

whether changes in S100β at post-practices were driven by head impact exposure, head 

impact groups (higher vs. lower) on time points were tested using 2 x 11 repeated 

measures ANOVA. There was a statistically significant group by time interaction, F(10, 

200) = 3.19, p = .001 (Figure 13). Follow-up one-way ANOVAs within group indicated a 

significant time effect for the higher impact group, F(10, 164) = 24.21, p < .001, but not 

for the lower impact group, F(10, 76) = 2.503, p = .165. In the higher impact group, post-

hoc Dunnett’s tests revealed that S100β level remained stable from baseline to all pre-

practice time points (p > .51; Figure 13), suggesting there were no cumulative effect of 

subconcussive head impact. However, significantly higher S100β levels were observed in 

post-Pads-OFF to the baseline (p = .012) and all post-Pads-ON to the baseline (p < .01; 

Figure 13).     

Plasma PINCH levels, in overall sample, changed significantly across the study 

duration with a low effect size, F(10, 210) = 5.591, p < .001, Cohen’s d = 0.218 (Figure 

14). Post-hoc Dunnett’s tests showed that there were no statistically significant 

differences between baseline and all pre-practice PINCH levels. However, significant 

increases in plasma PINCH level were observed in post-Pads-OFF (p = .01) and all post-

Pads-ON practices (p < .021; Figure 14), except for post-Pads-ON3 practice (p = .221). 



24 
 

 

Furthermore, when participants were categorized into higher and lower impact groups, 

there was a statistically significant group by time interaction in plasma PINCH level, 

F(10, 200) = 2.158, p = .022 (Figure 15). Follow-up one-way ANOVAs within group 

indicated a significant time effect for the higher impact group, F(10, 164) = 5.516, p 

< .001, but not for the lower impact group, F(10, 76) = 0.963, p = .483. In the higher 

impact group, post-hoc Dunnett’s tests revealed that plasma PINCH level was similar 

from baseline to all pre-practice time points (p > .507: Figures 15 and 16), suggesting 

there were no apperant cumulative effect of subconcussive head impact. However, 

significantly higher PINCH levels were observed in post-Pads-OFF to the baseline (p 

= .01) and all post-Pads-ON to the baseline (p < .05; Figure 15 and 16), except for post-

Pads-ON3 practice (p = .221). 

Longer-term Effect: Pre-season vs. Post-season  

 The longer-term effect of subconcussive head impacts was examined in changes 

between pre-season baseline and post-season follow-up using Student’s paired t-tests. 

There were no statistically significant differences for concussion-related symptom score 

between pre-season baseline and post-season follow-up, t15 = 0.761, p = .463 (Figure 17). 

Similarly, there was no statistically significant difference in plasma S100β concentration 

between pre-season baseline and post-season follow-up, t15 = 0.342, p = .737 (Figure 18). 

Conversely, for plasma PINCH a statistically significant increase was observed in post-

season follow-up compared to the baseline, t15 = 2.25, p = .039. Notably, 10 out of 16 

subjects increased plasma PINCH level at post-season follow-up (Figure 19).   
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Discussion 

 This is the first prospective longitudinal cohort study in collegiate football players 

to exame the effect of subconcussive head impact on the changes in plasma S100β and 

PINCH protein levels and concussion-related symptoms. Notably, subconcussive head 

impacts did not cause significant changes in self-reported concussion-related symptoms 

regardless of number and magnitude of impacts sustained. This finding is similar to 

previous reports (Dorminy et al., 2015; Miller, Adamson, Pink, & Sweet, 2007) and 

highlights the difficulty subjective measures have in identifying the potential burden 

players are experiencing from repetitive subconcussive head impacts (Bailes et al., 2013). 

Consequently, alternative metrics are needed to improve diagnostic sensitivity on 

neuronal injury.  

Plasma S100β and PINCH protein levels were acutely increased after a full-gear 

practice. Furthermore, a positive relationship between head impact kinematics and 

changes in plasma S100β levels was observed, whereas an acute increase in plasma 

PINCH levels did not correlate with the frequency or magnitude of head impacts 

sustained. Consistent with previous reports that the S100β half-life in the blood is short 

(approximately 97 min; Jeter et al., 2013; Townend et al., 2006), S100β level did not 

show the evidence of cumulative effects from subconcussive impacts. Similarly, plasma 

PINCH levels showed transient increase after each practice and normalized to the 

baseline level at all pre-practice assessments, indicating the absence of cumulative burden 

from repetitive subconcussive impacts. However, season-long effects on plasma PINCH 

were notable, as 10 out of 16 players showed a robust increase at post-season follow-up 

compared to the pre-season baseline.  
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 Plasma S100β may be useful in discerning different severities of brain injury. The 

average plasma concentration of S100β in healthy individuals is between 0.01 to 0.05 

ng/ml (Jeter et al., 2013; Wiesmann, Missler, Gottmann, & Gehring, 1998a), and similar 

levels were observed at the pre-season baseline in the current study (mean ± SD; 0.04 ± 

0.04 ng/ml). In line with previous football subconcussion studies (Marchi et al., 2013; 

Puvenna et al., 2014), the present study showed that while the lower impact group 

showed similar S100β levels at all pre- and post-practice time points relative to baseline 

(range of means 0.01 to 0.06 ng/ml), the higher impact group showed significant 

increases in S100β levels at all post-practice time points relative to baseline (range of 

means 0.09 to 0.13 ng/ml).  Comparatively, in other studies examining the effects of 

concussion on serum S100β levels, individuals with concussion showed higher S100β 

levels (mean, 0.31 ng/ml) within 6 hr post-injury compared to healthy controls (mean, 

0.05 ng/ml; de Kruijk, Leffers, Menheere, Meerhoff, & Twijnstra, 2001). In a subsequent 

study examining the relationship between blood S100β levels and intracranial injury 

using CT scanning in individuals with concussion within 12 hr post-injury, concussed 

patients with a positive CT scan showed higher S100β levels (mean, 0.36 ng/ml) than 

concussed patients without intracranial injury (mean, 0.18 ng/ml; Muller et al., 2007).  

Furthermore, studies in individuals with severe TBI consistently demonstrate that S100β 

levels correlate well with primary damage, secondary deterioration, and with outcomes 

after a head injury such as 1-month survival, recovery rate, and prolonged coma (Korfias 

et al., 2007; Woertgen, Rothoerl, Holzschuh, Metz, & Brawanski, 1997). For example, 

average serum S100β levels ranging between 0.3 and 1.6 ng/ml are associated with more 

favorable outcomes (e.g., regain consciousness, returned to daily living), whereas levels 
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ranging between 1.1 and 4.9 ng/ml are associated with less favorable outcomes (e.g., 

mortality, coma; Korfias et al., 2007; Raabe, Grolms, Sorge, Zimmermann, & Seifert, 

1999; Woertgen et al., 1997).  Although study procedures and S100β measurements vary 

across studies, there is a clear trend in severity-dependent levels of S100β after TBI (e.g., 

subconcussion, concussion, severe TBI; Figure 20).   

 Contrary to S100β, little is known about plasma level of PINCH protein and its 

utility in brain injury diagnosis. Albeit irrespective to frequencies and magnitudes of 

impact sustained, acute increase in plasma PINCH level after the first full-gear practice 

was observed. Because neuronal protein synthesis upon stimuli takes relatively longer 

(approximately 24 hrs) compared to other type of cells (Nader, Schafe, & Le Doux, 

2000), the result leads to speculation that PINCH expression in the brain may be 

relatively high even before the practice began. Another possibility is that some players 

might be vulnerable to head impact due to years of chronic head impacts, congenital 

genetic variation, or epigenetic alteration (Mychasiuk, Hehar, Ma, Kolb, & Esser, 2015; 

Wong & Langley, 2016). In fact, in healthy subject’s brain and blood, PINCH expression 

is nearly undetectable (Kovalevich, Tracy, & Langford, 2011), just as only 2 out of 22 

players in the current study showed detectable level of plasma PINCH at baseline. 

Conversely, increased level of PINCH can be observed in pathological conditions such as 

cancer, Alzheimer’s disease, and human immunodeficiency virus encephalitis (Holmqvist 

et al., 2012; Rearden et al., 2008).  A recent study in patients with epilepsy demonstrated 

that constant neuronal stress increased hyperphosphorylated tau and PINCH expression in 

biopsied brain tissue. Furthermore, while PINCH protein was undetectable in the blood 

from healthy controls, epilepsy patients showed clear evidence of PINCH expression in 
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the blood (Figure 1), suggesting that PINCH protein in the blood can be a surrogate 

marker for tau-related damage in the brain.  

 In addition to significant acute increases in plasma PINCH, between-subject 

variation was prominent. Furthermore, a few of the highest impact players (e.g., offensive 

and defensive linemen) showed slight increase in PINCH level while some players with 

medium impact exposure (e.g., tight end and defensive back) showed a robust increase in 

plasma PINCH level. Similarly, post-season increase in plasma PINCH levels compared 

to the pre-season baseline was notable in 10 out of 16 players. Due to lack of head impact 

data during the season, it is difficult to associate PINCH level and season-long head 

impact exposure; however, all 16 players did play throughout the season. Because there 

was no compelling pattern in players’ position and PINCH level, plasma PINCH level 

may be independent to frequency and magnitude head impact sustained. These 

paradoxical observations resemble the recent preliminary study in soccer players (n = 

10), examining the effect of repetitive soccer headings on plasma PINCH level. 

Intriguingly, although participants were subjected to the same dose of impacts (10 

headers) with similar magnitude, 5 out of 10 participants showed increase in plasma 

PINCH at post-heading compared to pre-heading (Figure 2). These observations highlight 

the potential genetic factor in brain response to head impact, warranting further studies to 

determine if there is an association between genetic variation and predisposed risk for 

brain injury.   

  Plasma PINCH level at all pre-practice assessments were similar to the baseline 

levels, regardless of head impact group (higher and lower). This observation suggests 

several possibilities such as transient up-regulation of PINCH protein in the brain, 
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temporal disruption of blood brain barrier, or PINCH protein’s short half-life nature in 

the blood. However, season-long participation in football may result in chronic up-

regulation of PINCH protein in the brain and/or chronic dysregulation of blood-brain 

barrier, further leading to chronic drainage of brain-derived PINCH protein into the blood 

stream. Post-season follow-up samples were acquired at 3 weeks from the last day of 

season and players did not participate in any vigorous activities during the 3-week period, 

however high level of plasma PINCH was recorded at post-season. This observation 

indicates that long-duration of repetitive head impact exposure may cause chronic 

damage in neural structures.  

There are a few concerns in regards to exercise effects on plasma S100β and 

PINCH levels. While it is unknown whether intensive exercise influences plasma PINCH 

level, several researchers have reported that exercise such as running and non-contact 

practices in ice hockey, soccer, and basketball raise plasma S100β level (Otto et al., 

2000; Stalnacke, Tegner, & Sojka, 2003, 2004). On the other hand, some researchers 

have reported that no change in plasma S100β level after extraneous exercise in cycling 

and non-contact football practice (Kiechle et al., 2014; Schulte, Schiffer, Sperlich, 

Kleinoder, & Holmberg, 2011). The current study has similar limitations to previous 

studies in that there was no direct measurement of exercise intensity, which hinders the 

ability to differentiate whether the increase in S100β can be attributed to brain damage or 

exercise. However, the current study design and head impact measurement employed can 

aid in deciphering the potential exercise effect. Many of the impact prone position players 

(e.g., lineman, linebacker, tight end) comprised the higher impact group, whereas players 

from running positions (e.g., wide receiver, defensive back, and special team players) 
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was categorized in the lower impact group. Given that the players in the lower impact 

group engaged in extraneous running drills (Table 6), post-practice changes in plasma 

S100β and PINCH levels in the lower impact group may attribute to the exercise-related 

increase. The significant group by time interaction supports the notion that in the higher 

impact group, in addition to a possible exercise effect, there is an effect from repetitive 

head impact.  

Findings from the current study are noteworthy considering the well-controlled 

study design and the technology to measure subconcussive head impacts.  A within-

subject, longitudinal prospective cohort approach enabled us to track each participant 

throughout the study duration; thus, the 22 players studied contributed approximately 232 

observations to the primary analysis.  Furthermore, the study design allowed us to 

investigate both the acute (pre-post practice changes) and longer-term effect (baseline 

through post-season) of repetitive subconcussive impacts on S100β and PINCH levels.  

To track head impacts kinematics, we selected the accelerometer embedded mouth guard 

(Kawata, Rubin, et al., 2016). Data from the current study was comparable to other 

studies using football Head Impact Telemetory system. For example, average hit per 

player per practice of our study was 7.0. Similarly, Duma et al. (2005) and Crisco et al. 

(2010) reported 7.6, and 9.4, respectively.  Average peak linear acceleration per hit in our 

study was 30.3, which was also in line with 32.0 and 28.8 g in the study of Duma et al. 

(2005), and Reynolds et al. (2015), respectively. Our motivation for using the mouth 

guard sensor was to avoid factors that may produce considerable measurement errors in a 

helmet-based approach such as helmet fit and padding type (Beckwith, Greenwald, & 

Chu, 2012; Higgins, Halstead, Snyder-Mackler, & Barlow, 2007; Jadischke, Viano, Dau, 
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King, & McCarthy, 2013).  Kinematic accuracy of the instrumented mouth guard resulted 

in an excellent correlation with the matched data from an anthropomorphic testing device 

(crash test dummy; Bartsch, Samorezov, Benzel, Miele, & Brett, 2014; Camarillo et al., 

2013). When linear acceleration data from accelerometer-attached football helmet and 

mouth piece following controlled dropping intervention was compared to head-form 

center of gravity acceleration, the data suggested that mouth piece acceleration was more 

accurate representation of head acceleration than helmet (Higgins et al., 2007). Moreover, 

Wu et al. (2015) employed a human soccer heading model to test the kinematic accuracy 

among headgear-mounted, mouth guard, and skin patch sensors and compared to high 

speed video and showed that mouth guard displacements were less than 1 mm; whereas, 

headgear and skin patch displaced as much as 13 and 4 mm from the ear canal reference 

points, respectively. 

 

Decisions on Hypotheses 

 Based on the results from this study, the following decisions on the hypothesis 

were made: 

Aim 1 

 There were statistically significant acute subconcussive head impact effects on 

plasma S100β and PINCH levels, but no significant difference was found in concussion-

related symptom score. All hypotheses 1-1-1, 1-1-2, and 1-1-3 were accepted. 

Significant association with subconcussive head impact kinematics was found 

only in plasma 100β but not with plasma PINCH and concussion-related symptom score. 

All hypotheses 1-2-1, 1-2-2, and 1-2-3 were accepted. 
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Aim 2 

 There was no change in concussion-related symptom score across the study 

period. On the contrary, there was statistically significant increases at all post-practice 

values in plasma 100β and PINCH, but all pre-practice levels were normalized to the 

baseline, suggesting the absence of chronic effect during training camp period. 

Hypotheses 2-1-1 and 2-1-3 were accepted. Hypothesis 2-1-2 was rejected. 

 There was a statistically significant increase in plasma PINCH level at post-

season follow-up compared to the baseline, suggesting the presence of season-long 

cumulative burden in the brain. Conversely, there were no significant difference in 

plasma S100β and concussion-related symptom score between the baseline and post-

season follow-up. All hypotheses 2-2-1, 2-2-2, and 2-2-3 were accepted.   

Conclusion 

 In summary, there is growing concern that even low magnitude head impacts, if 

sustained repetitively, can result in significant long-term neurological deficits. The 

current study’s data provide initial evidence that plasma S100β levels acutely increase 

from pre- to post-football practice and this increase is related to the frequency and 

magnitude of head impacts. Similarly, a novel biomarker PINCH protein increases after 

football practice, and may be partly dependent on subconcussive head impacts. Season-

long cumulative change in plasma PINCH was also observed, which warrants further 

investigation as PINCH protein may contribute to a potential association between 

subconcussive head impact and tauopathy.  
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Recommendations for Future Research 

 Larger prospective studies are needed to replicate the current study design with 

measurement of exercise intensity. Future researchers should consider additional time 

points for assessments, particularly during mid and late season. Additional time points 

may help to determine whether plasma PINCH protein normalizes after each game and 

practice or players increase in PINCH protein progressively after a certain amount of 

head impacts. Robust association between 100β and head impact kinematics warrants an 

investigation to examine a potential threshold between subconcussive head impact and 

concussion. Lastly, since the current findings are only generalizable to a young adult 

male cohort, sex and age-related response differences warrant investigation.     
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Figure 2. PINCH is detectable in plasma after soccer heading.  Numbers 1-10 
represent participants in an experimental soccer-heading paradigm whereby 
subjects perform 10 soccer ball headers at fixed velocity to induce subconcussive 
force. A) Western blot showing that PINCH is detectable (red boxes) in 5 of 10 
participants. B) Ponceau red stained western blot membranes showing that there 
is relatively equal amounts of protein loaded in each well.  Sample marked “C” is a 
control participant who did not do headers and has no history of head impacts. 

Figure 1.  PINCH is detectable in epilepsy patients’ serum. Serum samples were 
collected from healthy control (n = 5), medically controlled epilepsy patients (n = 4: 
MC), and medically refractory epilepsy patients (n = 3: MR). Medically control: 
medications effectively suppress epileptogenic seizure. Medically refractory: even 
though patients taking medication, seizure persists. While PINCH is undetectable 
among healthy controls, there is robust PINCH expression in medically controlled 
(MC) and medically refractory (MR) epileptic patients (red boxes). 
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Figure 3. Subconcussive head impact measurements. A. triaxial 
accelerometer and triaxial gyroscope sense linear and angular acceleration, 
respectively. B, sideline antenna receives impact data and stores in online 
server (Kawata, Rubin, et al., 2016).  

Figure 4. Study Flow-chart. 
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Figure 5. Acute effect of subconcussive head impact on Plasma S100β.  On 
1st full-gear Pads-ON practice, plasma samples from 1-2 hr pre-practice and 1-2 hr 
post-practice were tested for S100β concentration using ELISA assay. There was 
a significantly higher level of plasma S100β in post-practice than pre-practice.  
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Figure 6. Acute effect of subconcussive head impact on Plasma PINCH level.  
On 1st full-gear Pads-ON practice, plasma samples from 1-2 hr pre-practice and 1-
2 hr post-practice were tested for PINCH protein concentration using western blot. 
A) Representative western blot image showing some players showed increase in 
PINCH at post-practice, but others showed no change. B) Collectively, there was 
a significantly higher level of plasma PINCH in post-practice than pre-practice.  
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Figure 7. Acute effect of subconcussive head impact on concussion-related 
symptom score.  On 1st full-gear Pads-ON practice, acute change in a number of 
symptom after the practice was measured. There was no significant difference in 
symptom score between pre-practice and post-practice.  

Figure 8. Association between 
acute change in S100β and impact 
kinematics. On 1st full-gear Pads-ON 
practice, acute change in S100β was 
significantly positively correlated with 
frequency (A), sum of peak linear 
acceleration (B), and sum of peak 
rotational acceleration (C) sustained  
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Figure 9. Association between acute 
change in PINCH and impact 
kinematics. On 1st full-gear Pads-ON 
practice, there was no significant 
correlation between acute change in 
PINCH and any of impact kinematic 
data frequency (A), sum of peak linear 
acceleration (B), and sum of peak 
rotational acceleration (C). 
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Figure 10. Longitudinal observation of symptom scores. Concussion-related 
symptom scores were assessed for 11 time points to examine cumulative effect of 
subconcussive head impact (n = 22). There was no statistically significant main 
effects for time, indicating that symptom score remained stable across study 
duration. 
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Figure 11. Longitudinal group observation of symptom scores. Concussion-
related symptom scores were assessed for 11 time points to examine cumulative 
effect of subconcussive head impact. There was no statistically significant group 
by time interaction and also no main effects for groups and time. 
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Figure 12. Longitudinal observation of plasma S100β level. Plasma samples 
were collected and assessed for 11 time points to examine cumulative effect of 
subconcussive head impact. There was a statistically significant main effect for 
time, and post-hoc Dunnett’s tests revealed that all post-practice S100B levels 
were significantly higher than that of baseline, while all pre-practice S100B 
remained stable compared to the baseline. Ɨ p < .01 vs. baseline. ƗƗ p < .001 vs. 
baseline. 
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Figure 13. Longitudinal group observation of plasma S100β level. Plasma 
samples were collected and assessed for 11 time points to examine cumulative 
effect of subconcussive head impact in higher and lower impact groups. There 
was a statistically significant group by time interaction. Post-hoc Dunnett’s tests 
within group revealed that in higher impact group, all post-practice S100B levels 
were significantly higher than that of baseline, while all pre-practice S100B 
remained stable compared to the baseline. In the lower impact group, there was 
no difference in any time point compared to the baseline. ƗƗ p < 0.001 vs. baseline. 
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Figure 14. Longitudinal observation of plasma PINCH level. Plasma samples 
were collected and assessed for 11 time points to examine cumulative effect of 
subconcussive head impact. There was a statistically significant main effect for 
time, and post-hoc Dunnett’s tests revealed that all post-practice PINCH levels, 
except for the post-Pads-ON3, were significantly higher than that of baseline, 
while all pre-practice PINCH remained stable relative to the baseline. **p < 0.01 
vs. baseline. *p < 0.05 vs. baseline. 
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Figure 15. Longitudinal group observation of plasma PINCH level. Plasma 
samples were collected and assessed for 11 time points to examine cumulative 
effect of subconcussive head impact in higher and lower impact groups. There 
was a statistically significant group by time interaction. Post-hoc Dunnett’s tests 
within group revealed that in higher impact group, all post-practice PINCH levels 
except for Pads-ON3 were significantly higher than that of baseline, while all pre-
practice PINCH remained stable compared to the baseline. In the lower impact 
group, there was no difference in any time point compared to the baseline. **p < 
0.01 vs. baseline, *p < 0.05 vs. baseline. 



46 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Individual plasma PINCH level. Longitudinal assessment per player 
for 11 time points was conducted using western blot. Con, healthy age-matched 
control subject who have never suffered concussion or neurological injury, serving 
as a negative control.  
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Figure 17. Season-long effect on concussion-related symptom score.  
Concussion-related symptom scores were taken at pre-season baseline and 3-
week post-season follow-up. Players were absent from both vigorous exercise and 
head impacts for 3 months prior to the baseline and 3 weeks prior to the post-
season follow. No significant change was observed between the baseline and 
follow-up (n = 16). 
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Figure 18. Season-long effect on plasma S100β level.  Plasma S100B were 
assessed at pre-season baseline and 3-week post-season follow-up. Players were 
absent from both vigorous exercise and head impacts for 3 months prior to the 
baseline and 3 weeks prior to the post-season follow. No significant change was 
observed between the baseline and follow-up (n = 16). 
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Figure 19. Season-long effect on plasma PINCH level.  Plasma PINCH were 
assessed at pre-season baseline and 3-week post-season follow-up. Players were 
absent from both vigorous exercise and head impacts for 3 months prior to the 
baseline and 3 weeks prior to the post-season follow. A) individual western blot 
imaging demonstrating that 10 out of 16 players showed increase in plasma 
PINCH at post-season follow-up compared to the baseline. B) There was 
statistically significant mean increase in plasma PINCH at post-season compared 
to the baseline. 
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Figure 20. Plasma S100β in different severity of TBI.  Plasma S100B levels 
from healthy, lower impact and higher impact group post-practice, mTBI patients 
with and without positive CT, and severe TBI with favorable and unfavorable 
plotted. 
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CHAPTER 2 

REVIEW OF LITERATURE 

Concussion Epidemiology and Trend 

 Traumatic brain injury (TBI) is a major public health concern that is one of the 

leading causes of death and long-term disability annually around the world (Hyder, 

Wunderlich, Puvanachandra, Gururaj, & Kobusingye, 2007; Langlois, Rutland-Brown, & 

Wald, 2006).  Of the estimated 1.7 million TBIs per year in the U.S., approximately 1.4 

million are classified as mild TBI (mTBI) or concussion, however the data from 

epidemiological studies likely grossly underestimate the incidence of concussion 

(Andelic, 2013). A World Health Organization (WHO) systematic review of concussion 

revealed that 70% to 90% of TBIs were mild in nature, and given the under-reporting of 

concussion, the WHO estimated that the true yearly incidence of concussion was 

approximately 600 per 100,000 athlete participations (Carroll et al., 2004). Under-

reporting of concussion has been attributed to a number of factors, including lack of 

accessibility to medical professionals, pressures from coaches, teammates, parents, and 

fans, and most importantly, a lack of concussion awareness and education (Kroshus, 

Garnett, Hawrilenko, Baugh, & Calzo, 2015). Symptoms of a concussion, such as 

headache, confusion, or dizziness, are not easily observable (Echlin et al., 2010), making 

accurate diagnosis difficult for even a trained medical professional. 

 It is evident that concussion education is one of the most effective methods to 

prevent and diagnose a concussion, though Goldman et al. (1984) proclaimed that various 

confounding factors, such as motivation and momentary willingness of sacrificing 
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himself/herself, might influence subjective diagnosing tools (e.g., self-claiming 

symptoms). The willingness to risk one’s health was particularly notable in elite athletes. 

For example, when Goldman et al. posed the question to a group of elite athletes, “Would 

you take an illegal performance enhancing drug that was undetectable and guaranteed 

that you would win an Olympic gold medal, if it would kill you in 5 years?” more than 

50% of athletes responded affirmatively. The exact survey study was replicated bi-

annually from 1982-1995 (Bamberger & Yaeger, 1997; Broshek, De Marco, & Freeman, 

2015; Goldman, Kalatz, & Bush, 1984), suggesting that highly competitive athletes may 

take significant risks with their health in their pursuit of athletic goals.  Furthermore, the 

similar trend still exists to this day, such that when 320 currently active NFL athletes 

were asked in an anonymous survey if they would play with a concussion in the 2014 

Super Bowl, 85% responded affirmatively (Keim, 2014).  While self-reported 

concussion-related symptom checklists prevail for sideline concussion diagnosis as well 

as monitoring the resolution of post-concussion symptoms (McCrory et al., 2013), 

establishing objective methods to monitor cumulative burden of subconcussive impacts 

and diagnose concussion is urgent.    

Head Impact Kinematics 

Concussive Impact 

 As public awareness on the topic of concussion grows, developing strategies and 

techniques for concussion management have been the urgent project in many disciplines, 

such as athletic training, neuroscience, engineering, biomechanics, and pharmacology. 

Although a concussion elicits heterogeneous signs and symptoms per subjects, the 

consensus in all types of concussion is that the brain experiences some form of “physical 
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disturbance” including the direct contact to opposing subjects or ground, and blast or 

whiplash induced injury creating force to the brain (Guskiewicz et al., 2004; McCrory et 

al., 2013). Linear and rotational head accelerations are considered to be the primary risk 

factors for concussion because head acceleration induces strain patterns in the brain, 

particularly in neuronal axons being subjected to shear and stretch-shorten injury (Kilinc, 

Gallo, & Barbee, 2007; Kilinc, Gallo, & Barbee, 2008, 2009b).  

The quest for head acceleration base analysis has yielded valuable insights. 

Pellman et al. (2003) attempted to mimic football head impacts in the controlled 

laboratory setting by employing helmeted Hybrid III dummies, and video-recording 

analysis suggested that an injury threshold of 70 to 75 g existed for sustaining concussion 

based on the linear head acceleration.  With a hypothesis that a concussion is related to a 

certain magnitude of impact, extensive research using the Head Impact Telemetry (HIT) 

system has been conducted especially in impact-rich sporting environments, such as 

American football, lacrosse, and ice-hockey, where players are mandated to wear 

protective head gear. The HIT system installs triaxial linear accelerometer detecting 

linear head acceleration as well as triaxial gyroscope recording rotational head 

acceleration. At first, Guskiewicz et al. (2007) suggested that approximately 60 g linear 

acceleration may be the threshold to induce a concussion. However, due to its small 

sample size and after observing wide variation of concussion-related impact magnitude in 

their follow-up study, they concluded that it may be difficult to identify a threshold based 

solely on impact kinematics (Guskiewicz & Mihalik, 2011).  Similarly, Beckwith et al. 

(2013) recorded 105 concussion-related head impacts and the average peak linear and 

angular acceleration were 102.5 + 33.8 g and 3977 + 2272 rad/s2, respectively. However, 
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this study too observed a wide range of head impact, such that as low as 29.3 g to the 

highest of 205.3 g for linear accelerations and 183 to 10,484 rad/s2 for rotational 

acceleration were recorded prior to concussions, suggesting that there is a limitation in 

the sensitivity of impact magnitude to diagnose a concussion.  

It is evident that head impact kinematic data can add vital information, especially 

when associated with different outcome measures, to accurately diagnose concussion. 

Ample evidence suggests that there are several excellent candidates to differentiate 

concussed versus non-concussed athletes including functional MRI (Johnson, Hallett, & 

Slobounov, 2015; Johnson, Zhang, Hallett, & Slobounov, 2015), oculomotor function 

(Capo-Aponte, Urosevich, Temme, Tarbett, & Sanghera, 2012; Ciuffreda et al., 2007; 

Mucha et al., 2014), blood biomarkers (Shahim et al., 2015; Shahim et al., 2014; Shan et 

al., 2015), and vestibular system changes (Hwang et al., 2016), but limited amount of 

literature has used collective approaches with impact kinematics; thus, future studies 

combining kinematics information and its relationship to other outcome measures is 

warranted.  

Subconcussive Impact 

 Research now shows that head impacts frequently occur during contact sports 

without visible signs or symptoms of neurological dysfunction, which has the potential 

for long-term neurological injury (Bailes et al., 2013). Subconcussion can also occur with 

rapid acceleration-deceleration of the body or torso, particularly since the brain is free to 

move within the cranium, creating a “slosh” phenomenon (Smith et al., 2012).  

Subconcussive impacts are dangerous through the repetitive burden without realizing the 

effect whereby cumulative exposure becomes deleterious over time. Athletes at the 
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collegiate and high school levels sustain a surprisingly high number of head impacts 

ranging from 100s to well over 1000 during the course of a season. The associated 

cumulative impact burdens over the course of a career are equally important (Bailes et al., 

2013). 

 Stamm et al. recently investigated if earlier and longer exposure to American 

football may be associated with cognitive performance in retired NFL players, and found 

that those who start playing football prior to age 12 performed significantly worse in 

memory, verbal IQ, and executive function compared to those who participated football 

after age 12 (Stamm, Bourlas, et al., 2015).  Similarly, in the same cohort, results from 

diffusion tensor imaging indicated that white matter shrinkage in the corpus callosum was 

noticeable in former NFL players with longer career longevity than shorter career 

longevity (Stamm, Koerte, et al., 2015), suggesting that the potential deleterious effects 

of cumulative subconcussive impacts are present, particularly in later life. 

 Emerging clinical evidence suggests that high school and college athletes are 

exposed to countless subconcussive impacts during a season. Broglio et al. (2011) 

examined 95 high school football players across four seasons by employing the helmet-

based impact recording system to record frequency and magnitude of each impact. 

Results showed that the number of impacts during a season varied significantly with 

playing position and starting status. The average player sustained 652 impacts, 16,746 g 

linear acceleration, and 1,090,697 rad/s2 angular acceleration per player among those who 

did not sustain a concussion during the season. Linemen had the greatest number of 

impacts per season (868), followed by linebackers, running backs, and tight ends (619), 

quarterbacks (497) and receivers, cornerbacks, and safeties (372). Similarly, Duma et al. 
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(2005) using the HIT system reported that among college football players in a season, 

average peak linear acceleration was 32 + 25 g (range, 1 - 200 g) and the average 

rotations per axis were 905 + 1075 rad/s2 (range, 1 - 11,348 rad/s2) and 2020 + 2042 

rad/s2 (range, 1–18,477 rad/s2) about the x-axis and y-axis, respectively. Crisco et al. 

(2010) demonstrated the differences in head impact exposure between full-gear practice 

and games, and results were astonishing in a way that average impact during game was 4-

fold higher (86.1 + 16.3) than practice (24 + 6.6). Furthermore, Reynolds et al. (2015) 

suggested that head impact kinematics significantly varied among practice types, such 

that game-style and full-gear practices induced 1.5 – 3 folds higher frequency in 

subconcussive head impacts compared to helmet-only and shell-only practices. Linemen 

and linebackers tend to sustain the greatest number of impacts per practice compared to 

other positions (Crisco et al., 2010), with the three positions collectively accounting for 

67.8% of total head impacts (Offense Lineman, 35.5%; Defense Lineman, 22%; 

Linebacker, 10.3%) observed per season. However, there were no noticeable position 

differences in linear acceleration (Offense Lineman, 22.89 g; Defense Lineman, 21.56 g; 

Wide Receiver, 22.67 g; Defensive Back, 21.02 g; and Linebacker, 22.67 g; Mihalik et 

al., 2007).        

 Recent investigations using a controlled soccer heading intervention attempting to 

induce repetitive mild head impacts revealed that oculomotor function, postural control, 

and vestibular function were transiently impaired following 10 soccer headers (Haran et 

al., 2013; Hwang et al., 2016; Kawata, Tierney, et al., 2016). Moreover, Johnson et al. 

(2014) reported that rugby players who are exposed to a number of subconcussive head 

impacts exhibited changes after a game in default neuronal connectivity.  Specifically, 
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there was increased connectivity in the left supramarginal gyrus and bilateral 

orbitofrontal cortex, but decreased in retrosplenial cortex and dorsal posterior cingulate 

cortex. Although the clinical significance of those changes remains unclear, 

subconcussive head impacts evidently alter neural function, and the changes can be 

detectable if more sensitive measures are employed than the subjective based 

measurements (e.g., SCAT3, BESS, etc.). 

Blood Biomarker 

Origin of Biomarker 

Importantly, one of the first aspects to be considered is the origin of the protein 

of interest.  Is the protein specific to the central nervous system (CNS) or does it 

originate from sources outside of the brain as well?  In this context, two separate 

issues should be addressed.  First, is the detection of a normally occurring protein 

from the CNS detectable in the blood due to compromised BBB integrity?  Second, 

have the levels in the brain increased significantly to allow detection in blood?  

Detection of proteins in the blood that originate from the CNS may indicate 

cerebrovascular injury and BBB compromise whereby, normally occurring CNS-

derived proteins leak into the blood.  On the other hand, detection of a CNS- derived 

protein in the blood may also indicate cellular damage such as axonal distortion, glial 

cell activation and/or cell death.  For example, the presence in the blood of the 

normally occurring astrocyte derived protein, glial fibrillary associated protein 

(GFAP) may suggest both a compromise in BBB integrity and an increase in brain 

levels of GFAP in response to glial activation resulting from injury. Moreover, 

specificity of a blood marker to head injury compared to other injuries such as 
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orthopedic should be taken in to account when evaluating the potential biological 

significance of detection in blood.  

Pathways to the Blood Stream 

The mechanisms whereby proteins derived from neurons or glial cells such as, 

S100β, NSE, or GFAP reach the peripheral blood remain controversial.  There are two 

general hypotheses for how brain-derived proteins enter into the blood stream.  First, 

brain derived proteins may escape into the blood due to compromised integrity of the 

BBB.  Conventionally, it is believed that BBB disruption allows brain- derived 

proteins to be released from damaged neural cells into the bloodstream (Chodobski, 

Zink, & Szmydynger-Chodobska, 2011; Mondello, Muller, et al., 2011; Obermeier, 

Daneman, & Ransohoff, 2013); however, due to lack of definitive causality, 

correlational analysis on blood biomarker levels and BBB disruption after TBI remain 

somewhat speculative (Baskaya, Rao, Dogan, Donaldson, & Dempsey, 1997; Blyth et 

al., 2011; Habgood et al., 2007; Korn, Golan, Melamed, Pascual-Marqui, & Friedman, 

2005; Shapira, Setton, Artru, & Shohami, 1993). In this context, the presence of protein 

components of cerebral endothelial cells forming the BBB in the blood stream 

provides compelling evidence of vascular damage. 

A second hypothesis proposes that the glymphatic system may be responsible 

in part for the presence of brain-derived proteins in the blood stream.  Recent studies 

using two-photon imaging show that cerebrospinal fluid (CSF) can enter the brain 

interstitial space through narrow gaps between small artery walls of and the basal 

lamina.  Damaged cells release cytosolic proteins into the CSF and interstitial fluid 
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(ISF). ISF, CSF and proteins can be driven into the paravenous space by astrocytic 

water influx and efflux systems, and cerebral arterial pulse pressure (Iliff et al., 2014; 

Iliff, Lee, et al., 2013; Iliff et al., 2012; Iliff, Wang, et al., 2013).  Collected cytosolic 

proteins may follow two pathways in the glymphatic system.  They may be reabsorbed 

into the subarachnoid CSF, or they may be transported into the peripheral bloodstream 

through arachnoid villi of the dural sinuses and deep cervical lymph nodes (Aspelund 

et al., 2015), and then partially drained into the subclavian veins via lymphatic ducts 

(Plog et al., 2015).  Studies by Iliff et al. (2014) showed that knockout of the astrocyte 

water channel aquaporin-4 followed by experimental TBI in the mouse model resulted 

in increased accumulation of amyloid-β and hyperphosphorylated Tau in the ipsilateral 

cortex. The relationship between the glymphatic system and TBI-induced brain-

derived proteins were also examined by Plog and colleagues (2015) who showed that 

experimental TBI failed to increase serum levels of S100β, NSE or GFAP, in an 

animal where the glymphatic system was blocked. The glymphatic system is one of 

the most attentive topics today in TBI-biomarker field, however further validation is 

needed in human cohorts.  There are many questions that need to be addressed, 

including the role of the glymphatic system in protein ratios in the blood and the CSF, 

effects of exercise and activity on glymphatic system efficiency, and potential 

consequences of glymphatic system impairment.  

Blood-Brain Barrier (BBB) Proteins 

Trafficking of factors from the brain into the blood and vice versa occurs by 

either a transcellular route through endothelial cells of the BBB or paracellularly 
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between tight junctions (Abbott, Ronnback, & Hansson, 2006).  The BBB is composed 

of numerous cellular components including cerebrovascular endothelial cells (CEC), 

astrocytes, and pericytes. BBB integrity, regulated by protein complexes between 

CEC, is comprised of adherens junctions (AJ) and tight junctions (TJ).  In AJs, 

cadherin proteins span the paracellular space and link into the cytoplasm by 

scaffolding proteins α-, β-, and γ-catenin that provide structural support (Abbott, 

Patabendige, Dolman, Yusof, & Begley, 2010). Similarly, TJs composed of CEC 

plasma membrane proteins, serve as anchoring molecules to connect endothelial cells 

to one another.  Included among these plasma membrane proteins are claudin 

(CLDN), occludin (OCLN), and junctional adhesion molecules (JAMs). A number of 

cytoplasmic accessory proteins including zona occludens-1 (ZO), ZO-2, ZO-3, and 

cingulin link the membrane proteins CLDN and OCLN to actin, the primary 

cytoskeletal protein of the endothelium (Wolburg & Lippoldt, 2002; Wolburg, Noell, 

Mack, Wolburg-Buchholz, & Fallier-Becker, 2009; Wolburg et al., 2003).  Primarily 

members of the CLDN protein family drive BBB permeability, while OCLN and JAM 

tether neighboring CECs to achieve TJ stability.  Structurally, CLDN creates 10 nm 

pores between CEC, and its first extracellular loop creates an electrical barrier that 

controls overall flow resistance and charge discrimination of small solutes.  Pro-

inflammatory cytokines, matrix metalloproteases and reactive oxygen species are 

generated by various CNS disorders including trauma, Alzheimer’s disease, multiple 

sclerosis, HIV and hypertension are known to impair TJ function and increase 

peripheral immune cell migration into the brain (Coisne & Engelhardt, 2011; Pelisch et 

al., 2011).  Thus, trauma-induced increases in BBB permeability occur not only in 
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response to structural damage in acute insult but also as a secondary response to the 

injury. 

Evidence from experimental and clinical studies indicates that BBB 

breakdown is frequently associated with mechanical stress to the brain.  Following a 

head injury, the CEC often incur mechanical deformation as well as a shear stress 

injury (Rodriguez-Baeza, Reina-de la Torre, Poca, Marti, & Garnacho, 2003; Vajtr et 

al., 2009), leading to the disruption of TJ complexes and disruption of the cellular 

membranes.  As a result, increased intra- and para-cellular permeability (Chodobski 

et al., 2011) and perivascular hemorrhage (Vajtr et al., 2009) are followed by damage 

to and breakdown of CNS cells, including neurons and astrocytes. This damage 

releases cellular proteins into the brain parenchyma that end up in the blood stream. 

Ultimately, robust inflammation, neuronal dysfunction and death may follow 

(Hawkins & Davis, 2005; Kermer, Klocker, & Bahr, 1999; Tomkins et al., 2011; 

Zlokovic, 2008). Because of the intimate association with blood, it was hypothesized 

that CEC-derived proteins in blood may provide direct evidence of BBB disruption.  

In one study, a 4.5-fold increase in the blood levels of OCLN were detected in 

concussed patients compared to healthy controls.  However, OCLN was also 

detected in the blood of patients with orthopedic injury with no differences from 

patients with concussion (Shan et al., 2016).  Although the effect of orthopedic injury 

on CEC protein levels and their presence in the blood stream remains unclear, 

emerging studies indicate that exercise may cause increased BBB permeability 



62 
 

 

(Bailey et al., 2011; Koh & Lee, 2014; Watson, Shirreffs, & Maughan, 2005), 

suggesting that body temperature and cerebral blood flow may effect BBB integrity. 

 

 

S100β 

Cell Origin and Normal Function  

S100β is one of the most extensively studied biomarkers for TBI.  S100β is a 

brain-enriched member of the S-100 family of low molecular weight (10.5 kDa) 

calcium-, copper-, and zinc ion-binding proteins that regulate intracellular calcium 

levels.  The homodimeric S100β protein consists of two β subunits and is 

preferentially expressed in astrocytes (Jeter et al., 2013) and to a lesser extent in 

neurons, microglia, and oligodendrocytes (Richter-Landsberg & Heinrich, 1995; 

Steiner et al., 2008). By modulating calcium, S100β is involved in various cellular 

activities including signal transduction, cell differentiation, and regulation of cell 

motility (Schafer & Heizmann, 1996).  S100β can be released into the extracellular 

space, but regardless of location its effects may be concentration-dependent.   For 

example, it is protective and trophic at low concentrations, but toxic and pro-

apoptotic at high concentrations leading to glial activation and neuronal 

inflammation (Donato et al., 2009; Pena et al., 1995) as reported in Alzheimer’s 

disease (AD; Mrak, Sheng, & Griffin, 1996) and TBI (Rothermundt, Peters, Prehn, & 

Arolt, 2003).  Evidence shows that increased levels of S100β in the brain directly 

correlated with loss of neuronal connections in AD patients’ brains. In addition, 
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astrocyte activation and increased S100β expression may also correlate with 

neurofibrillary Tau tangle formation (Sheng et al., 2000).  Interestingly, in health, 

S100β binds to zinc inducing a conformational change, which allows S100β to 

colocalize and interact with Tau to promote neurite outgrowth (Baudier, Delphin, 

Grunwald, Khochbin, & Lawrence, 1992; Fujii et al., 1986).  However, in AD this 

interaction is reduced significantly where abnormally high levels of intra- and 

extracellular calcium outcompete zinc binding of S100β.  Furthermore, extracellular 

S100β is a ligand for the cell-surface receptor for advanced glycation end products 

(RAGE), which is mainly expressed in the neuronal plasma membrane, and to a 

lesser extent in microglia and astrocytes. Increased extracellular S100β binds to 

neuronal RAGE receptors to induce hyperphosphorylation of Tau (Esposito et al., 

2008). Taken together, brain trauma triggers astrocyte activation, increased S100β 

production, and translocation of S100β to the extracellular matrix, leading to 

initiation of signaling cascades that promote cell damage and death.  S100β was 

previously thought to be brain specific, however evidence shows that it is present in 

extra-cerebral cell types including pulmonary alveolar cells, cardiomyocytes, 

chondrocytes, and adipocytes (Diaz-Romero et al., 2014). Fluctuations in levels of 

cellular S100β are reported in a variety of pathological conditions, including 

musculoskeletal injury, cardiac arrest, obesity, and bone fracture are indicative of the 

diverse functions that this protein plays throughout the brain and body (Rothermundt 

et al., 2003; Van Eldik & Griffin, 1994). While S100β is enriched in the brain, both 
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disease state and injuries sustained are important considerations for the implications 

of increased blood levels of S100β. 

Presence in Blood 

In health, S100β is detected at very low levels in human serum (0.05 ng/ml), 

with no age, gender or alcohol effects compared to baseline serum S100β levels 

(Biberthaler et al., 2001; Biberthaler et al., 2000; Jeter et al., 2013; Wiesmann, Missler, 

Gottmann, & Gehring, 1998b).  While S100β is the most extensively studied TBI 

biomarker, how the glial-enriched protein reaches the peripheral circulation remains 

unclear.  Since S100β does not cross an intact BBB, elevated serum levels of S100β 

following TBI were originally attributed to BBB disruption.  Blyth et al. addressed 

this hypothesis by showing that abnormal CSF-serum albumin quotient (QA) 

indicative of BBB disruption and serum S100β concentrations were strongly 

correlated in severe-TBI patients (Blyth et al., 2011; Blyth et al., 2009).  Furthermore, 

Huang et al. induced BBB disruption using a magnetic bead extraction method 

coupled with CSF-serum QA and reported that elevations in the serum S100β levels 

were associated with increased BBB permeability (Huang et al., 2013).  More 

recently, Winter et al. assessed BBB disruption in 14 TBI patients using dynamic 

contrast-enhanced magnetic resonance imaging (DCE-MRI) and single-photon 

emission computed tomography (SPECT).  The DCE- MRI and SPECT showed an 

excellent correlation in detection of BBB damage; however, when these data were 

assessed in the context of serum S100β levels, no significant correlations were found 



65 
 

 

(Winter et al., 2015). Thus, their findings showed evidence of post-traumatic BBB 

damage with no correlation to serum S100β levels. 

A number of studies have shown that increased serum levels of S100β are 

detected after TBI. Following severe TBI, increased serum S100β levels were 

observed within 24-h post-injury and strongly related to mortality (Di Battista et al., 

2015; Goedert & Jakes, 1990; Goyal et al., 2013; Korfias et al., 2007; Pelinka, Kroepfl, 

Schmidhammer, et al., 2004; Raabe et al., 1999; Rainey, Lesko, Sacho, Lecky, & 

Childs, 2009; Vos et al., 2004). Similarly, S100β was reported to be a useful 

biomarker to predict the outcome of whether the patient would regain consciousness 

or remain unconscious 3-6 months post admission (Babcock, Byczkowski, 

Mookerjee, & Bazarian, 2012; N. Li et al., 2004; Pelinka et al., 2005; Raabe et al., 

1998; Vos et al., 2010; Woertgen et al., 1997; Woertgen, Rothoerl, Metz, & 

Brawanski, 1999b).  Specifically, average peak value of serum S100β ranging from 

0.2 and 1.5 ng/ml in patients with positive outcomes, and between 1.1 and 4.9 ng/ml 

in those with poor outcomes with the cutoff value predicting unfavorable outcome 

between 2.0 and 2.5 ng/ml (Kovesdi et al., 2010).   Superiority of S100β in mortality 

and outcome measurements over other biomarkers was supported by a recent study 

using a multi-marker approach that included GFAP, NSE, brain-derived 

neurotrophic factor (BDNF), and monocyte chemoattractant protein (MCP)-1.  

While the combination of various markers discriminated mortality and outcome 

measures, S100β alone showed an almost identical prediction (Di Battista et al., 

2015). 
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Another recent study attempted to distinguish concussion-related elevation of 

serum S100β from exercise effect in contact sport athletes.  Pre-season baseline 

S100β was measured in 46 athletes, where 30 of the 46 were subjected to exhaustive 

exercise intervention, and there was no difference between baseline and post-exercise 

S100β levels.  In other studies, at 3-h post-concussion, significantly higher levels of 

serum S100β were observed in a concussed group (0.099 + 0.008 ng/ml) compared to 

post-exercise levels (0.070 + 0.03 ng/ml) and baseline (0.058 + 0.006 ng/ml).  This 

increase disappeared by 2 days post-concussion (Kiechle et al., 2014).  A number of 

other studies showed an increase in serum S100β levels after concussion (Kiechle et 

al., 2014; Shahim et al., 2014), and even subconcussive head impacts induced similar 

results, with levels ranging from 0.113 + 0.052 ng/ml at 1-h post-game compared to 

pre-game concentration (0.061 + 0.019 ng/ml; Marchi et al., 2013; Puvenna et al., 

2014). However its low association with other prognostic parameters questioned 

whether or not increased S100β is due to CNS-damage.  Results from several 

investigations have failed to differentiate concussion from orthopedic injury and 

extraneous exercise groups (Anderson, Hansson, Nilsson, Dijlai-Merzoug, & 

Settergren, 2001; Dang, Guan, Hu, Du, & Li, 2014; Otto et al., 2000).  Furthermore, 

Ohrt-Nissen et al. reported that among individuals with isolated head injury, multi-

trauma with head injury, and no head injury, significantly higher S100β was observed 

in the multi-trauma with head injury patients (mean, 1.68 ng/ml; range, 0.71 - 6.10 

ng/ml) compared to the isolated head injury (mean, 0.47 ng/ml; range, 0.24 - 1.11 

ng/ml) and no head injury patients (mean, 0.49 ng/ml; range, 0.10 - 2.16 ng/ml) (Ohrt-

Nissen et al., 2011), suggesting that S100β derived from extracranial source may 
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marginally influence its blood concentration. In other studies, Dorminy et al. (2015) 

examined the effects of soccer ball heading on blood levels of S100β.  In this study, 

approximately 16 collegiate soccer players were asked to complete 5 soccer ball 

headers at 25, 35 or 45 miles per hour. Results showed no differences in blood levels 

of S100β before and immediately after headers regardless of the velocity of the ball.   

Extra-CNS sources for S100β complicated its use as a brain specific marker.  For 

example, adipocytes can produce and secrete S100β (Goncalves, Leite, & Guerra, 

2010), especially during fasting, which can contribute to serum S100β levels without 

affecting CSF S100β levels (Netto et al., 2006). The high content of S100β and wide 

distribution of adipocytes throughout the body suggests that S100β released from 

muscles and other tissues may, at least in part, contribute to blood levels of S100β 

(Goncalves, Leite, & Nardin, 2008). Other studies found no correlation between 

amount of body fat and serum S100β, or in patients with kidney, lung, bladder, or liver 

cancers, sarcoma, or epilepsy (Pham et al., 2010), supporting the idea that elevations of 

serum S100β may be indicative of brain injury.  Despite the lack of consistent and 

direct mechanistic evidence, increased levels of serum S100β is regarded by many as a 

surrogate marker not only for activated astrocytes, but also for BBB integrity (Kanner 

et al., 2003; Kapural et al., 2002; Marchi et al., 2013; Puvenna et al., 2014). 

The estimated half-life of S100β for mTBI patient is approximately 97 mins 

(Townend et al., 2006), thus longitudinal measures where BBB integrity is assessed may 

shed light onto it use as a marker to gauge severity of damage or recovery.  As discussed 

above, normal levels of S100β are approximately 0.05 ng/ml and can increased to near 5 

ng/ml after severe TBI.  Changes in levels of S100β post-TBI with normal or baseline 
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measures overtime may be useful for the prediction of adverse outcome and necessity of 

neuroimaging.  

PINCH Protein 

Particularly interesting new cysteine histidine-rich (PINCH) protein was 

discovered and characterized by Dr. Rearden in 1994 (Rearden, 1994), and it has 

drawn a considerable attention in basic science and clinical therapeutic approaches. 

PINCH is an adaptor protein that participates in processes of cytoskeletal organization, 

cell adhesion, migration, and survival (Rearden, 1994; Wu., 1999).  While PINCH 

expression during development and various disease states is high and detectable, in 

healthy adult subjects PINCH is nearly undetectable both in tissue and in biological 

fluid (e.g., CSF, blood).  

In the brain, recent investigations showed an interaction between PINCH and 

tau protein. In dystrophic neurons, Tau protein dissociates from microtubules and 

becomes abnormally phosphorylated and is referred to as hyperphosphorylated Tau 

(hpTau). Accumulation of hpTau in the neuronal soma and dendrites are the hallmark 

of tauophathies, such as Alzheimer’s disease (AD), frontotemporal dementia (FTD), 

chronic traumatic encephalopathy (CTE), and human immunodeficiency virus 

encephalitis (HIVE). Using in vitro model of neuroblastoma (SH-SY5Y) cell line, 

immunoprecipitation analysis showed clear evidence of protein-interactions between 

PINCH and hpTau. These observations remained constant in human brain section from 

AD and HIVE patients (Ozdemir et al., 2013). Furthermore, Adiga et al. (2014) 

reported that even in the CSF from HIV patients, significant correlations were present 

between PINCH and hpTau.  
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Since there are close links and correlations between PINCH and hpTau 

expression, PINCH has the potential to be the surrogate marker for Tau associated 

disease (e.g., chronic traumatic encephalopathy) due to repetitive head trauma. 

However, relationship between traumatic brain injury and PINCH expression both in 

the brain and biological fluids (e.g., blood, CSF) remains elusive.   

Tau Protein 

Cell Origin and Normal Function 

The microtubule binding protein Tau is predominantly expressed by neurons and 

preferentially localized within axons (Binder, Frankfurter, & Rebhun, 1985).  Tau 

facilitates axonal trafficking and neuronal signaling by binding tubulin subunits, 

stabilizing microtubular networks, and crosslinking microtubule bundles to establish 

neuronal viscoelastic properties (Ebneth et al., 1998; Terwel, Dewachter, & Van Leuven, 

2002).  Viscoelasticity in the brain enables stretching and retraction against mechanical 

forces due to the flexibility of microtubule bundles.  Unlike focal brain injury, which is 

typically caused by a direct impact to the head resulting in cerebral contusions and 

hematomas (Gennarelli, 1993), diffuse brain injury is caused by inertial forces (e.g., 

stretch, twist, and retraction) that occur during rapid head rotation (Johnson, Stewart, & 

Smith, 2013; Lipton et al., 2009).  Tau appears to mediate the viscoelastic response to 

these forces; however, inertial stress beyond threshold limits can disrupt microtubule 

networks, leading to DAI (Browne, Chen, Meaney, & Smith, 2011; Johnson et al., 2013; 

Lipton et al., 2009).  A recent study by Ahmadzadeh et al. evaluated Tau viscoelasticity 

in the context of mechanical strain, by applying high and low strain rates to a 
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micromechanical model of axonal microtubules cross-linked by Tau proteins.  

Interestingly, at lower strain rates, mechanical forces were mitigated by extension of 

the Tau proteins, which allowed microtubules to slide relative to one another without 

damaging axonal structure. Conversely, higher strain rates disrupted Tau and transferred 

the mechanical load directly to microtubule bundles, resulting in breakdown and 

dissociation of the axonal microtubule network (Ahmadzadeh et al., 2014). Likewise, in 

vivo studies using a rodent model of experimental TBI found that the density of Tau 

fragments in the cortex and hippocampus rose with increasing severity of brain injury 

(Gabbita et al., 2005). These findings not only support the hypothesis that axonal injury 

depends on the magnitude and severity of TBI, but also that Tau serves as a 

cytoskeletal shock-absorber and a potential biomarker for DAI in response to 

mechanical loading in the brain. 

 Since Tau is naturally unfolded, it is highly sensitive to endogenous proteolysis, 

especially when dislodged from microtubules due to mechanical stress or 

hyperphosphorylation (Wang, Garg, Mandelkow, & Mandelkow, 2010). There are at 

least 79 putative serine/threonine phosphorylation sites on the longest isoform of Tau 

(441 amino acids). The majority of these sites lie outside of the microtubule-binding 

domain, except for six serine residues that participate in binding tubulin.  

Phosphorylation of these residues is not always sufficient to prevent Tau binding to 

tubulin (Biernat, Gustke, Drewes, Mandelkow, & Mandelkow, 1993), however, 

phosphorylation at sites, such as s262, is commonly observed in neurofibrillary tangles in 

neurodegenerative diseases (Biernat et al., 1993). Proline-directed protein kinase family 

members, including mitogen-activated kinase (MAPK), glycogen synthase kinase-3 beta 
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(GSK3-β), cyclin-dependent kinases (CDK), integrin linked kinases (ILK) and stress-

activated protein kinases (SAPK) are most frequently associated with Tau 

phosphorylation (Lee, Brunden, Hutton, & Trojanowski, 2011). These kinases are 

counterbalanced by Tau phosphatases belonging to the phosphoprotein phosphatase 

(PPP) and protein tyrosine phosphatase (PTEN) families. Together, these enzymes 

regulate Tau hyperphosphorylation, which is a phenomena commonly observed in 

various neurodegenerative conditions including Alzheimer’s disease and chronic 

traumatic encephalopathy (Martin et al., 2013). Notably, aberrant Tau phosphorylation 

can interfere with its ability to bind and stabilize microtubule networks, opening unbound 

Tau to enzymatic modification. 

Abnormally phosphorylated Tau is subject to proteolytic cleavage by at least six 

different proteases, some of which generate neurotrophic fragments beneficial to neurons, 

and others that produce neurotoxic species resistant to proteasomal/autophagosomal 

degradation (Chesser, Pritchard, & Johnson, 2013). Ca2+-activated calpains and 

thrombins can cleave Tau at multiple sites, generating a variety of fragments.  However, 

whether these Tau cleavage products are neuro-protective or degenerative remains 

unclear (Arai, Guo, & McGeer, 2005; Cuerrier, Moldoveanu, & Davies, 2005; Tompa et 

al., 2004). Puromycin-sensitive aminopeptidase (PSA) and high temperature requirement 

serine protease A1 (HTRA1) are proteases that assist in clearing soluble Tau through 

proteolytic degradation. Cathepsins are lysosomal proteases that can be released into the 

cytoplasm under pathological conditions and produce Tau fragments highly susceptible to 

abnormal phosphorylation (Kenessey, Nacharaju, Ko, & Yen, 1997). Caspases are a class 

of cysteine proteases also capable of cleaving Tau at multiple sites including Asp 421, 
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which has previously been shown to produce a truncated Tau fragment that accumulates 

in neurofibrillary tangles (Gamblin et al., 2003; Rissman et al., 2004). Although caspases 

1, 3, 7 and 8 can cleave Tau at Asp 421 (Wang et al., 2010), cleavage by caspase 6 in 

particular is implicated in initiating fibril formation (Gamblin et al., 2003; Rissman et al., 

2004). Neurotoxic Tau fragments can aggregate to form insoluble neurofibrillary tangles. 

Recent studies have demonstrated that these tangles do not necessarily activate apoptotic 

mechanisms (Spires-Jones et al., 2008; Spires-Jones, Stoothoff, de Calignon, Jones, & 

Hyman, 2009), but rather induce cellular dysfunction by creating a chronic energy deficit 

at the mitochondrial level, where N-terminal fragments consisting of Tau amino acids 22-

46 enter the mitochondria and interfere with the production of ATP (Atlante et al., 2008). 

Furthermore, evidence indicates that serum levels of neurotoxic C-terminal Tau 

fragments (c-Tau) are significantly elevated after mTBI (Shahim et al., 2015). 

Presence in Blood 

Extracellular Tau species can be measured in blood and several studies have 

reported increases after brain injury with C-Tau and T-Tau among the most 

commonly measured species.  Shahim et al. reported that serum levels of T-Tau and 

C-Tau were elevated after concussion in professional hockey players, and A-Tau 

levels were associated with the duration of post-concussion symptoms (Shahim et al., 

2015; Shahim et al., 2014). 

Initially, investigations of Tau in blood were conducted using the enzyme-

linked immunosorbent assay (ELISA) that yields lowest cut-off value of 12 pg/mL.  

Bulut et al. showed that serum T-Tau was relatively increased in mTBI patients (188 + 

210 pg/mL) compared to healthy controls (86 + 48 pg/mL), albeit at statistically non-
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significant (p = 0.445) levels (Bulut et al., 2006).  However, among mTBI patients, 

further correlational analysis between computer tomography (CT) scan and serum T-

Tau revealed that T-Tau successfully differentiated intracranial injury-positive 

patients (307 + 246 pg/mL) from those without (77 + 61 pg/mL).  On the contrary, 

Kavalci et al. reported no differences in serum T-Tau between mTBI patients with 

intracranial lesions (18.39 pg/mL; range, 2.19 - 714.47 pg/mL) and those without 

(16.29 pg/mL; range, 2.12 - 215.97 pg/mL; Kavalci et al., 2007).  Because levels in CT 

positive mTBI patients from these two studies were significantly different (307 vs. 

18.39 pg/ml), these discrepancies may have been due, in part, to differences in the 

assay utilized since demographics and emergency room admission times were similar 

in both studies. 

To address these discrepancies and to overcome the low sensitivity of Tau 

protein assays, a novel immunoassay using digital array technology, which yields the 

lowest detectable limit of 0.02 pg/mL, was developed recently (Randall et al., 2013).  

Using this assay, a significant increase in serum T-Tau expression was detected in 

concussed athletes (10.0 pg/mL; range, 2.0 – 22.7 pg/mL) compared with pre-season 

baseline (4.5 pg/mL; range, 0.006 - 22.7 pg/mL).  Concentration of T-Tau at 1h post-

concussion showed a significant and positive correlation to resolution of post-

concussion symptoms and return to play.  Conversely, other biomarkers such as S100β 

and NSE did not show any association (Shahim et al., 2014), suggesting a potential of 

Tau proteins to diagnose and monitor concussed athletes.  Furthermore, testing newly 

proposed Tau fragments in the concussed athlete indicated that serum expression was 

significantly elevated after concussion compared to preseason value.  While there was 
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no change in the A-Tau fragment concentration after concussion, A-Tau levels 

positively correlated in players with persistent symptoms lasting more than 10 days 

compared to players with symptoms resolving within 10 days (Shahim et al., 2015). 

Interestingly, serum expressions of T-Tau were significantly higher in boxers who 

sustained repetitive subconcussive blows without losing conscientiousness during the 

round (2.46 + 5.10 pg/mL) compared to their baseline values (0.79 + 0.961 pg/mL; p 

= 0.038; Neselius et al., 2013), suggesting that cumulative effects of low magnitude 

head impacts may cause significant damage to neural structures.   

Newer techniques include imaging and cell-based assays to assess Tau content in 

brain and blood are under development. Positron emission tomography (PET) imaging 

is now commonly used to assess Tau pathology in the brain, using radiolabeled ligands 

that bind to the Tau protein.  Improved ligands for Tau continue to yield promising 

approaches to measure specific species of Tau with in the brain that may be correlated 

with those present in blood.  Recently, a cell-based assay engineered to measure Tau’s 

ability to promote aggregation uses a fluorescence resonance energy transfer, or FRET 

for quantification of Tau aggregates (Cook, Murray, & Petrucelli, 2015).  This approach 

is particularly attractive given the ability of Tau to seed neighboring cells with 

aggregation prone species as shown in a Tau-transgenic mouse model (Holmes et al., 

2014).  Future studies to explore potential thresholds based on the number of head 

blows, their magnitude, and individual parameters are warranted.   

Neuron-Specific Enolase 

Cell Origin and Normal Function  
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Enolase is a crucial catabolic enzyme that converts 2-phosphoglycerate to 

phosphoenolpyruvate in the glycolytic pathway for ATP production (McAleese, 

Dunbar, Fothergill, Hinks, & Day, 1988; Woertgen, Rothoerl, Metz, & Brawanski, 

1999a).  It is comprised of α, β, and γ subunits, and while α and β isoforms are 

expressed in a number of tissues, γ-γ homodimers are found predominantly in neurons 

and neuroendocrine cells, and is known as neuron-specific enolase (NSE; Rider & 

Taylor, 1975).  Due to preferential expression in neuroplasm and axoplasm, NSE 

participates in slow axonal transport and its expression levels fluctuate depending on 

energy demand within a cell.  For instance, when axons are injured, NSE is 

upregulated to maintain homeostasis.  Post-mortem analysis revealed that NSE 

selectively labeled injured axons in the corpus callosum of patients with fatal diffuse 

axonal injury, however NSE was undetectable in un-injured axons in DAI patients or 

in axons from control patients (Ogata & Tsuganezawa, 1999). 

Presence in Blood 

Under healthy conditions, NSE is largely confined to neurons with low but 

detectable levels (10 ng/ml) in blood that originate from red blood cells (Planche, 

Brochet, Bakkouch, & Bernard, 2010; Schoerkhuber et al., 1999). Sudden increases in 

NSE levels in the blood have been reported after various types of neurological 

damage including severe TBI (Anand & Stead, 2005; Cheng, Yuan, Yang, Wang, & 

Liu, 2014), ischemic stroke (Anand & Stead, 2005), and cerebral hemorrhage (Oertel, 

Schumacher, McArthur, Kastner, & Boker, 2006).  Recent investigation into the 

glymphatic system has suggested that following TBI elevated serum levels of NSE 

may be modulated via the glymphatic system, rather than crossing an impaired BBB.  
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In the glymphatic suppressed mouse model, TBI did not increase in serum NSE 

(Plog et al., 2015); whereas, mice with intact glymphatics subjected to TBI had 

significantly increased NSE in blood.  Interestingly, both control and glymphatic 

suppressed mice showed equally disrupted BBB following TBI, supporting the 

hypothesis that NSE reaches the bloodstream through the glymphatic system. 

NSE has a half-life of approximately 24-h and serum levels have been 

reported to increase within 6-h post-TBI (21.7 ng/ml) compared to healthy control 

(12.5 ng/ml; Jeter et al., 2013).  Based on its cellular origin and function, NSE was 

proposed to be a surrogate marker of neuronal damage.  Mean serum levels of NSE in 

various populations, excluding those with a history of or on-going neurological 

disease, were less than 10 ng/ml with no age or gender effect (Casmiro et al., 2005; 

Nygaard, Langbakk, & Romner, 1998). A number of studies reported that NSE levels 

in the blood spiked after moderate to severe head injury with post-TBI serum levels 

greater than 21.7 ng/ml (Dauberschmidt et al., 1983; Skogseid, Nordby, Urdal, Paus, & 

Lilleaas, 1992). Moreover, NSE levels were strongly predictive of death (sensitivity 

85%) or poor outcome 6 months post TBI (sensitivity 80%; Vos et al., 2004).  In 90 

pediatric patients who experienced closed-head TBI, serum NSE levels increases 

yielded 86% sensitivity and 74% specificity in predicting poor outcome  

(Bandyopadhyay, Hennes, Gorelick, Wells, & Walsh-Kelly, 2005; Guzel et al., 2008b).  

In severe and moderate TBI patients, serum NSE levels (mean: 81.3 and 54.52 ng/ml, 

respectively) inversely correlate with Glasgow Coma Scale (Guzel et al., 2008a; 

Meric, Gunduz, Turedi, Cakir, & Yandi, 2010). On the other hand, there are significant 

limitations of NSE as a blood biomarker for TBI.  Increased serum levels of NSE are 
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reported after hypoperfusion, liver and kidney damage, femur fracture, and migraine 

without TBI (Pelinka et al., 2005; Pelinka, Jafarmadar, Redl, & Bahrami, 2004; Yilmaz 

et al., 2011). NSE’s practical use in diagnosing concussion has been extensively 

investigated, but results indicate that in patients with mTBI serum NSE levels did not 

increase compared to controls (de Kruijk et al., 2001; Geyer, Ulrich, Grafe, Stach, & 

Till, 2009). Most notably, Shahim et al. (2014) reported that in 35 concussed ice 

hockey players, there was no difference in serum levels of NSE from pre-season 

baseline to post-concussion values, suggesting current assays for  NSE may not be 

sensitive enough to detect mild form of acute brain injury. 

Since the brain becomes more vulnerable with multiple concussive and 

subconcussive head impacts, long-term neurological impairment is more common in 

athletes who sustain repetitive head blows (Dashnaw, Petraglia, & Bailes, 2012; 

Echemendia, Putukian, Mackin, Julian, & Shoss, 2001; Laurer et al., 2001; Matser, 

Kessels, Lezak, Jordan, & Troost, 1999). The NSE serum levels in 44 boxers following 

2 months of resting period remained significantly higher (median, 11 ng/ml; range, 2.3 

– 41 ng/ml) compared to healthy control non-boxers (median, 4.8 ng/ml; range, 0.78 – 

27 ng/ml), suggesting perhaps a prolonged neuronal decay in athletes who are 

exposed to very frequent, repetitive head trauma. Given that the half-life of NSE in 

serum is 24 – 48 hours, the data shows that sustained release of NSE, albeit no recent 

head trauma for 2 months, to the peripheral circulation as a result of chronic neuronal 

decay (Zetterberg et al., 2009). Evidently, previous CSF study among boxers 

demonstrated that CSF level of neurofilament light protein levels was significantly 

reduced after 3 months of rest period (208 + 108 ng/ml) compared to post-spurring (845 
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+ 1140 ng/ml), however it did not completely normalized by comparison to healthy 

controls (< 125 ng/ml; Zetterberg et al., 2006).  

Taken together, changes in serum levels of NSE may serve as an initial 

screening tool for mortality and/or poor neurological outcome in moderate to severe 

TBI patients; however, a more comprehensive approach is necessary to eliminate a 

potential misinterpretation due to internal organ and/or orthopedic injuries.  

Cumulative effects of subconcussive head impacts may be reflected by increased 

serum NSE levels that likely require expanded follow up studies. 

Glial Fibrillary Acidic Protein 

Cell Origin and Normal Function  

Astrocytes are the most abundant cell type in the brain and provide both 

functional and structural support for other CNS cells including the CEC and BBB 

components.  The principal intermediate filaments found mainly in astrocytes are 

comprised of a unique structural protein, glial fibrillary acidic protein (GFAP).  Ten 

different isoforms have been identified to date, and studies show that although GFAP 

is an astrocyte protein, it can be detected in other tissues at low levels.  For example, 

while the GFAP-α isoform is the most abundant and astrocyte-specific, GFAP-β is 

enriched in non-myelinating Schwann cells in the peripheral nervous system, and 

GFAP-γ has been detected in the bone marrow and spleen (Yang & Wang, 2015). 

These results suggest that the generation of specific isoforms may be regulated by 

different mechanisms (Eng, Ghirnikar, & Lee, 2000).  In healthy individuals, blood 

levels of GFAP do not typically exceed the lower detection limits (LDL) in most 

assays (detection limit: 0.012 ng/ml; Foerch et al., 2012; Jung et al., 2007; Missler, 
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Wiesmann, Wittmann, Magerkurth, & Hagenstrom, 1999). GFAP is a key intermediate 

filament protein and is responsible for the cytoskeletal structure of astrocytes and for 

maintaining mechanical strength in resistance to external traumatic forces (Eng et al., 

2000). Emerging evidence suggests that in response to CNS trauma, astrocytes 

proliferate and increase in size by expanding their processes and developing a more 

tortuous arborization.  This is accompanied by an increase in glial filaments and GFAP 

expression, which is often referred as astrocyte activation or astrogliosis (Eddleston & 

Mucke, 1993). Certain levels of post-injury astrogliosis can be beneficial by forming a 

glial scar to prevent further deterioration of the neuronal complex (Jeong et al., 2014). 

Not only do intracellular GFAP levels increase in response to stress (Gao et al., 2013), 

but the intracellular GFAP translocates into the extracellular space after injury, and 

the extracellular GFAP level is known to correlate with severity of injury (Di Pietro et 

al., 2015). It is believed that the release of GFAP from brain tissue into the blood 

stream requires the loss of astrocytic structural integrity due to necrosis and/or 

mechanical disruption and damage, or increased permeability of the BBB (Brunkhorst, 

Pfeilschifter, & Foerch, 2010). It is not yet clear, however, if astrogliosis and 

upregulation of GFAP following pathological events in the CNS may lead to GFAP 

release at detectable levels in blood (Sofroniew, 2009). 

Presence in Blood 

Increased levels of GFAP in the blood may be a surrogate marker for astrocyte 

damage.  In the healthy state, it is rare to detect GFAP in the blood (Jung et al., 2007; 

Missler et al., 1999); whereas, the highest serum GFAP levels are often observed 
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during first few hours to a few days after TBI (Missler et al., 1999). The exact half-life 

of GFAP in plasma and the influence of plasma proteases on the stability of the protein 

remain unclear and need further investigation (Foerch et al., 2012).  In severe TBI 

patients serum GFAP levels increased significantly (mean: 4.52 + 8.69 ng/ml) 

compared to healthy controls (mean: 0.061 + 0.044 ng/ml), and changes predicted 

mortality, recovery, outcome and intracranial lesion (Lumpkins et al., 2008; Nylen et 

al., 2006; Pelinka, Kroepfl, Leixnering, et al., 2004; Vos et al., 2010). Interestingly, 

Pelinka et al. claimed that serum GFAP levels might also be associated with the type 

of injury.  In these studies, they reported that GFAP levels were significantly higher in 

patients with focal brain injury compared to those with diffusion axonal injury 

(Pelinka, Kroepfl, Leixnering, et al., 2004; Pelinka, Kroepfl, Schmidhammer, et al., 

2004). These findings were corroborated by Mondello et al. who showed that GFAP 

levels were significantly higher in patients with focal mass lesions (2.95 ± 0.48 ng/ml) 

compared to patients with diffuse injury (0.74 ± 0.11 ng/ml; Mondello, Papa, et al., 

2011). When the diffuse injury group was further divided into levels:  I-II (mild) and 

levels III-IV (moderate to severe), analyses showed that GFAP levels were 

significantly higher in the more severe diffuse injury group.  These findings suggest 

that glial damage is most severe in focal brain injuries such as contusion or 

hemorrhage, as well as in injuries with high a magnitude of diffusion axonal injury. 

GFAP’s specificity as a TBI biomarker was supported by a number of 

validation studies examining effects of extra-cerebral injuries on circulating GFAP 

levels.  No significant differences in serum GFAP levels were observed in patients 
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with only TBI compared to patients that suffered multiple-traumas with brain injury 

(Nylen et al., 2006).  Moreover, evidence shows that serum GFAP levels remain 

normal in patients with multiple traumas (Pelinka, Kroepfl, Schmidhammer, et al., 

2004) and orthopedic injuries without TBI (Papa, Lewis, et al., 2012; Papa et al., 

2014). 

In the past three years, GFAP has drawn considerable attention in studies of 

concussion/mTBI cohorts.  Among mTBI patients, significantly higher serum GFAP 

was detected in patients with an abnormal CT (1.20 + 2.65 ng/ml) compared to normal 

CT (0.05 + 0.17 ng/ml; Metting, Wilczak, Rodiger, Schaaf, & van der Naalt, 2012).  

Similarly, Papa et al. demonstrated that serum GFAP levels were significantly 

elevated in mTBI patients with intracranial lesions compared to those without lesions, 

and further predicted patients who required neurosurgery (Papa, Lewis, et al., 2012; 

Papa et al., 2014). Collectively, based on these data, GFAP appears to a somewhat 

specific marker for astrogliosis accompanied by BBB damage and brain injury.  

Further validation studies in concussion cohorts with longitudinal measures are 

warranted. 

Emerging Blood Biomarker for Traumatic Brain Injury 

In addition to the markers already discussed, continuing efforts have yielded a 

number of promising new candidates. For example, spectrin is an axon-enriched 

cytoskeletal protein and the precursor of two novel TBI biomarkers, αII-Spectrin N-

Terminal Fragment (SNTF) and αII-Spectrin Breakdown Product 150 (SBDP150). 

STNF is a calpain-induced cleavage product of spectrin first discovered and 
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characterized by Siman et al. as a surrogate marker for necrotic neurodegeneration 

occurring subsequent to axonal injury (Siman, Baudry, & Lynch, 1984; Siman et al., 

2004; Siman & Noszek, 1988). Recent studies have shown that serum STNF levels are 

elevated from 12-36 hours post-concussion. These levels are not only distinctly high 

when compared to baseline, but may also be useful as a prognostic marker for 

distinguishing athletes who develop post-concussion syndrome lasting longer than 6 days 

from those returning to gameplay within that time (Siman et al., 2015). Moreover, when 

tested in combination with diffusion tensor imaging after mTBI, high serum SNTF 

levels were significantly associated with structural white matter abnormalities in the 

corpus callosum and uncinate fasciculus. Likewise, elevated serum SBDP150 levels 

were strongly associated with intracranial damage observed by CT scan and Glasgow 

Coma Scale (GCS) scores (Papa, Wang, et al., 2012). Furthermore, serum SBDP150 

could be used to distinguish mTBI patients from those with orthopedic injury (Papa, 

Wang, et al., 2012). Similar to NSE, spectrin is highly expressed by red blood cells. 

Therefore, although SBDP150 may be useful in identifying mTBI from orthopedic 

injury, serum STNF and SBDP150 levels may be affected by cardiovascular injury or 

hematopoietic disease.  

Ubiquitin C-terminal hydrolase-L1 (UCH-L1) is an enzyme highly expressed in 

the brain, testes, and ovaries that hydrolyzes a precursor protein to generate the 

monomers used in ubiquitination. In the brain, UCH-L1 is primarily expressed by 

neurons and is therefore an excellent marker for neuronal damage. In 2010, Papa et al. 

demonstrated that cerebrospinal fluid UCH-L1 levels closely reflected GCS scores in 

severe TBI patients (Papa et al., 2010). Similarly, serum UCH-L1 levels outperformed 
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NSE, S100β, and myelin basic protein in discriminating moderate/severe TBI from 

mTBI and orthopedic injury, by showing significant correlations between UCH-L1 and 

Glasgow Outcome Scale scores (Berger, Hayes, Richichi, Beers, & Wang, 2012; Diaz-

Arrastia et al., 2014). While the effects of sport-related concussion on UCH-L1 remain 

unclear, several recent studies have identified significant elevations in serum UCH-L1 

levels in individuals with non-sport-related concussion (e.g., motor vehicle accidents, 

falls) compared to healthy controls (Kou et al., 2013; J. Li, Yu, Sun, & Li, 2015; Papa, 

Lewis, et al., 2012). 

A new panel of blood biomarkers was recently tested to accurately discriminate 

patients with mTBI from healthy controls and patients with orthopedic injury. The 

panel included copeptin (a fragment of a precursor peptide also consisting of arginine 

vasopressin and neurophysin II produced by hypothalamic neurons), galectin-3 (a pro-

inflammatory lectin family member that plays an important role in cell-cell adhesion 

and leukocyte-endothelial interactions), matrix metalloproteinases-9 (a collagenase 

enzyme involved in degrading the extracellular matrix), and occludin (an integral 

tetraspanin highly expressed at epithelial tight junctions including those of the BBB). 

Significant increases were detected in both mTBI and orthopedic injury patients for all 

4 markers when compared to healthy controls with no differences between injury 

groups. However, additional analyses revealed that a combination of galectin-3 and 

occludin could distinguish mTBI patients from those with orthopedic injury, suggesting 

that this multi-marker approach may have diagnostic value for mTBI (Shan et al., 

2016). Alternatively, a panel of inflammatory markers including substance P, soluble 

CD40 ligand, tissue inhibitor of matrix metalloproteinases-1, and malondialdehyde, 
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albeit not specific to the brain, has also been proposed as candidate biomarkers for 

gauging the severity of brain damage in TBI (Lorente, 2015).  Many of these markers 

have shown compelling associations between serum concentrations and the extent of 

brain injury; however, these reports are limited, as these inflammatory markers have 

only been evaluated in animal models and cases of severe TBI in humans. Thus, future 

studies examining the sensitivity and specificity of these candidates in mTBI and in 

comparison to alternative traumas (i.e. orthopedic injury) are warranted.  

Another novel approach has been to validate microRNAs (miRNAs) as blood 

biomarkers for TBI. miRNAs are small non-coding RNAs expressed by cells 

throughout the body and found in extra-cellular vesicles carried in the blood that 

modulate gene expression at the post-transcriptional level (Fire et al., 1998). Although 

the exact biological function of miRNAs is not fully understood, recent reports indicate 

that miRNAs may be useful in evaluating the burden of brain damage in TBI.  For 

example, Redell et al. (2010) demonstrated that plasma levels of miR-16, miR-92a, and 

miR-765 were able to identify severe TBI patients from healthy controls with area 

under the curve (AUC) values of 0.89, 0.82, and 0.86, respectively. Furthermore, when 

these markers were combined, excellent diagnostic accuracy (100% specificity and 

100% sensitivity) was found. In the same study, miR-92a and miR-16 were able to 

specifically identify patients with mTBI from healthy controls with AUC values of 0.78 

and 0.82, respectively (Redell et al., 2010). In addition, miR-93, miR-191, and miR-499 

successfully distinguished mTBI patients from healthy controls with AUC values of 

1.00, 0.74, and 0.82, respectively (Yang et al., 2016). Taken together, while the 
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biological significance of miRNAs warrants further investigation, data obtained from 

the studies above suggest that serum miRNA levels may have diagnostic value in TBI. 

Prospective and Future Direction 

As concussion awareness grows, establishing objective measurements to gauge 

the severity of an injury is critical to promote the best clinical outcomes.  In practice, 

efforts are being taken to standardize evaluations and return-to-play protocols. However, 

the value of an easily obtainable blood biomarker is clear, as evidenced by the utility 

of HbA1c in the management of diabetes.  Blood biomarkers for TBI are attractive for 

several reasons: 1) they are cost effective; 2) they require minimally invasive sample 

collection; 3) they can provide a reference for neuroimaging referrals; 4) they may be 

used to identify various types of parenchymal brain injury and/or BBB damage; and 5) 

fluctuations in blood levels may help to classify injury severity and indicate the resolution 

of brain damage.  These benefits may allow for accurate diagnosis and immediate triage 

in response to concussive and subconcussive brain injury and contribute significantly 

to clinical prognosis, return-to-play/work decisions, and the need for hospitalization 

in more severe cases.   

Despite significant progress in the study of blood biomarkers for brain injury, there 

is still a dire need for analytical tests to help guide clinical treatment following TBI.  

Clearly, the most widely studied biomarkers for brain injury require further assessment, 

while the search for new biomarkers must continue.  Previous research has largely focused 

on neuronal and glial factors as biomarker candidates due to the axonal damage and glial 

activation known to occur in TBI.  However, biomedical researchers may have to consider 
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factors expressed by other cell types in the NVU to identify novel blood biomarker targets.  

Candidate biomarkers should not be limited to soluble factors only, since potential 

biomarkers may be expressed in different biological formats such as those shed in 

membrane-bound forms.  For example, proteins of interest may be enveloped inside of 

microvesicles released as a result of TBI rather than in a soluble state (Colombo, Borgiani, 

Verderio, & Furlan, 2012).   

Damaged and injured cells undergo exocytosis, whereby segments of the plasma 

membrane are released as microvesicle particles.  Notably, previous research has shown 

that blebbing of the axolemma occurs after DAI, releasing microvesicles into the brain 

parenchyma (Dashnaw et al., 2012; Lai & Breakefield, 2012).  After these axonal 

particles are released, they may enter the bloodstream where they can be isolated along 

with other microvesicles, which are produced in a variety of sizes (Colombo et al., 2012; 

Lai & Breakefield, 2012).  Moreover, technological advancements to help stratify 

various-sized microvesicles may reveal discrete populations of these membrane-bound 

particles to improve correlations with the severity of TBI.  Therefore, refining our current 

medical understanding of the biological functions of microvesicle release after TBI will 

allow the identification of proteins and other factors (i.e. micro-RNAs) that these vesicles 

may encapsulate as a distinct compartment in the plasma.  Finally, characterizing the 

composition of molecular targets packaged inside of microvesicles after DAI (or other 

aspects of secondary injury) may help to identify a “signature” microvesicle (or “panel 

in a particle” biomarker) to improve specificity for concussion as opposed to the release 

of microvesicles from other neuropathologies that cause neuronal degeneration, such as 

stroke or Alzheimer’s disease.  
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As advocacy programs and media outlets continue to draw attention to the 

repercussions of repetitive concussive and subconcussive head impacts, which are 

commonly sustained by athletes and military personnel, TBI researchers must propose 

more robust studies to monitor the pathophysiological changes that occur in multiply 

concussed individuals.  These studies may aid in validating TBI biomarkers that can 

detect various degrees of brain injury, and inform clinical prognosis and return-to 

play/work decisions for multiply concussed patients.  Furthermore, discovering a 

biomarker that is both sensitive and specific for predicting future complications or 

identifying patients who may be at risk for developing chronic traumatic encephalopathy 

or other devastating neurodegenerative diseases would have unsurpassed value for 

battlefield and sports medicine clinicians interested in safeguarding patient health.  In this 

context, novel surrogate markers of tauopathy have been proposed as potential 

biomarkers for repetitive brain injury.  These surrogate markers are believed to reflect 

the amount of abnormal Tau present in the brain and CSF.  In particular, the LIM-

domain only protein PINCH has gained some recent attention (Adiga et al., 2014; 

Ozdemir et al., 2013), but it remains to be seen if this protein truly correlates with the 

levels of abnormal Tau in the brain and CSF, and/or if it can be used to predict 

cumulative damage after repetitive TBI. 

After reviewing several of the most extensively studied blood biomarkers, it is 

clear that there are promising biomarker candidates for axonal injury (Tau) and 

astrocytic damage (GFAP and S100β).  However, the majority of TBI studies lack a 

large enough sample size to confidently assess the biological significance of the change 
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in blood levels of these biomarkers.  Therefore, a large-scale, multicenter longitudinal 

approach is needed to explore blood marker utility in diagnosing concussion, recovery 

after injury or predicting responses to future injuries.  
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Temple IRB Approved 
 

03/17/2015 
 
 

Title of research:  Blood markers and repetitive subconcussion 
 
 
Investigator and Department: 
Ryan Tierney, PhD, ATC; Dianne Langford, PhD, Neuroscience; Joon Park, PhD, 
Kinesiology; Cory Keller, MD, Orthopedics and Sports Medicine; Evgeny 
Krynetskiy, PhD, Pharmacy 

 
 
Why am I being invited to take part in this research? 
We invite you to take part in a research study because you are a current active member of the 
Temple University 
Football team who is 18-30 years old and participate in practices during the football season. 

 
What should I know about this research? 

• Someone will explain this research to you. 
• Whether or not you take part is up to you. 
• You can choose not to take part. 
• You can agree to take part and later change your mind. 
• Your decision will not be held against you. 
• You can ask all the questions you want before you decide. 

 
 
Who can I talk to about this research? 
If you have questions, concerns, or complaints, or think the research has hurt you, 
contact the research team : Dianne Langford, PhD, Temple University School of 
Medicine, MERB room 750, tdl@temple.edu , 215-707- 
5487; Ryan Tierney, PhD, ATC 259 Pearson Hall, Temple University rtierney@temple.edu, 215 
204-4001. 
This research has been reviewed and approved by an Institutional Review Board. You may talk 
to them at (215) 
707-3390 or e-mail them at: irb@temple.edu for any of the following: 

• Your questions, concerns, or complaints are not being answered by the research team. 
• You cannot reach the research team. 
• You want to talk to someone besides the research team. 
• You have questions about your rights as a research subject. 
• You want to get information or provide input about this research. 

 
 
Why is this research being done? 
Recent evidence shows that getting multiple concussions or even milder head impacts 
that below the concussion level can lead to permanent damage to the brain. Currently 
there are few measures to indicate how much brain damage has occurred. There are 
some markers in the blood that can indicate how much damage has been done and if the 

mailto:tdl@temple.edu
mailto:rtierney@temple.edu
mailto:irb@temple.edu
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damage is worsening. We are conducting these studies to see if levels of some of these 
markers 
change after a head impact in a football game. 

 
 

What happens if I agree to be in this research? 
If you agree to participate in this research, we will draw blood from your arm 6 times during the 
course of the season: pre season, post season, immediately before and after 2 practices. Each 
blood draw will take less than 5 
minutes and we will let you know at least 24 hours before each draw. Blood will be drawn 
from your arm by trained medical staff on our research team. We will collect approximately 
20 mls (three tubes) of blood during each draw. During the season we will also use film 
review of practices to determine if you experienced a head impact. 

 
If you agree to by in the research study, we will ask you to wear a vector mouth guard from 
i1Biotech.  This mouth guard contains a chip called an accelerometer to measure the force of 
any impacts that you sustain.  

 
What are my responsibilities if I take part in this research? 
If you take part in this research, your blood will be drawn pre-season, post-season and prior 
to and after some practices. 

 
 
What happens if I agree to be in this research, but I change 
my mind later? 
If you agree to take part in the research now and if you stop at any time, it will not be held 
against you. Again, it will in no way affect your relationship with the study personnel. If you 
stop being in the research, already collected data may not be removed from the study database. 
We will tell you about any new information that may affect your health, welfare, or choice to 
stay in the research. 

 
 
Is there any way being in this research could be bad for 
me? Complications of antecubital venous blood draws (drawing blood from your arm) 
include bruising, local infection, phlebitis and injury to structures near the cubital vein. All of 
these complications are uncommon. Pain and dizziness/fainting are other potential risks 
associated with antecubital venous blood draws. Ice will be offered at the end of the test 
session to minimize any pain. 

 
 
Will being in this research help me in any way? 
We cannot promise any benefits to you or others from taking part in this research. However, 
possible benefits include increase awareness of potential damage caused by head impacts. 

 
 
What happens to the information collected for this 
research? 
To the extent allowed by law, we limit the viewing of your personal information to people who 
have to review it. We cannot promise complete secrecy. The IRB, Temple University, Temple 
University Health System, Inc. and its affiliates, and other representatives of these organizations 
may inspect and copy your information. 
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Efforts will be made to limit your personal information, including research study and medical 
records, to people who have a need to review this information. We cannot promise complete 
secrecy. For example, though the 
study team has put in safeguards to protect your information, there is always a potential risk of 
loss of 
confidentiality. 

 
Organizations that may inspect and copy your information include the IRB, Temple University, 
Temple University Health System, Inc. and its affiliates, and other representatives of these 
organizations. Federal law provides additional protections of your personal information. These 
are described in an attached Authorization document referred to above. This research involves 
sampling of DNA and the risk of loss of confidentiality cannot be completely guaranteed. To 
reduce the loss of confidentiality, DNA samples will be stored in a secure location, with no 
participant name attached (each participant will have a unique code number), and accessed only 
by research team members. The protocol in place has been used previously, with no breach of 
confidentiality (Tierney et al., 2010). 

 
Can I be removed from this research without my OK? 
The person in charge of this research or the sponsor can remove you from this research without 
your approval. Possible reasons for removal include failure to follow instructions of the 
research staff, the investigator decides that the research is no longer in your best interests, or 
the sponsor ends this research early or if we receive any 
information during the course of the study that may affect your health, welfare, or choice to stay 
in the research. 

 
 
What will I be paid for taking part in this research? 
Participants will be reimbursed by pre-paid card. Immediately after the pre-season blood draw 
(June), $30 card will be paid to participants. Also, 1-2 weeks after post-season blood draw 
(Dec-Jan), $30 card will 
be paid to participants. During summer training camp (August), after the completion of 1st week 
pads-off post-practice blood drawing participants will be reimbursed with $30 card. After the 
completion of 2nd week pads-off post-practice blood drawing participants will be reimbursed 
with $50 card. After the completion of 3rd week pads-off post-practice blood drawing 
participants will be reimbursed with $60 card. 

 
 

Signature Block for a capable adult  
Your signature documents your permission to take part in this research. 

 
 
 

Signature of subject     Date 
 
 

Printed name of subject 
 

 
Signature of person obtaining consent Date 
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Authorization to use and disclose personal health information for research at Temple 
University, Temple University Health System Affiliates, and Temple University Clinical 
Faculty Practice Plan 
 
Information that will be collected from you and disclosed  

During the course of this research study, which is described by title in the attached consent form and 
study-specific document, certain personal health information will be collected and disclosed to recipients 
identified in this document. It is important for you to know that your personal health information may 
identify you by name, address, telephone number, photograph, social security number, health plan 
number, and date of birth, dates relating to various tests and procedures, or other personally 
identifiable information.  This information may be obtained from your medical records, physical 
examinations and procedures: (a) to determine if you are eligible to participate in the research study 
or (b) created as a result of your participation in the research study. 
 
How your information will be used and to whom it will be disclosed 

By signing this authorization form, you give Temple University, Temple University Health System 
affiliates, and Temple University Clinical Faculty Practice Plan, Temple University Institutional 
Review Board, and the investigator(s) named in the attached study-specific document, permission to 
use your personal health information and to disclose this information to the following recipients (as 
applicable): sponsor; sponsor’s agents; governmental entities overseeing research in the United States 
and abroad, which may include in the United States, the Food and Drug Administration and the 
Department of Health and Human Services.  It is important for you to know that the recipients, and 
their agents or representatives, will take all reasonable efforts to maintain your personal health 
information in confidence, and to use appropriate safeguards to prevent further use or disclosure by 
those not authorized to use or disclose your personal health information.  However, once your health 
information is disclosed to the recipients, then your personal health information may no longer be 
protected by federal privacy laws and regulations and there is a potential for re-disclosure of this 
information.  However, the laws of the Commonwealth of Pennsylvania or your state of residence may 
provide further privacy protection. 
 
How you can access your information 

You should know that you have the right to see and receive a copy of your personal health information 
that was collected from you during the research study for as long as this information is maintained by 
Temple University and the principal investigator.  However, while the research study is in progress, 
you will not be able to access your personal health information in order to preserve the integrity of the 
research.  You will be able to access this information when the study is completed.  There may be 
associated charges for copying these materials. 
 
How to revoke your authorization 

You should also know that you can revoke your authorization to disclose your personal health 
information at any time by sending a written notice to the principal investigator and Temple University 
at the address listed in the attached study-specific document.  Should you decide to revoke your 
authorization, Temple University and the principal investigator will stop collecting your study-related 
health information.  In addition, Temple University and the principal investigator will stop using and 
disclosing your personal health information, except to the extent such information was collected prior 
to your revocation.  For instance, Temple University, principal investigator, recipients, and their 
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agents or representatives may use the information obtained before you revoked your authorization in 
order to preserve the scientific integrity of the research study. 
 
You will receive a signed copy of this authorization to acknowledge your approval for Temple 
University and the principal investigator to the release your personal health information.  If you do 
not sign this authorization or if you revoke this authorization, the principal investigator and Temple 
University may decide not to permit you to participate in or to continue to participate in the research 
study identified in the attached study-specific document. 
 
Version #3: 05/12/2015 
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STUDY-SPECIFIC DOCUMENT 
 

1.  RESEARCH STUDY: Blood Markers and Subconcussion   

 

2.  PRINCIPAL INVESTIGATOR: Dianne Langford, 750 MERB, Temple University 
School of Medicine, PA  19140   
3.  EXPIRATION DATE:  This Authorization does not expire.  
4.  OTHER INFORMATION: Health History related to general health and head and 
neck injury will be assessed via questionnaire. Number of head impact during practice 
will be assessed using film review. Blood levels of proteins and genes thought to be 
related to brain injury will be assessed. Signs and symptoms will be assessed via 
questionnaire.  
 

            

Signature of Participant      Date 

 

            

Printed Name of Participant 

 

            

Signature of Personal Representative of the Participant  Date 

 

            

Printed Name of Personal Representative of the Participant and Relationship to him/her 

 

            

Signature of Person Collecting Authorization  Date 

 

            

Printed Name of Person Collecting Authorization 
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Appendix B 

Concussion History Form 

 

 

 

 

 



121 
 

 

Physical Activity & Health History Questionnaire 

 

Subject Number___________     Date__________        

 

Please answer the following questions honestly and to the best of your ability.   

1. Age ____ 
 

2. Height ________   Weight __________ 
 

3. Are you a current member of a college team? YES ___ NO___ 

  

4. How long have you  a. played football? ____ yrs   

 

5a. Have you ever been diagnosed by a certified athletic trainer or physician with 
a concussion?  YES ___ NO___          

 

5b.  For your concussion(s), approximately when did the concussion(s) occur, 
how long did signs and symptoms last, and how long did you miss athletic 
participation  (please list per concussion, use back of paper if necessary)?    

 

Concussion Date (month-
year) 

Signs and 
Symptoms 
Duration (# of days) 

Length of time until you returned  

to practice or game (# of days) 

1    

2    

3    

4    

5    
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6. In the past year, following a head impact during a game or practice have you 
experienced any of the following. Place ‘X’ in box. 

 

1. Blurred vision  8. Memory problems  

2. Confusion  9. Poor balance  

3. Dizziness  10. Ringing in ears  

4. Easily irritated  11. Seeing stars  

5. Feel ‘in a fog’ or ‘slowed down’  12. Sensitivity to light  

6. Headache  13. Sensitivity to noise  

7. Loss of consciousness  14. Nausea or Vomiting  

 

 

If you have responded yes to any of the above questions, then you may be asked 
to provide further details. If more room is needed to write, then use next page. 

 
7. Please circle yes or no to the following and explain as needed. 
 
YES NO Have you had head or neck injury in the 6 months prior to the study?   
  If yes, then please explain. 
 
 
YES NO Do you have a history of vestibular dysfunction (e.g., vertigo)?  
  If yes, then please explain. 
 
 
YES NO Do you have a history of vision problems (e.g., macular degeneration)?  

If yes, then please explain. 
 
 
YES NO Do you need corrective eyewear?  (glasses or contacts)?  
 
YES NO If yes, would you be able to wear contacts during practice? 
 
YES NO Are you currently taking any medications? 
 

If yes, then please explain. 
  

YES    NO Have you had any lower or upper extremity injuries in the past 6 months? 
 

If yes, then please explain. 
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Appendix C 

SCAT 3 Symptom Score 
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Appendix D 

Statistical Tables 
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APPENDIX D-1. T-Tests Summary for Demographics and Impact Kinematics 
Between Lower and Higher Impact Groups 

Variables t dF P 

Demographics    

Age 0.251 20 0.832 

BMI 1.431 20 0.168 

# of Concussion History -.427 20 0.674 

Years of Football Experience 0.130 20 0.898 

Impact Kinematics    

Avg. Hits 5.036 20 <0.001 

Avg. PLA 4.566 20 <0.001 

Avg. PRA 5.674 20 <0.001 

Sum of Hits 5.506 20 <0.001 

Sum of PLA 5.722 20 <0.001 

Sum of PRA 5.322 20 <0.001 
Note. Average impact kinematics per day between impact groups. Sum of 
impact kinematics from 5 practices between impact groups. BMI, body mass 
index. PLA, peak linear acceleration. PRA, peak rotational acceleration. 
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APPENDIX D-2. T-Tests Summary for Acute Impact Effect 

Variables t dF P 

S100β 6.021 21 <0.001 

PINCH 2.240 20 0.037 

Symptom 0.383 21 0.706 
Note. Acute impact effect was examined post-practice changes 
in outcome measures compared to pre-practice on full-gear 
Pads-ON1 practice.  
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APPENDIX D-3. Pearson r Correlation Summary for Acute 
Change in Outcome Measures and Impact Kinematics 

Variables Kimematics Pearson r P 

S100β 

# of Hits 0.636 0.001 

Sum of PLA 0.570 0.006 

Sum of PRA 0.655 0.001 
    

PINCH 

# of Hits 0.222 0.332 

Sum of PLA 0.289 0.204 

Sum of PRA 0.297 0.191 
    

Symptom 

# of Hits 0.201 0.370 

Sum of PLA 0.191 0.395 

Sum of PRA 0.146 0.516 
Note. Correlations were assessed between pre-post changes in 
outcome measures (S100β, PINCH, and Symptom) and impact 
sustained on full-gear Pads-ON1 practice. PLA, peak linear 
acceleration. PRA, peak rotational acceleration.   
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APPENDIX D-4. ANOVAs Summary for Group by Time interaction 

Variables SS dF MS F P Power 

S100β 0.031 10 0.003 3.189 <0.001 0.138 

PINCH 25224015 10 2522401 2.158 0.022 0.102 

Symptom 14.23 10 1.423 0.721 0.704 0.043 
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APPENDIX D-5. ANOVAs Summary for Time Effect Within-Group 

Variable Group SS dF MS F P Power 

S100B 
Low 0.025 10 0.025 2.503 0.165 0.294 

High 0.232 10 0.023 24.213 <0.001 0.634 

PINCH 
Low 5345142.2 10 534514.2 0.963 0.483 0.121 

High 89022395.1 10 8902239 5.516 <0.001 0.327 

Symptom 
Low 3.318 10 0.332 1.307 0.244 0.157 

High 42.691 10 4.269 1.304 0.240 0.127 
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APPENDIX D-6. Dunnett’s Post-hoc Summary for 
Each Time Point Compared to Baseline 

  P-values 

Time Point  S100β 
High Group 

PINCH 
High Group 

Pads 
OFF 

Pre  0.980 0.820 

Post  0.012 0.001 
     

Pads  
ON1 

Pre  0.510 0.831 

Post  0.001 0.05 
     

Pads 
ON2 

Pre  0.958 0.507 

Post  0.001 0.001 
     

Pads 
ON3 

Pre  0.966 0.823 

Post  0.001 0.211 
     

Pads 
ON4 

Pre  0.953 0.927 

Post  0.006 0.003 
Note. Dunnett’s post-hoc analyses were conducted 
when statistically significant time effect within-group 
was found. See statistical section for detail. 



132 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX D-7. T-Tests Summary for Season Effect 

Variables t dF P 

S100β 0.342 15 0.737 

PINCH 2.250 15 0.039 

Symptom 0.761 15 0.463 
Note. Season-long effect was examined post-season changes 
in outcome measures compared to pre-season.  
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Raw Data 
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APPENDIX E-1. Individual Demographic Data 

subject Group age height 
(cm) 

weight 
(kg) BMI position 

# of 
previous 

concussion 

Years of 
Football 

Experience 

1 2 20 190.5 133.81 36.87 OL 0 10 

2 1 20 175.26 83.01 27.02 WR 0 10 

4 1 22 180.34 86.18 26.50 WR 3 15 

9 1 21 180.34 83.91 25.80 DB 0 2 

10 2 20 190.5 96.16 26.50 WR 3 3 

12 1 19 187.96 107.05 30.12 DL 1 6 

13 2 21 193.04 136.08 36.52 OL 1 3 

15 2 20 193.04 133.81 35.91 OL 1 6 

16 2 19 177.8 83.01 26.26 RB 0 15 

17 2 21 193.04 115.67 31.04 TE 0 10 

19 2 19 187.96 103.42 29.27 LB 0 15 

21 1 21 187.96 138.34 39.16 OL 0 5 

23 1 22 187.96 92.99 26.32 ST 1 4 

25 1 20 185.42 96.16 27.97 ST 0 13 

28 2 19 195.58 108.86 28.46 TE 1 1 

29 2 21 182.88 104.33 31.19 LB 1 15 

30 2 20 185.42 98.43 28.63 DL 0 14 

31 2 22 182.88 107.05 32.01 LB 0 15 

35 2 24 190.5 111.58 30.75 TE 0 15 

36 2 22 172.72 86.18 28.89 DB 1 5 

37 2 21 185.42 133.81 38.92 OL 0 3 

38 1 20 190.5 90.72 25.00 QB 1 15 
Note. BMI, body mass index. OL, offensive lineman. DL, defensive lineman. WR, wide 
receiver. DB, defensive back. RB, running back. TE, tight end. LB, linebacker. ST, special 
team. QB, quarterback.  
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APPENDIX E-2. Frequency of Head Impacts at Each Practice 

Subject Group OFF ON1 ON2 ON3 ON4 Avg Hits 
/ day 

Total Hits/ 
5 practice 

2 1 1 4 1 2 0 1.75 8 
4 1 0 4 5 5 2 4 16 
9 1 0 5 4 0 1 2.5 10 
21 1 0 1 0 5 0 1.5 6 
23 1 0 2 0 0 0 0.5 2 
25 1 0 1 0 0 0 0.25 1 
38 1 1 0 0 0 1 0.25 1 
12 1 5 7 1 2 0 4.5 15 
1 2 2 39 12 17 26 23.5 96 
10 2 4 2 5 7 5 4.75 23 
13 2 1 21 10 9  13.33 40 
15 2 2 6 6 15  9 29 
16 2 1 1 8 6 10 6.25 26 
17 2 0 13 7 3 6 7.25 29 
28 2  12 8 9 14 10.75 43 
29 2 11 25 6 8  13 50 
30 2 1 13 4 17 18 13 53 
31 2 2 17 14 3 15 12.25 51 
33 2 0 10 6 8 17 10.25 41 
35 2 2 21 3 15 8 11.75 47 
36 2 0 8 5 36 6 13.75 55 
37 2 2 21 7 17 10 13.75 57 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, 
lower; 2, higher impact. 
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APPENDIX E-3. Peak Linear Acceleration (g) at Each Practice 

Subject Group OFF ON1 ON2 ON3 ON4 Avg PLA/ 
day 

Total PLA/ 
5 practice 

2 1 29.51 77.84 18.20 22.37 0.00 29.60 147.92 
4 1 0.00 128.73 127.74 149.02 73.22 119.68 478.71 
9 1 0.00 123.69 253.25 0.00 13.98 97.73 390.92 
21 1 0.00 14.57 0.00 84.80 0.00 24.84 99.36 
23 1 0.00 41.17 0.00 0.00 0.00 10.29 41.17 
25 1 0.00 40.87 0.00 0.00 0.00 10.22 40.87 
38 1 29.08 0.00 0.00 0.00 45.54 11.38 45.54 
12 1 40.30 210.00 20.18 22.00 0.00 117.94 292.48 
1 2 38.67 1148.66 268.80 442.30 691.94 637.93 2590.38 
10 2 151.80 43.30 137.23 291.71 202.78 168.76 826.83 
13 2 28.48 486.84 254.58 170.61  304.01 912.04 
15 2 35.76 252.22 135.77 643.57  343.85 1067.32 
16 2 12.49 30.83 276.31 145.78 278.02 182.73 743.42 
17 2 0.00 305.54 180.89 58.52 119.68 166.16 664.63 
28 2  283.17 165.96 308.26 318.64 269.01 1076.03 
29 2 319.00 829.51 295.30 148.79  424.53 1592.60 
30 2 24.61 318.69 114.81 399.66 480.35 328.38 1338.12 
31 2 51.85 576.75 353.16 91.75 413.92 358.90 1487.44 
33 2 0.00 295.30 125.82 240.12 487.30 287.13 1148.54 
35 2 75.94 585.02 71.25 366.52 148.79 292.90 1171.59 
36 2 0.00 212.35 89.87 1068.70 126.24 374.29 1497.16 
37 2 78.64 770.75 223.68 522.54 276.91 448.47 1872.53 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, lower; 
2, higher impact group. 
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APPENDIX E-4. Peak Rotational Acceleration (rad/s2) at Each Practice 

n Group OFF ON1 ON2 ON3 ON4 Avg PRA/ 
day 

Total PRA/  
5 practice 

2 1 957.5 4670.1 913.6 1048.3 0.0 1517.9 7590.54 
4 1 0.0 8579.5 7149.1 6353.9 3312.8 5079.1 22083.53 
9 1 0.0 5558.3 16971.6 0.0 471.6 4600.3 22530.90 
21 1 0.0 1415.2 0.0 6650.7 0.0 1613.2 8066.91 
23 1 0.0 1670.7 0.0 0.0 0.0 334.1 1671.70 
25 1 0.0 3438.9 0.0 0.0 0.0 687.8 3439.89 
38 1 1349.0 0.0 0.0 0.0 1182.0 506.2 1348.97 
12 1 2754.0 12999.0 1187.6 4289.5 0.0 4246.0 21231.11 
1 2 2023.8 63237.4 13524.9 27635.2 42862.2 29856.7 106423.31 
10 2 10746.9 2402.9 8981.9 22480.8 10469.2 11016.3 44614.57 
13 2 3360.8 29981.2 17299.8 11131.7  15443.4 61773.53 
15 2 3491.9 19985.3 9993.2 34789.1 0.0 13651.9 68261.58 
16 2 1094.2 1517.7 22652.4 13452.3 11110.5 9965.4 38718.59 
17 2 0.0 12563.9 10139.6 2594.6 6023.7 6264.3 25300.05 
28 2  14508.9 7077.5 18975.4 17259.1 14455.2 40563.85 
29 2 18485.2 41817.3 18246.1 23522.1  25517.7 102072.77 
30 2 3253.6 16765.4 9629.6 23784.5 31854.1 17057.4 53435.01 
31 2 6153.8 28931.9 18246.1 4150.1 20700.6 15636.5 57484.04 
33 2 0.0 12471.0 6168.5 13503.7 23522.1 11133.1 32145.20 
35 2 3919.1 46289.8 4250.8 26484.6 10088.0 18206.4 80944.27 
36 2 0.0 10554.3 4600.1 88467.5 7249.2 22174.2 103623.96 
37 2 2912.1 42747.7 12996.5 34111.5 15364.5 21626.4 92769.69 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, lower; 2, higher 
impact group. 
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APPENDIX E-5. Individual Plasma S100β level at Each Time Point (ng/ml) 

n Group Baseline OFF 1 
pre 

OFF 1 
post 

ON 1 
pre 

ON 1 
post 

ON 2 
pre 

ON 2 
post 

ON 3 
pre 

ON 3 
post 

ON 4 
pre 

ON 4 
post 

Post-
Season 

2 1 0.004 0.023 0.062 0.047 0.029 0.008 0.003 0.046 0.009 0.003 0.024  
4 1 0.031 0.003 0.084 0.003 0.102 0.007 0.161 0.003 0.128 0.003 0.003  
9 1 0.058 0.003 0.015 0.003 0.112   0.003 0.058 0.014 0.035 0.045 
21 1 0.108 0.111 0.125 0.091 0.152 0.059 0.115   0.019 0.147 0.174 
23 1 0.003 0.003 0.025 0.003 0.012 0.003 0.003 0.003 0.003 0.003 0.043 0.003 
25 1 0.053 0.003 0.004 0.014 0.022 0.014 0.032 0.003 0.038 0.035 0.003 0.003 
38 1 0.070 0.037 0.035 0.003 0.003 0.011 0.016 0.003 0.010 0.003 0.014  
12 1 0.003 0.003 0.003 0.003 0.093 0.003 0.088 0.003 0.003 0.003 0.022  
1 2 0.018 0.004 0.117 0.072 0.237 0.053 0.112 0.023 0.189 0.090 0.155  
10 2 0.169 0.146 0.205 0.175 0.192 0.050 0.205 0.178 0.180 0.113 0.227 0.130 
13 2 0.003 0.016 0.086 0.068 0.182 0.023 0.160 0.070 0.102   0.020 
15 2 0.018 0.045 0.164 0.148 0.160 0.137 0.166 0.061 0.194   0.138 
16 2 0.048 0.025 0.070 0.026 0.064 0.003 0.096 0.003 0.133 0.003 0.047 0.003 
17 2 0.068 0.043 0.096 0.076 0.159 0.038 0.103 0.040 0.096 0.024 0.065 0.054 
19 2 0.042 0.059 0.186 0.063 0.072 0.051 0.105 0.024 0.066   0.003 
28 2 0.017       0.046 0.119 0.003 0.049 0.003 
29 2 0.003 0.003 0.040 0.003 0.079       0.029 
30 2 0.029 0.026 0.109 0.055 0.136 0.003 0.107 0.033 0.095 0.015 0.125 0.028 
31 2 0.068 0.003 0.118 0.104 0.162 0.027 0.107 0.030 0.127 0.030 0.093 0.073 
35 2 0.051 0.043 0.107 0.029 0.152 0.060 0.121 0.003 0.102 0.096 0.087  
36 2 0.023 0.012 0.024 0.003 0.058 0.003 0.159 0.003 0.126 0.028 0.050 0.024 
37 2 0.065 0.035 0.051 0.027 0.157 0.045 0.063 0.003 0.111 0.037 0.087 0.051 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, lower; 2, higher impact. 
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APPENDIX E-6. Individual Plasma PINCH level at Each Time Point (arbitrary unit) 

n Group Baseline OFF  
pre 

OFF 
post 

ON1 
pre 

ON1 
post 

ON2 
pre 

ON2 
post 

ON3 
pre 

ON3 
post 

ON4 
pre 

ON4 
post 

2 2 0 94.4 0 0 0 124.4 13.8 0 0 180.4 0 
4 2 297.5 0 0 0 0 416.2 0 0 670.3 430.5 2882.1 
9 2 0 1505.5 862.9 257.4 5964.7 751.73 2658.5 1022.9 1831.8 220.8 179.0 
21 2 0 0 0 0 0 0 0 0 0 0 0 
23 2 0 0 384.5 146.1 762.6 544.6 212.4 0 0 0 0 
25 2 0 0 0 0 0 0 0 0 0 0 0 
38 2 0 0 0 0 0 939.7 2456.1 1137.7 0 0 0 
12 2 0 294.8 497.6 0 222.8 0 241.8 0 255.8 0 0 
1 1 0 38.8 575.2 27.7 487.2 0 30.8 101.3 122.3 328.3 3151.8 
8 1 0 1340.4 4323.4 1207.7 0 274.9 1919.8 0 4371.1 0 70.2 
10 1 0 0 2560.6 0 28.8 0 4906.7 96.2 0 0 4606.0 
13 1 2199.1 1261.1 1450.3 2131.4 2191.0 1261.1 2131.4 1144.2 890.1 1449.4 1665.7 
16 1 0 0 2885.3 586.7 379.2 3243.4 620.7 905.8 671.0 110.6 2853.4 
17 1 0 0 769.3 148.0 246.7 602.4 3200.2 312.7 3185.5 0 369.0 
19 1 0 169.5 4463.4 0 137.5 0 18.2 20.2 158.7 47.4 1194.4 
20 1 127.0 936.7 1276.8 0 484.0 982.8 4228.9 701.7 1118.3 19.2 2876.4 
30 1 0 0 91.8 0 127.5 6.4 4682.2 0 436.1 221.2 1537.3 
31 1 0 53.8 5485.8 42.8 2895.0 89.9 432.2 341.1 235.7 267.8 640.5 
35 1 0 0 2561.0 101.8 2671.2 232.4 2098.6 0 1764.6 131.8 2001.7 
36 1 1550.7 2012.2 5106.5 1206.1 2727.5 3925.4 2158.3 2265.8 1812.5 699.3 1025.7 
37 1 0 248.6 931.0 389.1 6998.7 178.1 2246.8 122.4 451.0 0 4264.2 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, lower; 2, higher impact. 
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 APPENDIX E-7. Symptom Score at Each Time Point 

n Group Baseline OFF 
pre 

OFF 
post 

ON1 
pre 

ON1 
post 

ON2 
pre 

ON2 
post 

ON3 
pre 

ON3 
post 

ON4 
pre 

ON4 
post 

Post-
Season 

2 1 1 0 2 2 0 1 2 1 2 1 1 0 
4 1 0 0 0 0 0 0 0 0 0 0 0  
9 1 0 0 0 0 0 0 0 0 0 0 0 0 
21 1 0 0 0 4 0 0 0 0 0 0 0 0 
23 1 1 0 0 0 0 0 0 0 0 0 0 0 
25 1 0 0 0 0 0 0 0 0 0 0 0 0 
38 1 0 0 0 0 0 0 0 0 0 0 0  
12 1 0 0 0 0 0 0 0 0 0 0 0 0 
1 2 1 1 0 0 1 2 1 0 2 1 2 0 
10 2 0 0 0 0 0 0 0 0 0 0 0 0 
13 2 2 2 0 0 0 0 0 0 0   0 
15 2 1 2 3 0 0 1 0 0 0    
16 2 2 0 0 0 0 0 0 0 0 0 0  
17 2 0 0 0 4 8 0 8 2 1 0 1 0 
19 2 4 4 4 6 5 5 2 4 8   6 
29 2 1 2 4 3 4 2 1 2 3 4 2 2 
30 2 0 0 1 0 0 0 0 0 0 0 0 0 
31 2 5 0 2 0 0 0 0 0 0 0 1  
33 2 0 1 3 1 1 0 0 0 0 0 0 0 
35 2 3 0 0 1 0 0 0 0 0 0 0 0 
36 2 16 11 3 9 3 4 4 4 4 2 4  
37 2 0 0 0 0 0 0 0 0 0 0 0 0 

Note. OFF, helmet-only Pads-OFF practice. ON, full-gear Pads-ON practice. Group 1, lower; 2, higher impact. 
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