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Abstract

Mild traumatic brain injury (mTBI) affects millions of people annually and is difficult to diagnose. 

Mild injury is insensitive to conventional imaging techniques and diagnoses are often made using 

subjective criteria such as self-reported symptoms. Many people who sustain a mTBI develop 

persistent post-concussive symptoms. Athletes and military personnel are at great risk for repeat 

injury which can result in second impact syndrome or chronic traumatic encephalopathy. An 

objective and quantifiable measure, such as a serum biomarker, is needed to aid in mTBI 

diagnosis, prognosis, return to play/duty assessments, and would further elucidate mTBI 

pathophysiology. The majority of TBI biomarker research focuses on severe TBI with few studies 

specific to mild injury. Most studies use a hypothesis-driven approach, screening biofluids for 

markers known to be associated with TBI pathophysiology. This approach has yielded limited 

success in identifying markers that can be used clinically, additional candidate biomarkers are 

needed. Innovative and unbiased methods such as proteomics, microRNA arrays, urinary screens, 

autoantibody identification and phage display would complement more traditional approaches to 

aid in the discovery of novel mTBI biomarkers.
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Mild traumatic brain injury (mTBI) affects millions of people annually and is difficult to 

diagnose. It is associated with a number of sequelae, such as post-concussive syndrome, 

second-impact syndrome, and chronic traumatic encephalopathy, all of which can result in 

extensive morbidity. An objective and quantifiable measure, such as a biomarker, is needed 

to aid in mTBI diagnosis, prognosis, return to play/duty assessments, and would help to 

further elucidate mTBI pathophysiology. Research of TBI biomarkers in biofluids including 

CSF and serum has largely focused on moderate-to-severe injuries, targeting proteins that 

are present at high levels in affected cells and compartments, using a hypothesis-driven 

approach to discovery. There has been considerable progress in this area, although relatively 
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few studies have targeted mTBI and a clinically useful biomarker has not yet been 

identified. This review aims to summarize the research on potential mTBI fluid biomarkers 

and identifies the need for novel mTBI biomarkers.

Mild traumatic brain injury (mTBI), also often referred to as concussion, accounts for the 

majority of TBI in the United States. 1.4 million TBIs are reported annually (Bruns and 

Jagoda, 2009), and 70–90% are estimated to be mild (Holm et al., 2005). This is a gross 

underestimate, however, since mTBI often goes unreported, particularly in sports and 

military communities (Jordan, 2013; Marion et al., 2011). Sports-related TBIs alone are 

estimated to be as high as 1.6 to 3.8 million annually (Langlois et al., 2006). According to 

medical records, 179,000 military service personnel sustained a TBI during the conflicts in 

Iraq and Afghanistan (Marion et al., 2011). This number is potentially higher; a RAND 

corporation survey identified that 19.5% of members surveyed reported a probable TBI 

(RAND Corporation, 2008).

Mild TBI lacks a consensus definition and frequently relies on subjective, often self-reported 

symptoms to make the diagnosis. In general, mTBI is defined as loss of consciousness 

(LOC) <30 minutes, post traumatic amnesia (PTA) <24 hours, Glasgow Coma Scale (GCS) 

13–15, or transient changes in mental status or neurologic function. In addition, some 

definitions require negative radiology findings, while others exclude a GCS of 13 

(Rosenbaum and Lipton, 2012), likely due to its higher rate of complications and intracranial 

lesions (Stein, 2001; Williams et al., 1990) Many of these criteria can be difficult to assess 

in intoxicated patients, children, and people with pre-existing neurologic conditions 

(Saatman et al., 2008), and GCS is particularly poor at assessing mild injuries (Jagoda et al., 

2009; Saatman et al., 2008). In military populations, recognition of mTBI can be further 

complicated by delay in diagnosis, often by months or years, and is made based on the 

patient’s memory of events in combination with clinical judgment (Pogoda et al., 2014). A 

more objective measure is needed to aid in the diagnosis of mTBI.

While computed tomography (CT) is a more objective measure, it lacks sensitivity in mTBI. 

It is used to diagnose intracranial lesions requiring neurosurgical intervention, the presence 

of which would typically preclude an mTBI diagnosis. In 15% of GCS 14–15 patients 

identified as having intracranial injuries, only 1% required neurosurgical intervention 

(Jagoda et al., 2009). Magnetic Resonance Imaging (MRI) is more sensitive than CT in 

identifying mild brain injury, and advanced imaging techniques such as diffusion tensor 

imaging (DTI) are able to identify white matter tract damage (Bigler, 2013). Despite 

increased sensitivity, current clinical guidelines make no recommendations regarding MRI 

in the diagnosis of mTBI (Jagoda et al., 2009). Radiologic imaging also has drawbacks. CT 

exposes the patient to radiation, which is concerning to the pediatric population because 

children are more susceptible to the effects of radiation (Chen et al., 2014; Pearce et al., 

2012). Additionally, MRI has many contraindications, including imbedded metallic objects 

such as the shrapnel or bullet fragments that are often found in injured military personnel. 

Furthermore, MRI is expensive and limited in some environments, e.g. rural communities or 

combat deployment. Therefore, other objective and quantifiable methods, such as biofluid 

biomarkers, are needed to aid in the diagnosis of mTBI, and would be particularly useful in 

the acute stages of injury.
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Many patients recover fully from mTBI, however, others go on to develop post-concussive 

syndrome (PCS), a potentially debilitating syndrome that consists of physical symptoms 

(headache, dizziness, fatigue), cognitive disturbances (impaired concentration and memory), 

or emotional problems including depression and anxiety (Arciniegas et al., 2005; Ryan and 

Warden, 2003), and can lead to an increased risk for suicide or development of psychiatric 

illness (Carroll et al., 2014; Carroll et al., 2004). While these symptoms often resolve within 

2 weeks, some patients can experience persistent symptoms for months to years (Arciniegas 

et al., 2005; Carroll et al., 2004, 2014; Holm et al., 2005; Ryan and Warden, 2003). 

Development of PCS is multifactorial, encompassing pre-injury factors (age, gender, 

personality), injury factors (mechanism, location) and post-injury factors (medication, 

hormones, plasticity) (Begaz et al., 2006). PCS itself is difficult to diagnose as symptoms 

overlap with other disorders that can occur independently of brain injury, such as 

depression, substance abuse, and post-traumatic stress disorder (PTSD). The difficulty is 

compounded in populations, such as the military (Hoge et al., 2008, 2009; Stein and 

McAllister, 2009), with high rates of these disorders (Seal et al., 2007). There is currently no 

accurate method for predicting which mTBI patients will go on to develop persistent PCS. A 

number of studies have been conducted that assess the ability of clinical symptoms 

(headache, LOC, PTA, vomiting) or imaging (CT and MRI) to predict PCS type symptoms. 

However, none have been successful enough to affect clinical decision making (Berger, 

2006). A better method for predicting PCS is needed, and a prognostic biomarker, measured 

over time or in the post-acute to chronic stage, would aid in outcome predictions and 

assessments. For multifaceted processes such as PCS, such a prognostic biomarker will 

likely be used in combination with other clinical factors (Begaz et al., 2006; Berger, 2006).

In addition to PCS, individuals that sustain repetitive mild traumatic brain injuries are at risk 

for development of chronic traumatic encephalopathy (CTE) or second impact syndrome 

(SIS). These sequelae are of particular concern to athletes and military personnel where high 

incidences of mTBI put them at risk for repeat injury. CTE is a neurodegenerative disorder 

with features of Alzheimer’s disease that results in dementia and parkinsonism (Doolan et 

al., 2012; McKee et al., 2009). SIS, which can be fatal, occurs when a second concussion 

occurs before symptoms from a previous concussion have resolved (Doolan et al., 2012; 

Jordan, 2013). Therefore, when assessing mTBI in patients at risk for repetitive injury, it is 

extremely important to accurately determine when it is safe for the individual to return to 

play or duty. In the sports community there are currently a variety of return to play 

guidelines. In general they focus on rest and rehabilitation, and a stepwise protocol that 

increases physical activity as long as the player remains asymptomatic. Most importantly, 

players are only allowed to return to play if they are asymptomatic with normal 

neuropsychological testing (Doolan et al., 2012; 2006; McCrory et al., 2013). However, 

initial symptoms of mTBI can be subtle and patients may not self-report symptoms 

accurately so relying on symptom resolution as a criteria for return to play can be 

problematic. Additionally, while neuropsychological testing can be done by the treating 

physician it should, ideally, be done by a neuropsychologist (McCrory et al., 2013). A 

biomarker, whose levels could be monitored quantitatively post-injury, would aid in return 

to play/duty assessments, lessening the patient’s risk of SIS or development of CTE.
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Similarly, a biomarker would aid in return to academic assessments. Physical, as well as 

cognitive exertion can aggravate mTBI symptoms and prolong recovery. Therefore, 

appropriate assessment of academic re-entry is critical, especially in children and 

adolescents where recovery is often prolonged (Baker et al., 2014). Additionally, a 

biomarker would aid in return to work predictions. Return to work is an important indicator 

of recovery and individuals employed post-injury report better health and quality of life. 

Identification of individuals at risk for delayed return to work could help identify those who 

could benefit from additional intervention and rehabilitation (Cancelliere et al., 2014).

The need for quantitative and objective biomarkers of mTBI has been emphasized in recent 

NIH and military workshops (Manley et al., 2010; Marion et al., 2011; Saatman et al., 

2008). Bakay and Ward (1983) propose that the ideal brain injury biomarker be present in 

high quantities and specific to the brain, released only after irreversible damage, released in 

time-locked sequence with injury, have a concentration that is correlated with severity of 

injury, and be clinically relevant. However, it is unlikely that a single biomarker will 

perfectly fit each of these criteria. This is particularly true in the post-acute phase where 

pathology is more likely to reflect regenerative or neuroplastic processes (Ottens et al., 

2014) and in prognostic predictions for multifactorial disorders such as PCS (Begaz et al., 

2006; Berger, 2006).

The Biomarkers Definitions Working Group more broadly defines a biomarker as “a 

characteristic that is objectively measured and evaluated as an indicator of normal biological 

processes, pathogenic processes, or pharmacologic responses to a therapeutic intervention” 

(Biomarkers Definitions Working, 2001). The ideal peripheral biomarker will be measured 

non-invasively such as in an easily accessible biofluid, e.g. serum or urine. Furthermore, a 

panel of multiple biomarkers would likely have greater sensitivity and specificity than a 

single marker alone (Jeter et al., 2013a; Marion et al., 2011; Yokobori et al., 2013). Serum 

biomarkers are currently used clinically to diagnose other pathologies, e.g. troponin in 

myocardial infarction, brain natriuretic peptide in congestive heart failure, and amylase/

lipase in pancreatitis. Therefore, a clinically validated serum biomarker holds great potential 

for the diagnosis of mTBI as well as outcome predictions, return to play/duty assessments, 

and therapeutic efficacy evaluations. Furthermore, identification of novel biomarkers would 

help to further elucidate the pathophysiology of mTBI.

The temporal profile of a biomarker is also important. For biomarkers to be suitable for 

evaluation of treatment efficacy, it will be essential to develop a panel of biomarkers 

representing distinct phases of injury and recovery. Based on the timing of various 

components of the secondary injury cascade (Fig. 1), a biomarker for an early postinjury 

timepoint may not be appropriate for a later time point. Immediately following TBI, axon 

stretching and diffuse axonal injury can result in mechanoporation of cellular membranes, 

including axonal membranes, and plasmalemmal leakage of cellular proteins into the CSF 

and serum (Farkas et al., 2006; Greer et al., 2013). Glial membranes may also be damaged, 

resulting in protein release to biofluids (Papa et al., 2012a; Yang et al., 2013b). Released 

proteins may include proteolytic fragments produced by the activation of calpains and 

caspases (Liu et al., 2006; Pineda et al., 2004; Siman et al., 2004, 2013). An injury-triggered 

inflammatory response can result in elevated levels of pro-inflammatory cytokines (Svetlov 
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et al., 2009; Yang et al., 2013a). The temporal profile of each of the above events differs 

(Fig. 1), and therefore the timing of biofluid collection following the injury is an important 

variable in the interpretation of results from different studies. Biomarkers at much later time 

points may also be helpful in the diagnosis of postconcussive syndrome, second impact 

syndrome, and chronic traumatic encelphalopathy. In Table 1, the timing of sample 

collection is indicated for investigations of mTBI biomarkers.

Most biomarker research has focused on proteins abundant in cells impacted by TBI, 

including neurons and glia, with the majority of studies evaluating moderate-to-severe TBI 

as summarized in recent reviews (Dash et al., 2010; Kochanek et al., 2008; Svetlov et al., 

2009; Yokobori et al., 2013). TBI consists of a primary injury induced by an external force 

such as direct impact, acceleration/deceleration, or blast. The primary injury is followed by a 

secondary injury cascade in which there is excitotoxicity (Maas et al., 2008), free radical 

generation and lipid peroxidation (Hall and Braughler, 1993; Hall et al., 2010), astrocyte 

swelling and loss (Floyd and Lyeth, 2007), mitochondrial dysfunction, axonal degeneration, 

and neuronal death. There is a large inflammatory response and alterations in metabolism 

and blood flow (Maas et al., 2008). Additionally, microglia proliferate, migrate to the site of 

injury, and release cytokines (Kreutzberg, 1996). Therefore, the hypothesis-driven approach 

focuses on identifying proteins abundant in astroglia (S100B, Glial Fibrillary Acidic 

Protein), neurons (Neuron Specific Enolase, Ubiquitin C-Terminal Hydrolase-L1), 

oligodendrocytes (Myelin Basic Protein), neuronal cytoskeletal proteins (Spectrin Break 

Down Products, Tau, Neurofilament), inflammatory cytokines, metabolites, and oxidized 

lipids (Dash et al., 2010; Giacoppo et al., 2012; Kobeissy et al., 2008; Kochanek et al., 2008; 

Pineda et al., 2004; Sandler et al., 2010; Svetlov et al., 2009; Yokobori et al., 2013).

The hypothesis-driven approach outlined has been successful in identifying candidate 

biomarkers for severe TBI. However, current clinical guidelines on managing severe TBI do 

not include the use of biomarkers (Brain Trauma et al., 2007; Kochanek et al., 2012). These 

biomarkers are now being investigated in mTBI. The following summarizes the existing 

research on evaluating potential mTBI fluid biomarkers. This review attempts to limit itself 

to mTBI, but in order to be comprehensive some mild injury studies that also investigate 

more severe injuries must be included. These studies are identified and the mTBI data is 

summarized. However, not all of these studies present their mTBI independent of more 

severe injuries. This is noted in the analysis of such studies. This review concludes that new 

strategies such as unbiased methods are needed for the discovery of novel biomarkers and 

that novel biomarkers would benefit the field of mTBI. Examples of unbiased approaches 

are presented with the recommendation that similar and additional approaches can be used 

with mild injury.

Biofluids for mTBI biomarkers

Blood (serum and plasma) is a preferred biofluid for biomarker discover because of the ease 

of access, ease of processing, relatively homogenous samples, and the large amount of 

normative data available (Lundblad, 2003). However, because it comes into contact with all 

tissues and organs, blood can present difficulties in identifying the source of a protein and 

can also present challenges in terms of sensitivity and dynamic range (Good et al., 2007).
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Most mTBI studies have evaluated potential biomarkers in serum (Table 1). The process of 

clotting removes fibrinogen and other proteins, either directly or indirectly, and may add 

other proteins secreted from cells during blood coagulation (Lundblad, 2003). There is not 

strong evidence to demonstrate a preference for either EDTA plasma or serum for biomarker 

detection and measurement, but it is important to recognize that there can be differences in 

detectability and variability for individual biomarkers (Alsaif et al., 2012; O’Neal et al., 

2014).

CSF provides a window into changes in the CNS, and contains relatively low protein levels 

relative to volume making detection of released proteins or fragments easier than with serum 

(Romeo et al., 2005). While individuals with severe TBI typically receive a ventriculostomy 

catheter for collection of CSF, obtaining CSF from individuals with mTBI and healthy 

controls is more difficult as CSF samples are not typically obtained following mTBI (Good 

et al., 2007).

Other potential sources of biofluids for markers of brain injury include saliva and urine, 

which can be obtained with non-invasive techniques. However, a disadvantage is both 

biofluids are compositionally dependent on flow rates. Saliva samples have been utilized to 

measure cortisol levels in response to stress following TBI (Bay et al., 2005; Bohnen et al., 

1992), but is otherwise largely unexplored as a potential source of TBI biomarkers. Urine 

has begun to be evaluated for potential biomarkers and is discussed in greater detail later in 

this review.

The hypothesis-driven approach

Based on the success of serum troponin-T as a biomarker for myocardial damage, (Mair et 

al., 1992), a search began for biomarkers of brain injury. Putative candidates were identified 

based on their relatively high abundance in cells or cellular compartments known to be 

affected in TBI, and protein concentrations in blood or CSF were evaluated.

Early TBI biomarker candidates were lactate dehydrogenase and creatine kinase BB. 

However, these did not have sufficient specificity, sensitivity, or selectivity (Ingebrigtsen 

and Romner, 2003; Raabe et al., 1999). More promising was the beta form of S-100, 

S-100B, a calcium binding protein produced in astrocytes (Ingebrigtsen and Romner, 2003; 

Ingebrigtsen et al., 1995; Raabe et al., 1999). Other candidates examined included neuron-

specific enolase and myelin basic protein, as markers of neuron and axonal damage, 

respectively (Kochanek et al., 2008). Also evaluated as putative biomarkers are intermediate 

filament proteins in astrocytes (glial fibrillary acidic protein (Eng et al., 1971)) and neurons 

(neurofilaments). Ubiquitin C-terminal hydrolase L1 was discovered by two-dimensional gel 

electrophoresis as a neuron-specific protein, also known as protein gene product (PGP) 9.5, 

abundant in the neuronal cytoplasm (Doran et al., 1983). This initial study suggested its 

potential utility in the detection of neuronal damage. Spectrin (also known as brain fodrin), 

is a component of the membrane cytoskeleton abundant in axons and presynaptic terminals. 

Spectrin was identified as a substrate for calpain 1 (Siman et al., 1984) and subsequently 

shown to be degraded in vivo by excitotoxic insults (Siman and Noszek, 1988). Antibodies 

against spectrin breakdown products identified vulnerable neurons following cerebral 
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ischemia (Roberts-Lewis et al., 1994) and experimental traumatic brain injury (Pike et al., 

1998; Saatman et al., 1996). Fragments of spectrin were identified in CSF following brain 

injury in rats (Pike et al., 2001; Siman et al., 2004) and humans (Farkas et al., 2005). More 

recently, improvements in detection have enabled evaluation of spectrin breakdown products 

in serum as potential biomarkers of TBI (Berger et al., 2012; Siman et al., 2013). These and 

other putative TBI biomarkers are discussed below. Other molecules known to be affected 

by TBI pathophysiology such as metabolites, lipids, and cytokines have also been targeted 

as potential TBI biomarkers (Tables 1 and 2).

S100B

S100B is a calcium binding protein, highly abundant in astroglia and also associated with 

neurons (Michetti et al., 2012). It is the most extensively studied biomarker in all severities 

of TBI, with well over 300 studies to date. S100B is the closest a biomarker for mTBI has 

come to clinical use. In neuroimaging guidelines for adults with mTBI, the American 

College of Emergency Physicians/Centers for Disease Control and Prevention state that “in 

mild TBI patients without significant extra-cranial injuries and a serum S-100B level less 

than 0.1μg/L measured within four hours of injury, consideration can be given to not 

performing a CT” while noting that measuring S100B levels is not an FDA approved test for 

clinical use (Jagoda et al., 2009). S100B has been implemented into clinical practice in 

Scandinavia where guidelines for the initial management of minimal, mild, and moderate 

head injury recommend that GCS 14–15 patients with no risk factors and a serum S100B 

<0.10 μg/L measured within six hours of injury be discharged without a CT scan, 

considering it a “moderate quality, strong recommendation” (Unden et al., 2013). However, 

although acknowledging that S100B can be a sensitive indicator of brain injury, whether it 

adds value to clinical guidelines for mTBI diagnosis has been questioned (Kontogeorgis, 

2013).

S100B is not specific to the brain. It is also found in Schwann cells, chondrocytes, 

adipocytes, and exocrine cells (Haimoto et al., 1987). S100B is also not specific to brain 

injury; serum levels are elevated after ischemic-reperfusion injury of abdominal organs 

(Pelinka et al., 2004a), myocardial ischemia (Cai et al., 2011; Mazzini et al., 2005) and 

following non-cranial trauma (Anderson et al., 2001). It is elevated in patients with mood 

disorders (Schroeter et al., 2013) and is currently being investigated as a biomarker of 

melanoma (Gogas et al., 2009; Tandler et al., 2012). Furthermore, S100B levels vary in the 

pediatric population based on age (Astrand et al., 2011). Whether S100B is correlated with 

injured brain tissue or passes through a damaged blood brain barrier has been questioned 

(Koh and Lee, 2014). Aside from its putative diagnostic value, S100B may promote 

neurogenesis and recovery (Kleindienst and Bullock, 2006).

Despite its lack of specificity, S100B continues to be investigated as a potential biomarker 

of TBI. Its ability to identify TBI patients and predict intracranial lesions has been covered 

by the previously mentioned reviews as well as reviews of mild injury (Begaz et al., 2006; 

Jeter et al., 2013a; Mondello et al., 2014; Zetterberg et al., 2013). Because of the vast 

number of studies evaluating S100B as a potential biomarker for various TBI severities, we 

have focused on S100B’s role in outcome predictions following mTBI (Table 1).
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Several studies examined S100B levels in the first few hours after mTBI as a possible 

predictor of PCS at later time points. Ingebrigtsen et al. (2000) found no significant 

correlation between a high serum S100B concentration (>0.20 μg/L, <3 h post-injury) and 

PCS symptoms or duration of sick leave at three months post-injury. In a prospective study, 

Bazarian et al. (2006) also found no correlation between serum S100B (<6 h) and PCS three 

months post-injury. De Kruijk et al. (2002) assessed post-traumatic complaints (PTC) six 

months post-injury, in patients who presented with GCS 14–15, and found that elevated 

serum S100B (>0.30 μg/L, <6 h) was significantly associated with forgetfulness. Presenting 

clinical symptoms such as dizziness, headache, nausea and vomiting were also significantly 

associated with PTC. Savola and Hillbom (2003) evaluated PCS symptoms present for 

greater than one month following mTBI. At a cutoff of 0.20 μg/L for serum S100B levels 

normalized for time of injury, sensitivity was 92% and specificity was 41% for predicting 

PCS. However, multivariate analysis also identified skull fracture, dizziness, headache and 

age as risk factors for PCS. Topolovec-Vranic and colleagues used the Rivermead Post-

Concussive Symptoms Questionnaire (RPQ), neurocognitive testing, and postural stability 

measures to evaluate mTBI patients at 3 days, 1 week and 6 weeks post-injury. A lower 

Galveston Orientation and Amnesia Test in the emergency room, higher RPQ score on day 

3, and an elevated S100B (>0.1 μg/L, <4 h) level predicted poor outcome 1 week post- 

injury with an area under the curve (AUC) of 0.877. However, once S100B was removed the 

AUC was 0.865, and S100B alone was a poor predictor of outcome 1 week post-injury 

(Topolovec-Vranic et al., 2011). In summary, the predictive value of acute serum S100B 

levels for the persistence of TBI symptoms characteristic of PCS is inconclusive.

Cognitive impairment has also been assessed in relation to S100B levels. Stapert et al. 

(2005) found that in GCS 14–15 patients, elevated levels of serum S100B (>0.22 μg/L, <6 h) 

did not correlate with decreased cognitive speed or impaired memory upon 

neuropsychological testing 7–21 days post-injury. de Boussard et al. (2005) did not observe 

a correlation between elevated serum S100B (>0.15 μg/L, <24 h) or S100A1B (>0.85 μg/L, 

<24 h) in GCS 14–15 patients with cognitive impairment at three months post-injury. In 

contrast to these findings, Muller et al. (2009) reported that GSC 13–15 patients with 

elevated serum S100B (>0.14 μg/L, <12 h) performed significantly worse on 

neuropsychological testing at baseline and six months post-injury. However, this was also 

true for patients with a GCS of 13–14 or a positive CT/MRI scan. None of these factors 

influenced the time trend of recovery. This study’s contrasting results are likely due to 

including patients with more severe injuries (GCS 13) and a greater number of intracranial 

lesions.

Additional relationships between S100B and outcomes have been explored. High serum 

S100B levels (>0.15 μg/L, <3 h) in GCS 15 patients predicted failure to return to work or 

activities one week post-injury with 80.0% sensitivity and 74.4% specificity, although 99% 

of the mTBI patients returned to work within one month (Stranjalis et al., 2004). Very high 

serum S100B (>0.48 μg/L, <6 h) in patients presenting with a wide range of initial TBI 

severities (GCS 4–15) was predictive of Glasgow Outcome Scale Extended (GOSE) scores 

of <5 (severe disability) at one month post-injury, with 90% sensitivity and 83% specificity 

(Townend et al., 2002).
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In summary, low serum S100B levels in the first few hours following injury, when 

combined with other diagnostic measures, provide reassurance regarding the relatively 

‘mild’ nature of the brain injury, but are not by themselves diagnostic. With more severe 

brain injuries, greater serum S100B levels tend to be associated with slower recovery and 

worse outcomes, although high S100B levels may be due to causes other than or in addition 

to brain injury.

Glial fibrillary acidic protein (GFAP)

GFAP is an intermediate filament protein associated with the astroglial cytoskeleton (Eng et 

al., 1971). It is specific to the nervous system, and increased GFAP immunoreactivity is 

used as an indicator of brain injury following experimental models of mTBI (Bolton and 

Saatman, 2014; Hylin et al., 2013). GFAP was first successfully measured in human blood 

in 1999, with serum GFAP levels elevated in 12 of 25 patients with severe TBI (Missler et 

al., 1999).

Using a mouse weight drop model to evaluate two levels of mTBI, one with hemorrhage 

(complicated mTBI) and one without (uncomplicated mTBI), Yang et al. (2013b) found that 

serum GFAP was significantly elevated above sham in both injury models at 90min and 6 h 

post-injury, but had returned to normal by 24 h.

In a small study of nine patients, Kou et al. (2013) found serum GFAP (<24 h) significantly 

elevated in mTBI patients. Levels were further significantly increased in patients with 

hemorrhage, but did not correlate with white matter damage. However, the small sample 

size in this study precludes general conclusions. In a larger study, the ability of serum GFAP 

(<4 h) to predict intracranial lesions on CT was compared to that of S100B (Papa et al., 

2014). Although patients consisted of GCS 9–15, only 3 of the 209 TBI patients had a GCS 

< 13 and 10% were identified as having intracranial lesions. Both S100B and GFAP were 

significantly elevated in TBI and further elevated in patients with intracranial lesions. For 

GCS 14–15 patients, the AUC for identifying intracranial lesions was 0.82 for GFAP and 

0.77 for S100B. In the presence of extra-cranial injuries using a cutoff level of 0.067ng/mL, 

GFAP was 100% sensitive and 55% specific for predicting intracranial lesions. A cutoff of 

0.20ng/mL for S100B also yielded 100% sensitivity but only 5% specificity. The authors 

conclude that GFAP outperforms S100B in identifying intracranial lesions in mild and 

moderate TBI, even in the presence of extra-cranial injuries.

Papa et al. (2012a) investigated GFAP breakdown products (GFAP-BDP (<4 h) in serum of 

four groups: mTBI (GCS 13–15), moderate TBI (GCS 9–12,) trauma controls, and non-

trauma controls. GFAP-BDP were significantly elevated in the mTBI patients compared to 

the non-trauma controls, and when GCS 15 patients were assessed independently, the AUC 

was 0.88 for identifying brain injury. GCS 15 patients also had significantly higher GFAP-

BDP levels than the trauma controls, and GFAP-BDP was further elevated in GCS 15 

patients with CT positive lesions. While this study suggests GFAP-BDP may be a potential 

marker of mTBI, most of the statistical analysis was performed using all patient data (GCS 

9–15) or for the GCS 15 patients only. Additionally, a relatively high percentage (19.8%) of 

GCS 15 patients receiving CT scans were positive for an intracranial lesion. This is much 

greater than the 5–6% of GCS 15 patients with intracranial lesions in other studies (Holm et 
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al., 2005; Jagoda et al., 2009; Miller et al., 1996). Also of interest is that a significant 

increase in GFAP-BDP was observed in trauma controls. The source of this elevated serum 

GFAP is uncertain.

In a study that included a range of TBI severities from mild to severe, plasma GFAP-BDP 

(<24 h) was able to distinguish mild injury from moderate-severe injury with an AUC of 

0.87 (Okonkwo et al., 2013). However, control patients were not included, there was no 

analysis of mild versus moderate patients, and the majority of statistics were analyzed using 

all injury levels.

Overall, serum GFAP and its breakdown products appear to be increased in mTBI and may 

represent a more sensitive marker than S100B inidentifying intracranial lesions. However, 

additional studies focusing specifically on mTBI (GCS 13–15), which include the 

appropriate controls and statistical comparisons, are needed for validation.

Neuron specific enolase (NSE)

NSE is a glycolytic protein located in the cytoplasm of neurons (Vinores et al., 1984). 

Unlike its name suggests, NSE is not neuronal specific as it is also found in neuroendocrine 

cells, oligodendrocytes, thrombocytes, and erythrocytes (Dash et al., 2010; Schmechel et al., 

1978). Serum levels are increased during cardiopulmonary bypass (Johnsson et al., 2000), 

trauma, shock and ischemic-reperfusion injury (Pelinka et al., 2005; Pelinka et al., 2004b). 

Due to the high concentration of NSE in erythrocytes even invisible hemolysis can increase 

levels in serum samples, and NSE can only be evaluated accurately in non-hemolyzed 

samples that have been stored properly (Ramont et al., 2005). In order to avoid false-

positives, NSE should be measured in serum with very low levels of free hemoglobin (Tolan 

et al., 2013). Despite this lack of specificity and difficulty in measuring accurately, 

numerous studies have investigated NSE as a potential biomarker of mTBI.

Using a mouse weight drop model, Yang et al. (2013b) found serum NSE significantly 

elevated at 90 minutes in mTBI both with and without hemorrhage, but at 6 h and 24 h it 

only remained significantly elevated in the hemorrhagic group. Using the same mTBI model 

with hemorrhage parameters, this group combined mTBI with a period of hypoxia. At 24 

hours, serum NSE was significantly elevated in mTBI and even further elevated in mTBI

+hypoxia (Yang et al., 2013a). In a study focusing on cerebrovascular inflammation in a rat 

model of mild blast injury (mbTBI), Abdul-Muneer et al. (2013) found serum NSE 

significantly elevated over control at 6 h and 24 h post-injury.

In humans, early studies showed serum NSE to be elevated in mTBI patients (Pelsers et al., 

2004; Skogseid et al., 1992), although subsequent reports indicate a lack of clinical 

relevance despite elevated levels. In a study of 104 mTBI patients and 92 healthy controls, 

serum NSE (<6 h) was significantly elevated in mTBI patients, but the overlap with controls 

was deemed too considerable for NSE to be of diagnostic value (de Kruijk et al., 2001). In 

assessing the ability of serum NSE (<3 h) to predict intracranial lesions, Wolf et al. (2013) 

used a cutoff value of 14.7 μg/L to obtain a sensitivity of 56%, a specificity of 77%, and an 

AUC of 0.64. AUC reached 0.88 when NSE levels were combined with S100B, nausea, 

amnesia, unconsciousness, and an age >60, leading the authors to conclude that NSE levels 
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alone were of little prognostic value. Acutely, Mussack et al. (2002) found no significant 

differences in serum NSE (~24.3min) between intoxicated mTBI patients and controls. In 

patients with a variety of TBI severities, there was a correlation between serum NSE level 

(<24 h) and mild injury GCS scores (>13) (Meric et al., 2010). However, there was not a 

significant difference in NSE levels between mTBI and trauma controls, or NSE and 

outcome (GOS score). In a study of professional hockey players, there was not a significant 

change in serum NSE levels between those obtained preseason and following concussion 

(Shahim et al., 2014).

In contrast to the above studies, NSE exhibited potential as a TBI biomarker in a pediatric 

population (<13 years of age) with varying severities of inflicted (iTBI) and non-inflicted 

(nTBI) (Berger et al., 2005). Serum NSE was significantly elevated in both iTBI and nTBI 

patients but did not correlate with the GCS score. Using a cutoff value of 11.36ng/mL to 

identify TBI, the AUC was 0.85, sensitivity was 71% and specificity was 64%. When 

combined with S100B levels (cutoff of (0.017 ng/mL), this was improved to AUC 0.87 and 

the sensitivity and specificity to 80% and 73%, respectively. In a small number of patients 

(n=12) with GCS 15, normal CT, no LOC, and no seizure, 89% had elevated NSE levels. 

While this study appears to show potential for NSE as a biomarker of pediatric TBI, 

particularly when combined with S100B, mTBI patients were not analyzed separately, and 

the lack of correlation between NSE and severity conflicts with other data (Meric et al., 

2010; Woertgen et al., 2001). The authors acknowledge this, indicating that the lack of 

correlation may result from fluid resuscitation causing dilution in severe TBI patients as well 

as difficulty in obtaining GCS scores in infants, intubated, sedated, and paralyzed patients. 

In a follow-up study, serum and/or CSF was analyzed in well-appearing infants (<1 yoa) 

with inflicted iTBI. This study specifically targeted “well-appearing infants” with non-

specific symptoms such as vomiting, seizure, lethargy and fussiness. A cutoff value of 

11.77ng/mL gave an AUC of 0.70, a sensitivity of 69% and a specificity of 70% for 

identifying iTBI. Sensitivity and specificity levels were altered when combined with the 

additional marker myelin basic protein. An increase in either protein resulted in 79% 

sensitivity and a 70% specificity. An increase in both markers was 100% specific, but only 

31% sensitive. The authors conclude that NSE may be useful as a screening test in infants 

that are at risk for iTBI (Berger et al., 2006).

NSE has also been investigated as a potential marker of outcome following mTBI. In GCS 

14–15 patients, De Kruijk et al. (2002) found that six months post-injury, an elevated serum 

NSE (>0.10 μg/L, <6 h) was significantly associated with headache, although clinical 

symptoms at time of admission were also associated with post-traumatic complaints. In 

studies assessing one year outcomes, a correlation between serum NSE levels (<10 h) and 

PTSD was not found (Sojka et al., 2006; Stalnacke et al., 2007). Additionally, there was no 

significant correlation between NSE and patients accepting a consultation for further 

management of injury, or between NSE and consultation patients with decreased cognitive 

function. Topolovec-Vranic et al. (2011) used multiple measures to assess outcome after 

mTBI. At six weeks post-injury, female gender, LOC, higher RPQ score on day 3, and 

elevated NSE levels (>14.6 μg/L, <4 h) predicted poor outcome with an AUC of 0.895. 
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However, once NSE was removed, the AUC was still 0.873, and NSE alone was a poor 

predictor of outcome at 6 weeks with an AUC of only 0.629.

In summary, while serum NSE may be elevated in mTBI, its location in erythrocytes makes 

it difficult to utilize for diagnosing mTBI or predicting outcome in adults. Berger and 

colleagues propose that further investigation of NSE in the pediatric population is warranted 

(Berger et al., 2005, 2006).

Ubiquitin C-terminal hydrolase-L1 (UCHL1)

UCHL1 is located in the cytoplasm of neurons (Doran et al., 1983; Jackson and Thompson, 

1981) and makes up 1–2% of total soluble protein in the brain (Jeter et al., 2013a). However, 

it is also located in neurons of the peripheral nervous system, particularly the neuromuscular 

junction (Chen et al., 2010), as well as cells of the diffuse neuroendocrine system 

(Thompson et al., 1983). UCHL1 has also been identified in aortic endothelial and smooth 

muscle cells (Takami et al., 2007) and tumors (Campbell et al., 2003). It is involved in the 

addition or removal of ubiquitin from proteins destined for the proteasome pathway and is 

important for the removal of excessive, oxidized, or misfolded proteins in both physiologic 

and pathologic conditions such as neurodegenerative disorders (Mondello et al., 2014; 

Yokobori et al., 2013).

Papa et al. (2012b) analyzed serum UCHL1 (<4 h) in mild TBI (n = 86), moderate TBI (n 

=10), trauma controls, and non-trauma controls. For GCS 15 patients, serum UCHL1 was 

significantly elevated above non-trauma controls with an AUC of 0.87. GCS 15 patients also 

had significantly higher UCHL1 levels than the trauma controls, and levels were further 

elevated in GCS 15 patients with CT positive lesions and GCS 15 patients requiring 

neurosurgical intervention (NSI). While this study does suggest UCHL1 may be a potential 

marker of mTBI, most of the statistics in this study were either calculated using all patient 

data (GCS 9–15) or for the GCS 15 patients only. Additionally, 5% of GCS 15 patients 

(4/77) required neurosurgical intervention, which is greater than the 1% of GCS 14–15 

patients requiring neurosurgical intervention in other studies (Holm et al., 2005; Jagoda et 

al., 2009).

In a much smaller study (n=9), serum UCHL1 (<6 h) was significantly elevated in mTBI 

patients (<6 h) (Kou et al., 2013). However, UCHL1 levels did not correlate with white 

matter damage. In a study of various TBI severity levels, serum UCHL1 (<24 h) could 

distinguish mTBI patients with intracranial lesions from those without intracranial lesions 

with an AUC of 0.713 (Diaz-Arrastia et al., 2014). In mTBI patients, however, there was no 

correlation between UCLH1 and recovery (GOSE >8) six months post-injury. While there 

was a significant increase in UCHL1 levels in moderate/severe TBI when compared to 

mTBI, mTBI patients were not compared to controls.

In a study of high school football players, 15 athletes had serum drawn before and after two 

games (Puvenna et al., 2014). There was not a significant difference in UCHL1 levels 

between negative controls and mTBI positive individuals (<6 h) regardless of positive or 

negative CT findings. Additionally, there was no correlation between serum UCHL1 and the 

number of sub-concussed head hits. UCHL1 and S100B, used as markers of brain damage 
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and blood brain barrier disruption, respectively, were both elevated post-game. However, 

only S100B, not UCHL1, was correlated with number of sub-concussive head hits and the 

elevation in UCHL1 did not correlate with increases in S100B. The authors suggest the post-

game UCHL1 elevations could be due to neuromuscular junction release. A small 

(mTBI=11) pediatric study, encompassing multiple levels of injury also found no significant 

elevations of UCHL1 in serum (<24 h) of mTBI patients (Berger et al., 2012).

In summary, there are contrasting data regarding use of UCHL1 as a serum biomarker of 

mTBI. Some studies suggest itmay hold promise for diagnosing mTBI or identifying 

intracranial lesions, while others did not find a significant correlation with injury. Release 

from non-CNS sources, including the neuromuscular junction, may contribute to elevated 

serum levels.

Myelin basic protein (MBP)

MBP is a component of oligodendrocytes of the central nervous system and Schwann cells 

of the peripheral nervous system (Barbarese et al., 1988). It is the second most abundant 

protein in CNS myelin (Boggs, 2006) and is found in the CSF of patients with 

demyelinating diseases such as multiple sclerosis (Lamers et al., 2003). Since 

oligodendrocyte/white matter damage occurs during diffuse axonal injury (DAI), a 

characteristic of mTBI (Sharp and Ham, 2011; Shenton et al., 2012), MBP has been 

identified as a potential biomarker of mTBI.

Berger et al. (2005) evaluated serum MBP in the pediatric population. In children with 

multiple severities of inflicted and non-inflicted TBI, serial serum samples were measured, 

and initial MBP levels were not different from controls. However, there was a difference in 

peak MBP levels between patients with and without intracranial hemorrhage. Using a cutoff 

value of 0.3ng/mL to identify intracranial hemorrhage, the AUC was 0.69, sensitivity was 

44% and specificity was 96%. Importantly in a small number of patients (n=12) with GCS 

15, normal CT, no LOC, and no seizure, 0% of patients had an elevated MBP. Similarto 

NSE, the authors found no correlation between MBP and GCS score and conclude that MBP 

is unlikely to be a useful screening tooling for TBI because MBP levels do not peak 

promptly. In their follow-up study of iTBI in infants, MBP was 36% sensitive and 100% 

specific for identifying iTBI at a cutoff value of 0.30ng/mL (Berger et al., 2006). When 

combined with the additional marker NSE, an increase in either protein resulted in 79% 

sensitivity and a 70% specificity. An increase in both markers was 100% specific, but only 

31% sensitive. The authors conclude that MBP may be useful as a screening test in infants at 

risk for iTBI.

Similar to NSE, MPB may be of value as a biomarker for pediatric TBI including iTBI. 

Since MBP peaks in serum between 48 h and 72 h post-injury and can remain elevated for 

up to two weeks (Berger et al., 2005), it may be of greatest value in post-acute mTBI. MBP 

also shows promise as an indicator of intracranial hemorrhage. However, most studies 

evaluating MBP as a potential TBI biomarker have examined more severe injuries, and 

those examining mTBI have had relatively small sample sizes.
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Spectrin break down products (SBDP)

αII-Spectrin is a cytoskeletal protein abundant in axons and pre-synaptic terminals of 

neurons (Weiss et al., 2009). It is cleaved to spectrin break down products (SBDP) during 

cellular insults and cell death (Siman and Noszek, 1988; Wang et al., 1998). Calpain, 

involved in necrosis, cleaves spectrin to 150 and 145 kDa fragments (SBDP150 and 

SBDP145), while caspase-3, involved in apoptosis can also produce a 150 kDa band along 

witha 120 kd breadown product SBDP120 (Wang et al., 1996, 1998). However, αII-spectrin 

is not specific to the brain and is a target during apoptosis of other cells such as lymphocytes 

and hematopoietic cells (Wang et al., 1998). Although studies are few to date, serum 

detection of spectrin breakdown products is emerging as a promising biomarker of mTBI.

In a controlled cortical impact (CCI) rat model of mild and severe TBI, Ringger et al. (2004) 

found that SBDP were significantly elevated in the CSF of mTBI rats 2 h, 6 h, and 24 h 

post-injury. To date, serum SBDPs have not been evaluated in experimental mTBI models.

In a human study, Siman et al. (2013) evaluated the N-terminal αII-spectrin fragment 

(SNTF) producedby calpain cleavage. In plasma (<24 h) of patients with negative CT scans, 

SNTF was elevated in a subset of mTBI and orthopedic injury patients. Elevated SNTF 

levels were associated with diffuse axonal injury as assessed by diffusion tensor imaging, as 

well as with impaired cognitive function. Elevated plasma SNTF in CT-negative mTBI 

patients was 100% sensitive and 75% specific for predicting impaired cognitive performance 

three months post-injury. In a subsequent study, SNTF was evaluated in serum of concussed 

hockey players (Siman et al., 2014). Significant elevations above average pre-season 

baseline levels were observed 12–144 h post-concussion, and levels returned to baseline by 

the time post-concussive symptoms had resolved and players were allowed to return to play. 

Furthermore, players whose symptoms took longer than six days to resolve had significantly 

higher levels of SNFT 12–36 h post-concussion than players whose symptoms resolved 

more quickly. The AUC for diagnosing concussions with persistent post-concussive 

symptoms was 0.87. Tau measured at 12 h was also found to be significantly elevated in 

players whose symptoms took greater than six days to resolve, but multivariate analysis 

combining SNTF and tau did not improve the diagnostic accuracy above SNTF alone. In 

contrast, Berger et al. (2012) evaluated serum SBDP (<24 h) in a small (mTBI= 11) 

pediatric population and found no statistical difference between mTBI and control patients.

Overall, current data regarding serum spectrin breakdown products as biomarkers of mTBI 

is promising yet data is limited.

Tau

Tau is a microtubule-associated protein abundant in axons, but can also be found in the liver, 

kidney, and testes (Morris et al., 2011). Tau is phosphorylated under both physiologic and 

pathologic conditions (Schwab et al., 1994), but is hyper-phosphorylated in neurofibrillary 

tangles characteristic of Alzheimer’s and CTE (Morris et al., 2011). Similar to αII-spectrin, 

tau can be proteolytically cleaved by caspases and calpains to generate a 17kDa fragment (c-

tau) (Canu et al., 1998).
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In pediatric patients (<14 yoa) with GCS 14–15, Guzel et al. (2010) found serum tau was 

significantly elevated in mTBI, although there was no difference in levels between patients 

with positive versus negative CT. In a cohort of GCS 13–15 patients that also included 

children, there was also no correlation between serum tau levels (<24 h) and positive CT 

(Kavalci et al., 2007). A significant increase in serum tau (<10 h) was observed in mTBI 

patients at high risk for intracranial lesions (GCS 13, worsening headache, seizure, 

vomiting, >60 years of age) (Bulut et al., 2006). However, this is of limited clinical value as 

these patients would likely receive CT scans based on their risk factors.

In a study of professional hockey players in which NSE was also evaluated post-mTBI 

(Shahim et al., 2014), plasma total tau levels were also measured using an ultra-sensitive 

assay, and found to be significantly increased in concussed players when compared to 

preseason controls, with levels remaining significantly elevated for at least 6 days. 

Importantly, the concentration of tau one hour post-injury was correlated with the number of 

days it took for symptoms to resolve, and high levels at 6 days correlated with persistent 

PCS.

Tau has also been investigated as a prognostic marker in mTBI, although with negative 

results. Serum cleaved-tau (<6 h) did not correlate with PCS at three months following 

mTBI (Bazarian et al., 2006; Ma et al., 2008), or (<10 h) at six months postinjury (Bulut et 

al., 2006).

In summary, the utility of serum tau or cleaved-tau as a biomarker for mTBI is inconsistent. 

Some studies suggest it is elevated in mTBI and correlates with post-injury symptoms, while 

others find it cannot predict CT positive lesions or outcome. Increased sensitivity of tau 

assays (Rubenstein et al., 2014; Shahim et al., 2014) could clarify utility of tau as a 

biomarker for mTBI.

Neurofilaments (NF)

NFs are intermediate filament proteins found in axons and dendrites of neurons (Gatson et 

al., 2014). They are CNS specific and are composed of light (NFL), medium (NFM) or 

heavy chains (NFH). NFH can be extensively phosphorylated (pNFH), which protects 

neurofilaments from degeneration. Biofluid NFH levels are increased in a variety of CNS 

disorders such as multiple sclerosis, Alzheimer’s disease, and amyotrophic lateral sclerosis 

(Petzold, 2005). Few studies have investigated biofluid NF in mTBI.

Mild CCI in rats produced no increase in serum pNFH at any time point examined (1 h–7 d) 

(Anderson et al., 2008). NFH was included in a panel of serum biomarkers in experimental 

blast TBI studies as discussed below for Reverse Phase Protein Microarray.

However, in a human mTBI study, Gatson et al. (2014) investigated serum levels of pNFH 1 

and 3 days post-injury, an important time frame since mTBI patients often delay seeking 

medical attention. At both time points, pNFH was significantly elevated above controls. One 

day post-injury pNFH distinguished mTBI from controls, a cutoff value of 110.5pg/ml 

provided a sensitivity and specificity of 100%. pNFH levels were also significantly elevated 

in CT positive patients versus CT negative patients, and were inversely correlated with GCS 

Kulbe and Geddes Page 15

Exp Neurol. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



score. Three days post-injury, a cutoff value of 77.5 pg/ml gave a sensitivity of 100% and a 

specificity of 96.43%.

The high sensitivity and specificity of pNFHto identify mild traumatic brain injury 24–72 h 

post-injury is encouraging, but currently limited to a single human mTBI study.

Metabolites

Metabolic dysregulation is known to occur in moderate and severe TBI (Maas et al., 2008) 

and metabolic changes have also been observed after mTBI (Gross et al., 1996; Vagnozzi et 

al., 2010). Metabolites are oftenmonitored using imaging techniques suchaspositron 

emission tomography (PET) and proton magnetic resonance spectroscopy (Jeter et al., 

2013a). Few studies have investigated metabolites in the biofluids of mTBI patients.

Jeter et al. (2012) used chromatography and mass spectrometry to assess L-arginine and its 

metabolic products in the plasma (<24 h) of mTBI patients, but did not observe changes as 

compared to controls. The same group also assessed branched chain amino acids (BCAA) in 

plasma (<24) of mTBI patients (Jeter et al., 2013b). BCAAs and several of their metabolites 

were significantly reduced in the mTBI patients. However, this was not specific to brain 

injury as plasma levels of BCAAs are also decreased in orthopedic trauma patients. The lack 

of specificity, decreased concentrations and need for assessment via mass spectrometry 

make BCAA an unlikely mTBI biomarker.

Lipid peroxidation

Reactive oxygen species and reactive nitrogen species generated during the secondary injury 

cascade can induce lipid peroxidation (Hall and Braughler, 1993). The brain is highly 

enriched in a number of lipids susceptible to peroxidation such as arachidonic acid, linoleic 

acid, linolenic acid, and docosahexaenoic acid. Lipid peroxidation disrupts membrane 

architecture and generates neurotoxic aldehydes that can bind proteins and impair their 

function (Hall et al., 2010). Products of lipid peroxidation such as isoprostanes, 

neuroprostanes, and isofuranes are elevated in CSF and serum of severe TBI patients (Bayir 

et al., 2002; Corcoran et al., 2011; Seifman et al., 2008; Varma et al., 2003) and increases in 

lipid peroxidation are seen in the tissue of rodents following mTBI (Caner et al., 2004; Inci 

et al., 1998; Shultz et al., 2013). Currently there are no published studies focused on 

detection of lipid peroxidation in biofluids of mTBI, although 4-hydroxynonenal (HNE) has 

been found to be elevated in rodent serum following mild blast injury (see below) using 

reverse phase protein microarray (Ahmed et al., 2013).

Inflammatory markers, multiplex antibody array, and reverse phase protein microarray

TBI results in an inflammatory response (Agoston et al., 2009; Kreutzberg, 1996; Zetterberg 

et al., 2013). Multiplex antibody array technologies investigate multiple inflammatory 

markers concurrently. Antibody arrays have been developed that are large-scale, stable and 

reproducible, and can be used in the detection of very low abundance proteins such as 

cytokines (Agoston et al., 2009). Commercial multiplex antibody arrays simultaneous screen 

for multiple cytokines, using low sample volumes. They are available either as ELISA 

sandwich arrays or as flow cytometry beads (Lash et al., 2006; Martins et al., 2002). 
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Although these arrays allow for a broad evaluation of markers, they screen for targets of pre-

selected antibodies are therefore considered a hypothesis-driven approach.

In two separate experiments using a mouse weight drop model of mTBI, one of which 

combined mTBI with hypoxia, Yang et al. (2013a, b) used a multiplex assay to evaluate 

serum chemokines and cytokines. Interleukin-6 (IL-6), keratinocyte-derived chemokine, 

macrophage inflammatory protein-1α, and macrophage-derived chemokine were all 

significantly elevated at various time points. For serum IL-6 (6 h), the AUC was 0.86, and a 

cutoff value of 172 pg/mL gave an 80% sensitivity and an 80% specificity for predicting 

mTBI. In another mouse study, a mild closed head injury was combined with stress to 

simulate PTSD. Thirty three days post-injury, plasma IL-17A was significantly elevated in 

the mTBI/no stress group (Ojo et al., 2014).

In a small pediatric study (n=16), Berger et al. (2009) used five multiplex bead assays to 

investigate 44 markers in the serum of well-appearing infants with mild iTBI. Nine markers 

showed significant increases (matrix metallopeptidase-9, hepatocyte growth factor, 

fibrinogen, IL-6) or decreases (Intracellular cell adehesion molecule-1 ICAM, vascular 

cellular adhesion molecule VCAM, eotaxin, tumor necrosis factor receptor 2, IL-12). 

VCAM and IL-6, the two markers that showed the greatest change were 87% sensitive and 

90% specific for identifying mild iTBI. Since VCAM was decreased and unlikely to easily 

be used as a biomarker, IL-6 and MMP-9 were also analyzed and gave a sensitivity of 81% 

and specificity up to 94%.

Reverse phase protein microarray (RPPM) is a method in which protein from tissue or 

biofluid is printed onto an array using serial dilutions to allow for quantification of protein. 

These arrays are then screened with antibodies (Agoston et al., 2009). RPPM is an extremely 

sensitive, high throughput technique and can be used to screen large numbers of samples 

using very small quantities (Gyorgy et al., 2010). Similar to multiplex antibody arrays, 

RPPM allows for a broad evaluation of markers using pre-selected antibodies.

Ina rat weight drop model of mTBI, Rostami et al. (2012) used RPPM to evaluate serum 

biomarker levels. S100B, MBP, and tau were significantly elevated 1–14 days post-injury, 

while NFH was elevated 1–3 days post-injury. Kamnaksh et al. (2012) used RPPM to 

evaluate GFAP, NSE, NFH, and vascular endothelial growth factor (VEGF) in the plasma (2 

h and 22 d) of rats exposed to either single or multiple mild blasts. All four proteins were 

significantly elevated in at least one condition or time point. In a similar study, Ahmed et al. 

(2013) used RPPM to analyze thirteen plasma proteins 42 days after single or multiple mild 

blasts. HNE, ceruloplasmin, von Willebrand factor vWF, chemokine receptor 5, hypoxia-

inducible factor-1α, formyl peptide receptor 1, p38 mitogen-activated protein kinase, 

MMP-8, VEGF, GFAP, MBP, and NFH were all significantly elevated in at least one 

condition. Gyorgy et al. (2011) used RPPM to evaluate S100B, NSE, MBP, and NFH in the 

serum (6 h, 24 h, 72 h, 2 weeks) of pigs exposed to different severities of blast. In mbTBI, 

S100B and MBP were significantly elevated at all four time points; NSE was slightly 

elevated at 6 h with levels returning to control by 2 weeks, and NFH showed a unique 

temporal profile with mbTBI levels peaking late (72 h–2 weeks) compared to severe levels 

which peaked at 6 hours.
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In summary, multiplex technology and RPPM identified modulation of inflammatory 

markers, especially interleukins and matrix metallopeptidases, in multiple TBI studies. 

Alterations in vascular permeability were also seen in multiple studies as assessed by the 

markers VEGF, vWF, and ICAM. Other markers, such as the hypoxia/oxidative stress 

markers HNE and ceruloplasmin, were elevated under more than one injury condition. With 

the exception of Berger et al. (2009), these studies have been limited to animal models.

Cytokine multiplex antibody arrays are important in understanding the inflammatory 

response that occurs following mTBI, and RPPM allows for simultaneous evaluation of 

multiple samples, proteins, time points, and injury parameters. However, it can be difficult 

to distinguish between cranial vs. non-cranial sources of inflammatory markers. Evaluating 

panels of biomarkers may provide signature patterns that are not evident from evaluation of 

single molecules.

The unbiased approach

The above hypothesis-driven biomarkers have largely been evaluated in moderate to severe 

TBI. For mTBI, diagnosis is more challenging because of the less severe symptoms and 

typically negative conventional imaging results. As discussed above, evaluation of existing 

biomarkers reveals some promising candidates to assist in the diagnosis of mTBI, although 

many challenges remain. Several studies included multiple injury levels and did not analyze 

the mild injury data independently. Mild traumatic brain injuries are heterogeneous, and 

there is a lack of standardization in methodology, sample sizes, appropriate control groups, 

and patient characteristics (Berger, 2006; Mondello et al., 2014). In terms of prognosis, 

outcomes measures are often inappropriate and tests for evaluation are not standardized 

(Berger, 2006). Large multi-center and longitudinal studies using homogenous populations, 

appropriate controls, testing metrics and statistical analysis can improve the limitations 

clinical studies face (Berger, 2006; Mondello et al., 2014). A previous review concluded that 

“no biomarker has consistently demonstrated the ability to predict postconcussive syndrome 

after mTBI” (Begaz et al., 2006) and a separate study of serum biomarkers for mTBI found 

“the discriminative power of the biomarkers alone was limited (Topolovec-Vranic et al., 

2011). As there is not yet a fully satisfactory biomarker for mTBI, research into the 

identification of additional biomarkers should continue (Mondello et al., 2014).

To identify novel biomarkers, unbiased discovery approaches have begun to be utilized. In 

the unbiased approach novel biomarkers are screened for, initially without regard to 

pathophysiology or the use of pre-selected antibodies. MicroRNA arrays and proteomics are 

two well-known unbiased techniques (Table 3). Phage display represents another promising 

approach, although it has not yet been applied to mTBI.

MicroRNAs

MicroRNAs are small, non-coding RNAs approximately 22 nucleotides in length (Ambros, 

2001). They serve as post-transcriptional regulators of gene expression and are involved in 

mRNA degradation and repression (Lagos-Quintana et al., 2001). MicroRNAs show tissue 

specificity (Babak et al., 2004; Lagos-Quintana et al., 2002) and plasma microRNAs can be 

elevated after tissue injury (Laterza et al., 2009). There is interest in identification of 
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circulating miRNAs to diagnose disease, especially cancer. However, there are challenges 

with fluid selection, RNA extraction, platform variation, qPCR validation, and sequencing 

(De Guire et al., 2013). MicroRNAs are beginning to be investigated as biomarkers of 

mTBI.

Balakathiresan et al. (2012) exposed rats to repetitive mild blast injury using short (2 h) or 

long inter-injury intervals (24 h) and evaluated microRNAs in serum and CSF three hours or 

24 hours post-blast. Five microRNAS (miR-let7i, miR-122, miR-340-5p, miR-200b, and 

miR-874) were elevated in multiple conditions. Upon further validation, serum and CSF 

levels of miR-let7i were significantly up-regulated in the short interval group only. 

Bioinformatics analysis revealed miR-let-7i may regulate inflammatory cytokines, S100B 

and UCHL1.

Redell et al. (2010) assessed microRNA levels in plasma (<24 h) of patients with mild or 

severe TBI. Levels of miR-16 and miR-92a were significantly elevated in mTBI, which 

starkly contrasted with decreased levels observed in severe injuries. miR-16 is associated 

with cell proliferation, cell cycle progression and apoptosis, while miR-92a is a negative 

regulator of angiogenesis. However, these microRNAs only offered fair diagnostic accuracy 

for mTBI (miR-16’s AUC was 0.82 and miR-92a’s AUC was 0.78). Additionally, there was 

no significant difference in miR-16 or miR-92a levels between mTBI and orthopedic injury 

patients.

Using a much longer time point, Pasinetti et al. (2012) evaluated peripheral blood 

mononuclear cells (PBMCs) in 18 veterans of the Iraq and Afghanistan conflicts, half of 

which had sustained an mTBI. For the mTBI patients, the time since last deployment ranged 

from 1.2 to 6.6 years. Thirteen small non-coding RNAs were significantly lower in the 

mTBI patients, and a panel of three small nucleolar RNAs (HBII-289, ENSG199411, and 

U35A) was able to identify mTBI with 82% selectivity and 78% specificity. While these 

offer a potential diagnostic for mTBI years after the injury, replication/validation is needed 

with larger sample sizes.

Proteomics

Traditionally, the field of proteomics encompasses high-throughput techniques such as gel 

electrophoresis, mass spectrometry (LC-MS, CE-MS, SELDI-MS, TOF-MS), antibody 

arrays, and high-throughput immunoblotting, which are then combined with bioinformatics 

(Agoston et al., 2009; Denslow et al., 2003; Ottens et al., 2006, 2007; Wang et al., 2004, 

2005). As with any technique, there are some limitations to these methodologies. For 

example, 2D gel electrophoresis is most relevant for medium sized proteins and has low 

sensitivity toward integral membrane proteins (Denslow et al., 2003; Zurbig and Jahn, 

2012). Also, artifacts can arise due to other medical conditions, sample collection, and 

sample storage (Diamandis, 2004). Overall, proteomics is a powerful approach to 

identifying novel biomarkers of TBI and mTBI. To date, TBI proteomics has largely been 

applied to models such as degenerating neuron cultures, brain tissue, or moderate-severe 

injuries (Cadosch et al., 2010; Conti et al., 2004; Cortes et al., 2012; Guingab-Cagmat et al., 

2012; Hanrieder et al., 2009; Haqqani et al., 2007; Haskins et al., 2005; Hergenroeder et al., 
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2008; Jenkins et al., 2002; Kobeissy et al., 2006; Lakshmanan et al., 2010; Liu et al., 2006; 

Ottens et al., 2010).

These approaches are useful for mTBI biomarker discovery, provided the findings are 

further validated in mTBI biofluids. This approach was used by Siman et al. (2004) who 

began with an in vitro model of degenerating neurons. In a necrosis model, 2D-PAGE-MS 

identified the release of 56 proteins. Importantly, further validation via western blot showed 

that 14-3-3ζ, 14-3-3(3, α-spectrin, and tau were elevated in the CSFof rats exposed to mild 

fluid percussion injury. Subsequent studies examining tau and α-spectrin in mTBI studies 

are discussed above.

Studies that begin their proteomic screens in the biofluids of mTBI subjects are the most 

likely to be successful in the identification of mTBI biomarkers. Such studies are discussed 

below.

Crawford et al. (2012) used CCI mouse models of mild and severe brain injury. Plasma (24 

h, 1 month) was analyzed using LC-MS, and 30 proteins were identified as being 

significantly modulated after injury. At 24 h there was no overlap between mild and severe 

injury groups. Additionally, in the mTBI group there was no overlap between the 24 h and 1 

month post-injury time points. Bioinformatics analysis of proteins modulated after injury 

identified functions known to be associated with TBI such as the acute phase response, 

oxidative stress, and lipid metabolism. This study nicely demonstrates how protein profiles 

vary based on injury parameters.

In a human study, Gao et al. (2014) evaluated serum (~12 h) from infants that had sustained 

a mild abusive head injury (AHI) with an acute extra-axial hemorrhage. Beginning with 2D-

DIGE combined with LC-MS, the two spots with the highest spot change between control 

and injury were identified as serum amyloid A (SAA). Upon validation with western blot, 

SAA was significantly higher in mild AHI than in controls, with a very high AUC of 0.96. 

Further analysis of multiple injury levels via western blot and ELISA continued to show 

SAA levels elevated above controls, but there was not a difference in SAA levels among the 

injury severities. SAA is an acute phase reactant, making it a non-specific marker of 

inflammation. However, the authors did not see an association between SAA and fractures 

and also screened for other sources of inflammation such as liver injury. The authors 

conclude that SAA, with its likely long half-life, is a candidate biomarker to identify 

children with mild AHI that would benefit from radiologic evaluation.

Phage display

Phage display is a method to select peptides, proteins or antibodies with specific binding 

properties. It is most widely used to investigate protein-protein interactions, receptor- and 

antibody-binding sites, and for selecting antibodies against a range of antigens (Bradbury, 

2010). It uses bacteriophages (viruses that infect bacteria) in which DNA encoding peptides 

or proteins is inserted into the gene encoding a coat protein of a filamentous phage such as 

M1 3 phage. Libraries of bacteriophages expressing 109 random hexapeptide or 

dodecapeptide sequences are commercially available. Following identification of phages 

which selectively bind to a sample of interest, the inserted DNA sequence is translated to 
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obtain the peptide sequence of the foreign protein/peptide expressed on the tip of the phage. 

This peptide can then be synthesized and used in pull-down assays to attract and bind 

proteins of interest. The captured proteins can then be identified by mass spectrometry.

Phage display has been successfully utilized to identify serum biomarkers in non-CNS 

disorders (Wang et al., 2011; Weng et al., 2012; Zhang et al., 2011) and to identify 

autoantibodies in multiple sclerosis (Somers et al., 2008), but has not previously been 

applied to other CNS disorders including TBI. Phage display represents a potential, 

unbiased, strategy to identify novel serum biomarkers of mTBI.

Novel approaches

Biomarkers in urine

Urine is easily obtained, particularly in the post-acute phase where it could be self-collected. 

However, quantitation of urinary biomarkers is problematic as they can very dependent upon 

flow rates. Urinary S100B measurement revealed elevations in children and adults with 

severe TBI and strong correlations with serum S100B levels (Berger and Kochanek, 2006; 

Hallen et al., 2010; Rodriguez-Rodriguez et al., 2012). However, a separate study of 

pediatric TBI found similar S100B levels in urine from individuals with cranial and 

extracranial injury, questioning the suitability of urinary S100B as a TBI biomarker 

(Pickering et al., 2008). A preliminary study suggests elevations in urinary trypsin inhibitor 

with brain injury, although the sample size was very small with five head injury patients 

(GCS 4–13) and five control subjects (Sakai et al., 2003).

Urine was evaluated in a recent proteomics study of moderate to severe TBI, with 

subprofiles of 2476 discriminant variables correlating with injury severity (Ottens et al., 

2014). Urine was chosen because of its likelihood to contain small metabolic brain injury 

byproducts consistent with brain barrier efflux, which is important in the post-acute time 

period when the blood brain barrier is no longer disrupted. Mass spectrometry was used to 

screen urine collected from severe TBI patients ~17 days post-injury in order to identify 

potential biomarkers that could aid in assessment of rehabilitation. A “TBI urinary 

signature” was identified and accurately classified TBI subjects and controls. This signature 

correlated with measures of injury severity and behavioral and neurocognitive function such 

as GCS, Patient Competency Scale (PCRS), and Frontal Systems Behavioral Scale (FSBC). 

Furthermore, identified proteins of the signature were biologically relevant, and involved in 

processes such as outgrowth and guidance, the extracellular matrix, the post-synaptic 

density, and neuroplasticity. To our knowledge, urinary biomarkers have not been examined 

following mTBI.

Autoantibodies

Following mild traumatic brain injury the blood brain barrier is compromised and brain 

specific proteins can escape to trigger an immune response and development of 

autoantibodies. Autoantibodies against brain proteins have been implicated in a variety of 

neurologic disorders such as multiple sclerosis, Alzheimer’s disease, stroke, and epilepsy 

(Zhang et al., 2014).
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Zhang et al. (2014) collected serum from severe TBI patients 0–10 days post-injury and 

screened it against human brain lysate via western blot to identify autoantibodies. Mass 

spectrometry revealed autoantibodies directed against GFAP and its breakdown products. 

Autoantibodies were able to distinguish post-acute severe TBI patients from controls with an 

AUC of 0.78. Patients who achieved a GCS score of 9–13 within 24 h of injury had 

significantly lower levels than those with GCS scores remaining below 8, levels negatively 

correlated with GOSE at time of discharge, and negatively correlated with poor outcome 6 

months post-injury.

Used in mild TBI this method has the potential to identify novel autoantibodies and their 

antigens, either of which could serve as potential biomarkers. Autoantibodies are long 

lasting and could be particularly important for diagnosing post-acute or chronic mTBI.

Conclusions

Millions of people are affected by mTBI and its sequelae, but mTBI is difficult to diagnose. 

It lacks a consensus definition, relies on subjective self-reported symptoms, and is 

insensitive to commonly available imaging modalities. An objective and quantifiable 

measure of mTBI, such as a serum biomarker, is needed. Suitable biomarkers would aid in 

diagnosis, prognosis, return to play/duty assessments, therapeutic evaluations, and provide 

additional knowledge regarding mTBI pathophysiology. Most studies to date have employed 

a hypothesis-driven approach to evaluate potential mTBI biomarkers; focusing on proteins 

present at high levels in affected cells.

The hypothesis-driven approach has produced several potential biomarker candidates. Of 

these, S100b has been the most thoroughly investigated. Low serum S100B levels may 

provide reassurance regarding the relatively mild nature of the injury when combined with 

other diagnostics, while high levels are associated with slower recovery and worse 

outcomes. The major drawback to S100B as a mTBI biomarker is the non-CNS sources 

contributing a lack of specificity. Other putative mTBI biomarkers have been evaluated 

much less extensively than S100B. GFAP and its breakdown products show promise in 

mTBI studies with good sensitivity, although there are also concerns regarding specificity. 

Specificity is also problematic for NSE, as release from erythrocytes can contribute to serum 

elevations. MBP exhibits a delayed elevation following mTBI and appears particularly 

useful in the post-acute phase, although it appears to have relatively weak sensitivity. 

Spectrin breakdown products show promise as mTBI biomarkers based on the limited data 

currently available. Results for tau protein along with cleaved tau as mTBI biomarkers is 

inconsistent, recent improvements in the sensitivity of tau assays may help clarify tau’s 

utility as a mTBI biomarker. For NFH, the limited data available appears promising. For 

identification of novel biomarkers, proteomics identified a unique post-acute urinary 

signature in severe TBI patients. Phage display has identified serum biomarkers for non-

CNS disorders, but has not yet been applied to mTBI. These unbiased approaches and use of 

unconventional biomarker biofluids such as urine could complement current approaches to 

identify biomarkers of mTBI.
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Abbreviations

AHI Abusive Head Injury

AUC Area Under The Curve

BCAA Branched Chain Amino Acids

CCI Controlled Cortical Impact

CCR5 Chemokine Receptor 5

CRMP Collapsin Response Mediator Protein Family

CTE Chronic Traumatic Encephalopathy

GCS Glasgow Coma Scale

GFAP Glial Fibrillary Acidic Protein

GFAP-BDP Glial Fibrillary Acidic Protein Breakdown Product

FPR1 Formyl Peptide Receptor 1

GAP43 Growth Associated Protein 43

GOSE Glasgow Outcome Scale Extended

HGF Hepatocyte Growth Factor

HIF-1α Hypoxia-Inducible Factor-1α

HNE 4-Hydroxynonenal

ICAM-1 Intracellular Adhesion Molecule-1

IL-6 Interleukin-6

IL-12 Interleukin-12

IL-17A Interleukin-17A

iTBI Inflicted TBI

KC Keratinocyte-Derived Chemokine

LOC Loss of Consciousness

MAP2 Microtubule Associated Protein 2

MBP Myelin Basic Protein

MIP-1α Macrophage Inflammatory Protein-1α

MDC Macrophage-Derived Chemokine

MMP-8 Matrix Metallopeptidase-8

MMP-9 Matrix Metallopeptidase-9
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mTBI Mild Traumatic Brain Injury

NF Neurofilament

NSE Neuron Specific Enolase

NSI Neurosurgical Intervention

PBMC Peripheral Blood Mononuclear Cell

PCS Post-Concussive Syndrome

PTA Post-Traumatic Amnesia

PTC Post-Traumatic Complaints

RPPM Reverse Phase Protein Microarray

RPQ Rivermead Post-Concussive Symptoms Questionnaire

SAA Serum Amyloid A

STNF N-Terminal αII-Spectrin Fragment

SBDP αII-Spectrin Break Down Products

SIS Second Impact Syndrome

TNFR2 Tumor Necrosis Factor Receptor 2

UCHL1 Ubiquitin C-Terminal Hyrdrolase-L1

VCAM Vascular Cellular Adhesion Molecule

VEGF Vascular Endothelial Growth Factor

vWF von Willebrand Factor

YOA Years of Age
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Fig. 1. 
Temporal profile of biomarker-related events following mTBI. This illustration represents 

an approximation of the time course of events following mTBI [modified from (Mondello et 

al., 2011)].
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