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Summary: Traumatic brain injury (TBI) remains a serious health
concern, and TBI is one of the leading causes of death and dis-
ability, especially among young adults. Although preventive edu-
cation, increased usage of safety devices, and TBI management
have dramatically increased the potential for surviving a brain
injury, there is still a need to develop reliable methods to diagnose
TBI, the secondary pathologies associated with TBI, and predict-
ing the outcomes of TBI. Biomarkers (changes of amount or
activity in a biomolecule that reflect injury or disease) have shown
promise in the diagnosis of several conditions, including cancer,

heart failure, infection, and genetic disorders. A variety of pro-
teins, small molecules, and lipid products have been proposed as
potential biomarkers of brain damage from TBI. Although some
of these changes have been reported to correlate with mortality
and outcome, further research is required to identify prognostic
biomarkers. This need is punctuated in mild injuries that cannot be
readily detected using current techniques, as well as in defining
patient risk for developing TBI-associated secondary injuries.Key
Words: Blast injury, diffused axonal injury, intracranial pres-
sure, loss of consciousness, post-concussive symptoms, PTSD.

TRAUMATIC BRAIN INJURY: A GLOBAL
HEALTH PROBLEM

The human brain is highly vulnerable to injuries that
can cause profound cognitive and neurobehavioral dys-
function, compromising quality of life. TBI can result
from shearing forces caused by a sudden change in ac-
celeration to deceleration (e.g., vehicular accidents),
from impacts (e.g., falls, blunt force trauma), as a result
of rapid changes in pressure (e.g., blast exposure), or by
penetration by high-velocity projectiles (e.g., bullets,
blast/shrapnel). Considered a “silent epidemic” in the
United States, TBI has its greatest impact on young men
and women. These patients (mean, 29.5 years) pose a
tremendous burden to families and society in terms of
years of lost productivity, increased demands on the
healthcare system, and reduction in healthy life spans.
Approximately 5.3 million in the United States alone are
living with disabilities resulting from TBI.
One of the primary causes of death after a trauma is brain

injury. In less developed countries, traffic accidents are the
most significant cause of brain injury, with most accident-
related fatalities being linked to brain damage. According to
a World Health Organization, World Bank report titled,

“The Global Burden of Disease,” traffic injuries are ex-
pected to become the third highest disease burden by the
year 2020. For example, every motor vehicle injury that
results in death in the United States, 13 people sustain
injuries severe enough to require hospitalization, according
to the World Health Organization report titled, “The Injury
Pyramid.” The majority of injuries from these types of brain
trauma are caused by sudden changes in inertia (rapid ac-
celeration and deceleration) leading to distortion of the
brain tissue within the skull. A primary feature of this type
of injury is axonal damage, often referred to as diffuse
axonal injury.
In this century, brain injuries resulting from blasts

have emerged as the major cause for TBIs among mili-
tary personnel. The number of TBI casualties, sustained
by Coalition Forces engaged in the wars in Afghanistan,
Operation Enduring Freedom, and Operation Iraqi Free-
dom during the past 5 years, indicates that TBI will
continue to be a major threat to military personnel in the
21st century.1,2 According to the Joint Theater Trauma
Registry, compiled by the U.S. Army Institute of Surgi-
cal Research, 22% of wounded soldiers from Iraq and
Afghanistan have injuries of the head, face, or neck,
which has substantially increased in comparison with the
casualties suffered in the VietnamWar.3 At least some of
this increase in TBI is due to increased survivability,
resulting from improvements in body armor and helmet
design, and rapid medical intervention. However, knowl-
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edge of the pathophysiology of TBI resulting from blasts
is in an infant stage. Recent studies are beginning to
show there may be a number of differences between
acceleration and deceleration from blast-induced TBI in
terms of neurochemical changes, cell death, and out-
come.
Although TBI resulting from vehicular accidents is on

the decline, as a result of enforced seat-belt laws and other
safety laws, penetrating brain injury from gunshots, knives,
and blast/shrapnel is on the rise. This type of injury often
causes cavitations resulting from the transfer of kinetic en-
ergy from the high-power projectile into the soft brain tis-
sue. Depending on the path of the projectile, penetrating
injury can cause profound deficits in specific sensory, mo-
tor, or cognitive domains, and is often associated with post-
traumatic epilepsy. In the case of shrapnel injuries, persons
may have mixed pathologies caused not only by the pene-
tration of the projectile, but as a result of the blast over-
pressure. These types of mixed injuries are most commonly
observed in soldiers exposed to improvised explosive de-
vices.
The incidence of TBI can be reduced by preventive ed-

ucation programs (such as drunk driving prevention), and
the severity of the primary injury can be lessened through
the use of improved protective equipment (such as the use
of helmets for athletes and body armor for military person-
nel). However, an effective clinical therapy to treat human
brain injury is not yet available.

PRIMARY AND SECONDARY INJURIES ARE
KEY FEATURES OF TBI

The pathology of TBI reflects the initial insult, result-
ing from mechanical damage to neural and vascular
structures (the primary injury), and the evolution of a
cascade of secondary events that impair function, dam-
age structures, and promote further cell death (the sec-
ondary injury).4 The primary injury results from the de-
formation of grey and white matter leading to the
distortion and/or disruption of cell membranes and re-
lease of intracellular contents. In human TBI, there is a
heterogeneity (i.e., focal, multifocal, or diffuse) that is
associated with the primary insult. The evolution of sec-
ondary damage represents a cascade of biochemical and
molecular events that collectively mediate cell damage.
The extent or severity of secondary damage is at least
partly dependent on the proximity and/or connectivity of
the affected tissue to the areas of primary damage, and is
also dependent on the relative vulnerability of the differ-
ent cell types from which it is composed.
Some of the earliest findings in the injured brain in-

clude damage to axons, excessive neuronal activity (re-
flected in part from unregulated glutamate release), wide-
spread changes in neurotransmitter levels, altered
cerebral blood flow, hemorrhage, and disruption of the

blood-brain barrier. Coincident with these events are
physiologic disturbances including hypotension, hypox-
emia, elevated intracranial pressure, decreased cerebral
perfusion pressure, edema, ischemia, and silent seizures
(in many cases).

TBI BIOMARKERS

A biomarker is an indicator of a specific biological or
disease state that can be measured using samples taken
from either the affected tissue or peripheral body fluids.
These markers can be altered enzymatic activity, changes
in protein expression, or post-translational modification,
altered gene expression, protein, or lipid metabolites, or
a combination of these changes. As a consequence, a
variety of strategies have been used for biomarker dis-
covery including transcriptional profiling, proteomic and
metabolomic approaches.
The two most commonly used approaches for biomar-

ker discovery are “top-down” and “bottom-up” method-
ologies. In a top-down approach, potential biomarkers
are evaluated based on their known involvement in the
disease state. For instance, the cell death that occurs after
TBI in the core of the primary injury is largely necrotic
in nature. As necrosis is associated with calpain activa-
tion, specific protein degradation profiles will be gener-
ated (both in terms of the resultant peptide fragments and
the time course of their appearance), giving rise to pu-
tative biomarkers of necrosis.5 These markers would be
distinct from those biomarkers generated as a result of
apoptotic cell death, because apoptosis is associated with
activation of caspases and is typically more delayed in
progression.6,7 Although the “top-down” approach has
been used to discover biomarkers associated with TBI,
many of these markers were first identified in the injured
brain, and then their presence in a more accessible sam-
ple source (e.g., blood, urine, and so on) was examined.
If the biomarker is absent (or present in very low
amounts) in the peripheral bodily fluids, its usefulness
for diagnostic purposes may be lessened. A “bottom-up”
approach examines changes in the composition of a tis-
sue or bodily fluid, and then attempts to establish links
between these changes and pathology. Although a “bot-
tom-up” approach using a sample source, such as serum
for example, may overcome the potential problem of
biomarker detectability; this approach often identifies
general markers that are not solely indicative of the
condition of interest. As an example of using serum
samples from severely injured TBI patients and healthy
volunteer controls, C-reactive protein and serum amyloid
A have been reported to be capable of distinguishing
between these two groups.8 However, both of these pro-
teins are general indicators of injury/infection, making
them less likely to distinguish brain injury patients from
persons with other bodily injuries. On the other hand, if
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brain injury alone is suspected, or if these markers were
used in combination with other biomarkers, a rise in the
levels of these proteins in serum may further support a
brain injury diagnosis.

Protein biomarkers of TBI
To date, the majority of TBI biomarker research has

focused on protein profiling. However, as the human ge-
nome is estimated to contain �23,000 genes, and as many
as 50% of the translated proteins are considered to be low
in abundance, surveying the entire proteome is a daunting
endeavor. For instance, the Human Proteome Organization
collaborative initiative has identified only 889 abundant
serum proteins (using two-dimensional gel mass spectrom-
etry) with a confidence level of at least 95%.9 This suggests
that �10% of the “core” serum proteins (estimated to con-
tain at least 10,000 proteins) are effectively being sampled.
To enhance the probability of detecting low-abundance pro-
tein biomarkers, a number of methods have been used in-
cluding fractionation, immunodepletion of abundant pro-
teins, the use of subproteome (e.g., inflammatory proteome,
glycoproteome, phosphoproteome) arrays, and isolation
techniques, such as combinatorial ligand libraries. The ad-
vantages and disadvantages of these approaches have been
reviewed elsewhere.10–12

S100B
The most extensively studied TBI biomarker is S100B.

Changes in the expression of this marker have been
shown to correlate with injury magnitude, survivability,
and neurologic outcome.13 S100B is a low molecular
weight (10.5 kDa) calcium-binding protein that is pri-
marily expressed and secreted by astrocytes, constituting
1 to 1.5 �g/mg of all soluble protein. S100B can be
found in very low levels in human CSF and serum, and
normal levels of this protein have been strongly corre-
lated with the absence of intracranial injury.14 After
brain injury, S100B is released into the CSF and serum.
The serum half-life of S100B is less than 60 min and can
be readily detected soon after injury. Increased levels of
this protein have been proposed as biomarkers of poor
outcome. For example, Vos et al.15 demonstrated that in
patients with severe TBI, serum S100B concentrations
�1.13 ng/mL were associated with increased mortality
(100% sensitivity; 41% specificity) and morbidity (88%
sensitivity; 43% specificity). The low basal levels of
S100B in human serum allow increases in the concen-
trations of this protein to be very sensitive indicators of
brain injury. However, several recent observations con-
cerning S100B have tempered the original enthusiasm
regarding the usefulness of this protein as a biomarker.
First, because S100B does not cross the intact blood
brain barrier, there is a poor correlation between its lev-
els in the CSF and those detected in the serum. This has
raised concerns as to whether the serum levels of this
protein actually correlate with the degree of brain dam-

age or are more reflective of blood brain barrier (BBB)
disruption. Secondly, S100B has been reported to be
released into the serum after experimental ischemic in-
jury to the liver, kidney, and gut;16 its levels have been
found to have increased after extracranial trauma14 and
burns,17 and it has been suggested to be a biomarker of
melanoma.18 Finally, conflicting reports have been pub-
lished regarding the usefulness of this marker in predict-
ing outcome after pediatric TBI.19–21

Glial fibrillary acidic protein
The glial fibrillary acidic protein (GFAP) is a mono-

meric intermediate filament protein expressed by astro-
cytes. It is a brain-specific protein that is released after
TBI.15,22–24 Increases in serum GFAP levels after TBI
have been shown to be predictive of elevated intracranial
pressure (ICP), reduced mean arterial pressure, low ce-
rebral perfusion pressure, poor Glasgow outcome scores
(GOS), and increased mortality. For example, GFAP
serum concentrations �1.5 ng/mL were found to be pre-
dictive of death (85% sensitivity; 52% specificity) or
poor outcome (GOS at 6 months; 80% sensitivity; 59%
specificity).15 Consistent with its brain-specific expres-
sion, GFAP levels were found to be normal in multi-
trauma patients that did not have brain injury.24

Neuron-specific enolase
The neuron-specific enolase (NSE) is one of the five

isozymes of the glycolytic enzyme, enolase. NSE was ini-
tially found to be expressed in neurons, but has subse-
quently been identified in neuroendocrine cells, oligoden-
drocytes, thrombocytes, and erythrocytes. NSE has a serum
half-life of approximately 24 hours and can be detected
within 6 hours of injury. The serum level for NSE (nor-
mally �12.5 ng/mL) has been reported to increase after
TBI, the levels of which have been correlated with the
severity of the injury.25–27 At serum levels �21.7 ng/mL,
NSE has been demonstrated to be a sensitive indicator of
mortality (85% sensitivity) and poor outcome (80% sensi-
tivity). However, inadequate sensitivity and specificity have
limited the use of NSE regarding the neuropsychological
outcome (55% sensitivity; 77.8% specificity) and predicting
the presence of intracranial lesions (77% sensitivity; 52%
specificity).15,28,29 Used in isolation, elevated serum NSE
levels do not necessarily indicate the presence of brain
trauma, as this protein has also been suggested to be a
marker for small cell lung cancer, neuroendocrine blad-
der tumors, ischemic stroke, and neuroblastomas.

Myelin basic protein
The myelin basic protein (MBP) is a major protein

component of myelin, and is released into the CSF and
blood after white matter injury. Normal serum levels of
MBP are very low, typically �0.3 ng/mL. In a study of
pediatric brain injury, high serum MBP levels were
found to correlate with worse outcome.30 Interestingly,
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this same study demonstrated that MPB levels were not
increased in children with hypoxic-ischemic encepha-
lopathy. This is consistent with previous observations
that ischemic injury does not cause disruptions of white
matter.

Fatty acid binding proteins
The fatty acid binding proteins (FABPs) are expressed

in multiple tissues, with the exception of brain type-
FABP (B-FABP), which is expressed exclusively in the
brain.31 In a study to evaluate the clinical usefulness of
B-FABP as a biomarker of brain injury, Pelsers et al.32

reported that B-FABP could be detected in the serum of
68% of the mild TBI patients examined. No B-FABP
could be detected in the serum of healthy volunteer con-
trols. Although FABP is not highly sensitive, it proved to
be more accurate in identifying mild TBI patients as
compared with S100B (increase of 45% of mild TBI
patients) or NSE (increase of 61% of mild TBI patients).

Proteolytic breakdown products
One of the key pathological features of TBI is the unreg-

ulated breakdown of cellular proteins by protease families
such as calpain and caspase. Recently, BDPs of the struc-
tural protein �-II spectrin and the dendritically enriched
microtubule-binding protein tau have been shown to corre-
late with injury severity in rodent models of TBI, and in
human TBI patients.33,34 For example, the levels of calpain-
cleaved �-II spectrin BDPs, but not the level of S100B, in
the ipsilateral cortex and CSF of rats subjected to cortical
impact injury were found to correlate with lesion size.35 In
humans, the levels of spectrin BDPs were initially found to
be upregulated in the CSF of patients with severe TBI, but
decreased at between 6 to 96 hours in those with a better
outcome.36 Measurement of cleaved tau (C-tau) levels in
the serum of brain injured rats also revealed a significant
increase in these BDPs by 6-h post-injury.33 Consistent
with this, the initial post-injury CSF levels of C-tau were
found to be elevated in patients with severe TBI, correlated
with clinical outcome (92% sensitivity; 94% specificity ),
and predicted elevated ICP (78% sensitivity; 79% specific-
ity).37

Phosphorylated neurofilament
A recent addition to the growing number of neuron-

specific protein markers of injury is phosphorylated neu-
rofilament H. Using a rodent model of TBI, Anderson et
al.38 demonstrated that phosphorylated neurofilament H
could be detected early (within 6-h post-injury) in the
blood of animals with brain injuries. Peak levels (de-
tected 24-48-h post-injury) were found to correlate with
the volume of the injured cortex. The sensitivity of this
marker in detecting human brain injury has not yet been
investigated.

Ubiquitin C-terminal hydrolase
The ubiquitin C-terminal hydrolase is enriched in neu-

rons; therefore it has been proposed to be a putative
biomarker for TBI. To test this possibility, Papa et al.39

carried out a prospective study to determine the CSF
levels of ubiquitin C-terminal hydrolase in patients who
had severe brain injury and in uninjured controls. They
found that ubiquitin C-terminal hydrolase levels were
significantly increased in the CSF of brain-injured pa-
tients, and that the magnitude of this increase correlated
with mortality, post-injury complications, and outcome
tested 6 months post-discharge.

INFLAMMATORY MARKERS

Increased serum and/or CSF concentrations of pro-
and anti-inflammatory cytokines, chemokines, and acute
phase reactant proteins have been observed after TBI.
The importance of inflammation on the progression of
TBI-associated pathologies has been the focus of numer-
ous studies.40–43 More recently, the expression of these
factors has been appreciated as potential markers of in-
jury, and studies have been carried out to test if their
levels correlate with outcome or can serve as surrogate
markers of treatment efficacy. Acute phase proteins (e.g.,
C-reactive protein, amyloid A, pro-inflammatory cyto-
kines [e.g., IL-1, TNF-�, IL-6], and anti-inflammatory
cytokines [IL-10, transforming growth factor beta, or
TGF-�] and chemokines [e.g., ICAM-1, macrophage in-
flammatory protein (MIP)-1, MIP-2]) have been reported
to change in response to TBI. The CSF and/or serum
levels of a number of these markers have been correlated
with injury, and in some cases with outcome. For exam-
ple, it has been reported that the acute phase reactant
proteins C-reactive protein and serum amyloid A are
rapidly increased in the serum of brain trauma patients.8

Using a multiplex approach to simultaneously evaluate a
panel of chemokines and cytokines, Buttram et al.44 re-
ported that severe TBI in children was associated with
significant increases in the CSF levels of interleukin
(IL)-1�, IL-6, IL-12p70, IL-10, IL-8, and MIP-1�. Be-
cause the injury to other organs can increase the serum
level of these markers, these markers by themselves may
not provide high specificity. However, the temporal
changes in the serum levels of these cytokines may be
different after TBI and injury to other organs. Further-
more, in certain situations in which selective brain injury
is suspected (e.g., inflicted TBI), these markers can be
helpful in diagnosing TBI.45

Interleukin-1
Since the earliest study suggesting that IL-1 may con-

tribute to the development of astroglial scars after brain
injury,46 IL-1 has been extensively studied after TBI. For
example, Singhal et al.47 evaluated the levels of IL-1 and
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IL-6 in the CSF of severe brain injury patients and found
peak IL-1 levels correlated with 3-month outcomes. Both
in adult and pediatric TBI patients, high CSF IL-1 levels
have been shown to indicate a poor GOS.48

Tumor necrosis factor
Tumor necrosis factor (TNF)-� as a pro-inflammatory

factor has been shown to play an important role in the
immune response. A major immune function of TNF-� is
stimulating neutrophil and monocyte recruitment to the
site of injury to phagocyte debris. In the CNS, TNF-� is
mainly secreted by microglia but can also be released by
other cells including astrocytes, neurons, and endothelial
cells.49–52 Increased TNF-� concentrations in serum and
CSF have been reported in human TBI cases.53–55 In a
prospective study to examine the correlation between
serum TNF-� levels and mortality, Crespo et al.,53 found
that although initial TNF-� levels were significantly in-
creased in the serum of severely injured patients, this
increase did not correlate with mortality.

Interleukin-6
A number of studies performed in animals and humans

with TBI have reported changes in CSF and serum levels
of the cytokine IL-6. The CSF levels of IL-6 reach a
maximum between days 3 and 6 in TBI subjects,56 with
the severity of injury being related to the degree of
intracranial IL-6 gradient (venous to arterial ratio) at the
time of admission.57 An in vivo microdialysis study has
shown that increased parenchymal IL-6 levels correlate
with survival and GOS suggesting that IL-6 is an endog-
enous neuroprotective cytokine.58 Furthermore, in-
creased CSF levels of IL-6 have been reported to corre-
late with improved outcome in pediatric TBI.59

Interestingly, induced hypothermia has no effect on IL-6
levels in children, a finding that is in contrast to that
observed in adult TBI patients in which IL-6 levels were
found to decrease after therapeutic hypothermia.60

Anti-inflammatory cytokines
The anti-inflammatory cytokines (e.g., IL-10, TGF-�)

counteract the detrimental effects of pro-inflammatory
molecules such as IL-1, TNF-�, and IFN-�,61 and have
been reported to also be increased as a result of TBI. For
example, the CSF levels of IL-10 increase within the first
24 h of TBI. This rise in CSF IL-10 is associated with a
corresponding decrease in TNF-� levels, consistent with
its anti-inflammatory function.62 Increase in IL-10 levels
has been shown to correlate with mortality in pediatric
TBI.63 TGF-� is a member of a large super family of
growth factors that are important for a number of bio-
logical functions including cell growth and differentia-
tion, angiogenesis, immune function, extracellular matrix
production, cell chemotaxis, and apoptosis. There are
approximately 25 members in this family, which in-
cludes activins, inhibins, bone morphogenetic proteins,

growth and differentiation factors, and glial-derived neu-
rotrophic factor.64 After TBI, the CSF levels of TGF-�
are rapidly increased (peaking by 24-h post-injury), and
they remain at this level for �3 weeks.65

Chemokines
The chemokines play a vital role in TBI-associated

brain inflammation. They recruit peripheral immune cells
into the injured brain, where these cells release a number
of cytokines and also provide scavenging functions. For
example, increased expression of ICAM-1 is critical for
neutrophils to traverse across the BBB. It appears that the
degree of BBB compromise correlates with serum ICAM
levels after TBI.66 Monocyte chemo-attractant protein-1
is important for the recruitment of monocytes into the
brain. Using rodent TBI models, it has been reported that
expression of monocyte chemo-attractant protein-1 is en-
hanced in the brain by 4-h post-injury.67 However, its
diagnostic value for the detection of human TBI has not
been examined.

SMALL MOLECULE BIOMARKERS

Metabolites of neurotransmitters, second messengers,
ions, and glycolytic intermediates have a rich history
as potential biomarkers for primary and secondary
injury.68–71 The first such marker to be tested was cAMP
when Rudman and colleagues72 measured the levels of
cAMP in the CSF as a putative biomarker for the depth
of coma. The concentration of cAMP in CSF was found
to correlate with the grade of coma with a coefficient of
�0.8.73 Since that time, several “top-down” studies have
been carried out to evaluate the levels of small molecules
for their ability to diagnose TBI, or to correlate with its
severity. For example, Clifton et al.74 demonstrated that
serum norepinephrine levels, although normal in TBI
patients with a Glasgow coma score (GCS) of 14, dra-
matically increased in comatose patients. Interestingly,
in polytrauma patients, norepinephrine was increased re-
gardless of GCS. The concentration of metabolites of
dopamine (homovanillic acid) and serotonin (5-hydroxy-
indolacetic acid) have also been reported to increase
in the CSF of TBI patients,75,76 with elevations in 5-
hydroxyindolacetic acid being reliable indicators of
trauma.
In addition to altered neurotransmitter metabolism, a

number of studies have shown that TBI alters the levels
of glucose, lactate, pyruvate, glycerol, and glutamate,
both in the CSF and in microdialysates obtained from the
injured brain. For example, lactate accumulation in the
CSF after craniocerebral injury has been shown to cor-
relate with injury severity.77 Furthermore, clinical hypo-
thermia reduces lactate levels,78 suggesting that this
small molecule biomarker may be able to serve as a
surrogate marker of treatment effectiveness. N-acetylas-
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partate (NAA), a derivative of aspartate, is present in
high levels in the brain (NAA comprises up to 0.1% of the
wet weight of the brain).79 In the brain, NAA is abundantly
present in neurons and their processes, and its decrease is
considered a marker for injury. NAA can be detected as a
single intense peak at 2.02 ppm by proton MR spectros-
copy. For example, Yeo et al.80 have measured the ratios of
NAA/creatine and choline/creatine in the anterior and pos-
terior halves of the supraventricular region of the brain in
pediatric TBI patients. Their findings indicate that that each
ratio predicts aspects of neuropsychological deficits indicat-
ing the usefulness of measuring region/structure-specific
biomarker measurements.

LIPID METABOLITES AS BIOMARKERS

The brain has high levels of fatty acids, yet relatively
low levels of antioxidant enzymes, making it susceptible
to oxidative damage. Lipid peroxidation, which leads to
changes in the biophysical properties of cell membranes
and the functions of membrane-bound proteins, is one of
the principal consequences of oxidative damage after
TBI. As such, lipid peroxidation products have drawn
attention as putative biomarkers of injury.

F2-isoprostane
The F2-isoprostanes represent a group of prostaglan-

din-like compounds produced from arachidonic acid as a
result of peroxidation. Elevated F2-isoprostane levels
have been reported in various human diseases, including
cardiovascular diseases such as ischemia and atheroscle-
rosis, lung diseases such as asthma and chronic obstruc-
tive pulmonary disease, and neurological diseases such
as Alzheimer’s disease and multiple sclerosis.81 Multiple
studies have shown that brain injuries increase the levels
of F2-isoprostane both in the CSF and the serum of TBI
patients.82–84 For example, Varma et al.85 demonstrated
that in children who had severe TBI, the level of F2-
isoprostane was elevated by 6-fold compared with that
observed in uninjured controls. This marker was found to
correlate well with the appearance of NSE, further sup-
porting its use as an indicator of brain damage. In adults,
a gender bias was found in that males had approximately
twice the levels of CSF F2-isoprostane than females, and
only males had decreased levels of this lipid metabolite
in response to hypothermia.86 This disparity in lipid per-
oxidation has been proposed to be a potential reason for
the greater neuroprotection seen in females than in
males. Although F2-isoprostane levels have been called
the “gold standard” of lipid peroxidation, determination
of its levels requires specialized equipment, thereby lim-
iting its clinical usefulness.

4-Hydroxynonenal
The 4-hydroxynonenal (4-HNE), an endogenous end

product of lipid peroxidation, is another well accepted

lipid peroxidation marker. Although being an amphiphi-
lic compound, 4-HNE is more concentrated in mem-
branes where it reacts with membrane-bound proteins
and phospholipids, compromising their functions.87 Ele-
vated 4-HNE level has been observed in both cortical
and hippocampal tissues early after TBI in animal mod-
els,88,89 and reduced 4-HNE level has been found in
parallel with neuroprotective effects in animals treated
with antioxidants.90 Although in TBI-related studies,
4-HNE levels were evaluated in brain tissue, studies
examining this compound in CSF and plasma have been
carried out for other neurologic disorders such as Alz-
heimer’s disease, amyotrophic lateral sclerosis, and
stroke.91–93

BIOMARKERS FOR MILD TBI

Although approximately 80% of all TBI cases are
believed to be mild, proper diagnosis of these patients
remains a challenge. Current diagnosis of mild traumatic
brain injuries (MTBIs) resulting from a blast is largely
based on the Military Acute Concussion Evaluation
(MACE) (see www.DVBICE.org). In the presence of the
loss of consciousness or post-traumatic amnesia, a MTBI
can be readily diagnosed. However, it is challenging to
properly diagnose these patients who have an altered
consciousness, but no loss of consciousness, post-trau-
matic amnesia, or without a positive head computed
tomographic (CT) scan. The Military Acute Concussion
Evaluation can provide positive diagnosis when admin-
istered �12 hours after injury. It can be erroneous when
administered at a later time point. Soldiers engaged in
Operation Enduring Freedom and Operation Iraqi Free-
dom are constantly exposed to blasts of different degrees
(i.e, some close and some at a distance). It is often
difficult for these soldiers to recall that they have been
exposed to a blast if tested days or months after the initial
event. Post-concussive symptoms including headaches,
sleep disturbances, nausea, impaired attention, and mem-
ory problems are hallmarks of MTBI. Approximately
20% of patients with these symptoms remain unem-
ployed at 1-year post-injury.94 As the consequences of
MTBI can be long-lasting, there is an urgent need to
identify biomarkers that can be used to assist in the
diagnosis of this condition.
A number of studies have examined the serum levels

of S100B as a diagnostic marker of MTBI. Similar to that
observed at higher injury magnitudes, the serum concen-
tration of this marker is transiently increased after
MTBI.14 For example, a clinical study evaluating serum
S100B levels in patients with mild head injuries found
that patients with intracranial injuries (as determined by
using head CT scans) had significant elevations in S100B
levels compared with patients who did not have such
injuries.95 Consistent with this evaluation, a recent re-
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evaluation of six prospective clinical trials involving
more than 2000 MTBI patients indicated that S100B has
a sensitivity of 98.2% in identifying the presence of brain
injury.96 Although the sensitivity of this biomarker can
be high, it has low specificity.97,98 For example, in a
prospective cohort study, Nygren et al.99 demonstrates
that while S100B levels were significantly increased in
the serum of MTBI patients compared with uninjured
controls, these levels could not be used to differentiate
between TBI and orthopedic injury groups.
In contrast to the high sensitivity but low specificity

seen with S100B after MTBI, NSE has the opposite
problem as a biomarker of MTBI. Ingebrigtsen and Rom-
ner100 evaluated the diagnostic potential of NSE after
MTBI and found that although this marker had high
specificity, it was not very sensitive. This is likely due to
the relatively small increase in serum NSE levels found
as a result of MTBI.101 One of the few other biomarkers
that have been clinically tested in MTBI patients is tau.
To test the diagnostic accuracy of C-tau in identifying
MTBI patients with intracranial injuries, Kavalci et al.102

examined serum tau levels from 88 MTBI patients and
correlated these changes with the presence or absence of
intracranial lesions on their head CT. No significant dif-
ference in tau protein levels was detected between the
two groups. In addition, no relationship has been found
between initial serum C-tau levels and 3-month out-
come.103

BIOMARKERS FOR DIFFERENTIALLY
DIAGNOSING MILD TBI VS PTSD

Post-traumatic stress disorder (PTSD) is an anxiety
disorder characterized by a cluster of symptoms summa-
rized as avoidance, intrusive thoughts/re-experiencing,
and hyperarousal. These symptoms are evident after a
person is reminded of a traumatic event by a personal
“trigger” and this causes extreme distress. PTSD and
MTBI patients share a number of similarities in cognitive
dysfunction including deficits in attention and difficulties
with episodic and working memory.104,105 These simi-
larities in symptomatology make an accurate diagnosis
between MTBI and PTSD difficult. A few MRI studies
have reported that patients with PTSD have smaller hip-
pocampal volumes, which could be used for the diagno-
sis of PTSD.106,107 However, it has been argued that
smaller hippocampal volume may reflect a pre-existing
vulnerability rather than resulting from the traumatic
event.108 It is believed that PTSD symptoms result from
a hypoactive medial prefrontal cortex and a hyperactive
amygdala, which is supported by experimental findings
in animals and humans.109 However, comparative studies
are needed to determine if this imaging marker is
uniquely associated with PTSD, but not with MTBI or
chronic stress.

A number of neurochemicals have been identified as
potential biomarkers for PTSD.110,111 Many of these
changes result from altered function of the hypothalam-
ic-pituitary-adrenal (HPA) axis. For example, it has been
reported that high levels of plasma norepinephrine are
related to increased risk of PTSD. When faced with a
stressful situation, increases in catecholamine levels el-
evate heart rate, blood pressure, and blood glucose.
Shortly after being exposed to a trauma, individuals who
develop PTSD have higher heart rates than those who do
not.112,113 Measurement of neuropeptide Y indicates that
its serum levels are higher in veterans without PTSD as
compared with veterans with PTSD. These results sug-
gest that that neuropeptide Y levels may represent a
biomarker for resilience to PTSD (a process of adapting
well when faced with trauma, serious threats, and so on)
rather than a diagnostic marker.114 Finally, dehydroepi-
androsterone and dehydroepiandrosterone/cortisol ratios
have been linked to PTSD. However, it is unclear if this
ratio is a marker for symptom severity or if it is related
to symptom improvement.115 Because TBI can alter the
function of the hypothalamic-pituitary-adrenal axis, it
remains to be determined if the degree and/or a combi-
nation of these changes can be used to differentiate peo-
ple with mild TBI from those with PTSD.

BIOMARKERS FOR PENETRATING TBI

TBI resulting from high-velocity projectiles (e.g., bul-
lets, shrapnel) is on the rise both among civilians and the
military. A recent retrospective study at the National
Naval and Walter Reed Army Medical Centers has indi-
cated 56% of severe military TBI casualties were caused
by penetrating injuries resulting from either embedded
fragments driven into the brain by an explosive blast
event (72%) or from bullets from assault weapons
(23%).116 Yao et al.117 have used a high throughput
immunoblotting technique to search for biomarkers for
penetrating ballistic-like brain injuries. Using a total of
998 well-characterized monoclonal antibodies, these in-
vestigators have identified 18 proteins whose tissue lev-
els are altered in a penetrating ballistic-like brain injury
model. The most interesting of these is a precursor pro-
tein of endothelial monocyte-activating polypeptide II.
The levels of this protein were increased after penetrat-
ing brain injury and decreased after middle cerebral ar-
tery occlusion, a stroke model. This indicates that differ-
ent types of brain injury can potentially be diagnosed
with appropriate biomarkers or a biomarker signature.

BIOMARKERS FOR SECONDARY
PATHOLOGIES

Secondary injury encompasses a number of pathological
processes that can continue to evolve during a period of
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days, weeks, or even months after the primary insult. These
secondary pathological processes include breakdown of the
BBB, neuroinflammation, altered ionic homeostasis, cere-
bral edema (fluid-mediated swelling), increased ICP, im-
paired metabolism, hypotension, ischemia, and cell death.
Because these pathologies evolve in time after the primary
injury, they may provide a window of opportunity for ther-
apeutic intervention. Although a number of researchers
have focused on identifying biomarkers to diagnose injury
severity and survivability, only a few groups have focused
on identifying prognostic biomarkers for these secondary
pathologies. The discovery of biomarkers for these second-
ary injuries would greatly aid in the design of management
strategies for individual patients.

Intracranial pressure
One of the primary considerations of clinicians caring

for TBI patients is controlling elevated ICP. Sustained
elevated ICP measurements �20 mmHg have been
linked to increased morbidity and mortality in TBI pa-
tients.118 Elevated ICP can lead to further brain tissue
damage via cerebral hypoperfusion, secondary ischemia,
and brain tissue herniation, and may eventually result in
death.119 In a prospective study comparing the levels of
C-tau between severe TBI and neurologic and non-neu-
rologic controls, Zemlan et al.37 reported that serum
C-tau levels could be used to differentiate those TBI
patients with an ICP�30 mmHg from those with an ICP
�30 mmHg. The serum levels of GFAP and S100B have
also been proposed as markers capable of differentiating
between TBI patients based on their ICP status. Pelinka
and colleagues,120 evaluating serum GFAP and S100B
levels in 92 TBI patients, found that these proteins were
significantly elevated in patients with ICP �25 mmHg.
Using a “bottom-up” approach, it has been found that the
serum concentration of retinol binding protein 4, mea-
sured between 24- and 36-h post injury, is predictive of
subsequent increase of intracranial pressure (86% sensi-
tivity; 88% specificity).8 However, the transient nature
and relatively small magnitude of this change likely lim-
its its clinical usefulness. Ceruloplasmin, also called
iron(II):oxygen oxidoreductase, is the major copper car-
rier protein in the blood and plays an important role in
copper and iron metabolism.121 Consistent with its role
as an acute phase reactant, it has been found that ceru-
loplasmin levels are significantly increased in severe TBI
patients (GCS�8) by 3 days post-injury. However, prior
to this delayed increase, ceruloplasmin levels during the
first 24 h after injury were found to be significantly
reduced in patients who subsequently developed high
ICP (i.e., ICP � 25 mmHg).122 This decrease was found
to have prognostic accuracy in identifying these patients
compared with TBI patients whose ICP � 20 mmHg
throughout the study period (cut-off, 140 �g/mL; 87%
sensitivity; 73% specificity). Likewise, low total serum

copper (�1.32 �g/mL) within the first 24-h of injury was
also found to be predictive of high ICP (86% sensitivity;
73% specificity). The combination of serum ceruloplas-
min and serum copper (cut-offs, 140�g/mL and 1.50
�g/mL, respectively) increased the specificity to 100%
while maintaining a sensitivity of 67%.122

Blood brain barrier compromise
Loss of BBB integrity allows for the unrestricted entry

of blood-borne materials into the brain and has been
linked to exacerbated inflammation, increased ICP, al-
tered homeostasis, and other pathological consequences
of TBI.123 Because S100B does not cross the intact BBB,
its levels in the serum (or a serum/CSF ratio) have been
proposed to be an indicator of barrier integrity. To in-
vestigate this possibility, Kirchhoff et al.124 evaluated
S100B in the serum of severe TBI patients to determine
if its levels correlated with the presence of albumin in the
CSF. This study revealed that there was a positive cor-
relation between serum S100B levels and the degree of
albumin leakage at various time points after injury.

Secondary ischemia
Secondary or delayed ischemia is another prominent

pathology that influences outcome after TBI.125 Delayed
ischemia can result from multiple processes, including
intracranial hypertension resulting from elevated ICP,
compromised cerebral pressure autoregulation, vaso-
spasm, and/or hemorrhaging from damaged vasculature.
These processes result in reduced blood flow to the in-
jured tissue that is insufficient to meet the tissue’s met-
abolic needs. Cardiolipin is a phospholipid that is highly
enriched in the inner membrane of mitochondria, and
under periods of high oxidative stress, it is oxidized and
is believed to contribute to mitochondrial dysfunction
and cell death. Although limited research has been done
on the consequences of TBI on cardiolipin levels, there is
increasing evidence that the presence of anticardiolipin
antibodies may be an independent risk factor for
stroke.126,127 If TBI results in the production of anticar-
diolipin (or other antiphospholipid) antibodies, these
may serve as biomarkers for identifying those patients at
risk for developing post-TBI ischemic events.

Post-traumatic epilepsy
TBI is a frequent cause of acquired epilepsy.128 Sei-

zure activity after TBI has been categorized as immedi-
ate (i.e., within 24 h); early (i.e., within 1 week) and late
(i.e, �1-week post-injury).129 Post-traumatic epilepsy
occurs in �50% of severe TBI patients, with the inci-
dence being highest after penetrating brain injury.130–132

The Brain Trauma Foundation guidelines recommend
anticonvulsants to decrease the incidence of early post-
traumatic seizures, but because of adverse effects and no
demonstrated improvement on outcomes, anticonvul-
sants are not recommended for preventing late post-trau-
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matic seizures.133 Electroencephalography, CT, and MRI
(hemosiderin deposits and gliotic scarring134) may be
used to try to predict seizures, but these methods are
inadequate. Currently we do not have a method of pre-
venting the development of late post-traumatic seizures.
The apolipoprotein E epsilon 4 alele has been associated
with post-traumatic seizures.135 Reductions of hip-
pocampal NAA, a marker for viable neurons, have been
shown in temporal lobe epilepsy and mesial temporal
lobe sclerosis.136 Collapsin response-mediated protein-2,
and proteins involved in axonal outgrowth, path finding,
and maintaining neuronal polarity have been demon-
strated to be down-regulated in hippocampal tissue of
patients with mesial temporal lobe epilepsy.137 All of
these have also been associated with other neurodegen-
erative disorders, such as Alzheimer’s disease. Identify-
ing biomarkers that are predictive of post-traumatic sei-
zure development and response to medication would
greatly aid in the treatment of TBI.

BIOMARKERS FOR PREDICTING OUTCOME

Some of the most disruptive symptoms experienced by
TBI patients who survive their injuries are persistent
memory and behavioral problems. In addition to overt
memory disturbances, brain injury is associated with in-
creased rates of depression, sleep disturbances, mood
changes, impulsiveness, and an inability to extinguish
fearful memories. These memory and behavioral prob-
lems can interfere with post-TBI recovery and rehabili-
tation. The identification of biomarkers that can be used
to predict these clinical outcomes would be invaluable to
identify those patients likely to benefit from a rehabili-
tation regimen, to inform and counsel family members
regarding the prognosis, and to encourage the patient (or
caretaker of the patient) to be vigilant for reporting future
symptoms. This is especially important for mild TBI
patients who are discharged quickly because their inju-
ries are typically not life-threatening. Outcome predica-
tion after MTBI is dependent on proper diagnosis of the
condition, especially the patients without an overt brain
injury. However, recent studies are beginning to show
that a significant number of these patients develop psy-
chological and behavioral problems that can impact their
family and work life.
Although several studies have used the GOS to assess

the long-term association of a biomarker change with
outcome, the dichotomous nature of reporting (e.g., good
vs poor) makes it difficult to assess what aspect of out-
come is being correlated. Nevertheless, studies are be-
ginning to show that biomarkers (either alone or in com-
bination) can be used to predict favorable or poor
outcome. For example, high initial serum levels of
S100B, NSE, GFAP, and tau have all been linked to poor
outcome 6 months later.15,37,138,139 Bandyopadhyay et

al.140 have reported that NSE at a cut-off value of 21.2
ng/mL has 86% sensitivity and 74% specificity for poor
outcome in pediatric patients. However, it is yet to be
determined if these markers can be used to identify those
patients with specific pathologies (e.g., memory distur-
bances) or if it can be used as surrogate markers to
evaluate the effectiveness of a rehabilitation program.

BIOMARKERS FOR POLYTRAUMA

In many cases, human brain injury occurs as a part of
polytrauma. The Veterans Health Administration defines
polytrauma as “injury to the brain in addition to other
body parts or systems resulting in physical, cognitive,
psychological, or psychosocial impairments and func-
tional disability.”141 People involved in vehicular acci-
dents, soldiers exposed to improvised explosive devices,
and (to a lesser extent) athletes involved in contacts
sports often suffer from polytrauma. Multiple organ fail-
ure (MOF) and acute respiratory distress syndrome are
the leading causes of death after polytrauma. “One-hit”
and “two-hit” models have been proposed for MOF after
severe and mild to moderate polytrauma.142,143 A severe
traumatic injury is believed to elicit a systemic inflam-
matory response that can give rise to MOF, the one-hit
model. After a less severe trauma, organs remain at a
vulnerable state (possibly due to a milder inflammatory
response), and a second insult can precipitate MOF, the
two-hit model. Surgical procedures that are often per-
formed on polytrauma patients can represent a second hit
and can give rise to MOF. Similar to the two-hit model
for MOF, the brain is highly vulnerable to a second insult
such as ischemia, hypoperfusion, and repeat concussive
injury. Biomarkers whose levels are indicative of the
duration of vulnerability would be useful for managing
polytrauma patients. This is also important for determin-
ing how long a soldier or an athlete should remain inac-
tive to avoid a second hit. The serum levels of inflam-
matory biomarkers (e.g., IL-1, IL-6, TNF�, sTNF-R p55,
sTNF-R p75) have been measured in polytrauma pa-
tients,144–146 with the levels of IL-6 shown to correlate
with injury severity score, acute respiratory distress syn-
drome, and MOF. Furthermore, the initial serum levels
(days 0-1) of sTNF-R p55 and sTNF-R p75 have good
predictive value (0.75 and 0.72, respectively) for the
development of late MOF.146

Diagnosis of TBI in polytrauma patients using current
biomarkers can be challenging. As previously described,
several of the putative biomarkers of injury suffer from a
lack of specificity in that they can be released into the
serum by conditions not due to brain injury. For exam-
ple, S100B has been identified as a highly sensitive
marker of brain damage. However, the levels of this
protein are also increased in conditions such as ischemia
to the liver, kidney, and gut,16 after extracranial trauma14
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Table 1. Summary of TBI-Related Biomarkers and their Utility

Biomarker
Diagnostic Value (Cut-off:
Sensitivity/Specificity)

Sample
Source Comments References

�-II-Spectrin BDPs 1 In TBI; correlate with lesion
size, injury severity

CSF, brain
tissue, serum

Brain enrichedIndicates mode of
death

35, 34, 153,
154

� -Synuclean 1 In TBI Brain tissue Needs validation in humans 156, 157
C-tau 1C-tau correlated with outcome;

1C-tau correlated with 1 ICP
1600 ng/mL: GOS (92%/94%);
1500 ng/mL: ICP (78%/79%)

CSF, serum Specific to CNS
Poor diagnostic value for mild
TBI

37

3’,5’cAM/2’,3’cAMP CSF level correlated with coma
grade

CSF Second messenger 72

Ceruloplasmin/Cu 2 In TBI patients with elevated
ICP

Serum Copper can be rapidly assessed 122

CK-BB BBB disruption necessary for
serum penetration; no
correlation with contusion
volume

CSF, serum Short half-life, rapid elimination 27, 155

CRP & SAA General injury markers Serum Rapidly induced. May indicate
polytrauma

8

CRMP-2 2 In mesial temporal lobe of
epilepsy patients, associated
with Alzheimer’s

Brain tissue May be a marker for post-
traumatic epilepsy

137

FABP Identifying mild TBI(1) Serum/plasma,
brain tissue

High accuracy for mild TBI 32

F2-Isoprostane 1 In multiple diseases CSF, serum Marker of oxidative damage 81–84
4-HNE 1 In TBI brain tissue Brain tissue Marker of lipid peroxidation 88, 89
5-HIAA 1 In CSF; indicator of trauma CSF Marker of altered

neurotransmission
75, 76

GFAP Predictive of 1 ICP, 2 MAP,
2 CPP, mortality & GOS

1.5 ng/mL:
Death (85%/52%)
GOS (80%/59%)

CSF, serum Specific to CNS May not be
sensitive enough for mild TBI

15

HVA 1 In CSF CSF Marker of altered
neurotransmission

75

ICAM 1 Correlates with 1 BBB
compromise

CSF, serum Marker for neurovascular
dysfunction

66

IL-1� 1 Correlates with worse
outcome
1 In CSF in severe TBI

CSF Development of astroglial scars 46, 47, 48

IL-6 Conflicting results. 1 IL-6
correlates with improved
outcome; 1peak IL-6 in
nonsurviors

CSF, serum,
intracranial
dialysate

Marker for multi-organ failure 58, 59

IL-8 1 In CSF in severe TBI CSF, serum Marker of inflammation 44
IL-10 1 CSF IL-10 associated with 2

TNF-� & mortality
CSF, serum Anti-inflammatory marker 62, 63

IL-12p70 1 In CSF in severe TBI CSF, serum Marker of inflammation 44
Lactate Correlates with injury severity CSF Marker for altered brain

metabolism
77

Magnesium 2 Mg over initial 5 days related
to injury severity

Serum 152

MBP 1 Correlates with worse
outcome in children

CSF, serum Marker for white matter injury 30

MCP-1 1 In rodent brain 4-h post-
injury

Brain tissue Recruitment of monocytes into
brain; not tested in humans

67

MIP-1� 1 In CSF in severe TBI CSF Marker for inflammatory cell
invasion

44

NAA 2 Injury marker; ratio NAA/Cre
& Cho/Cre predictive of
deficits

Marker for detecting regional
injury by magnetic resonance
spectroscopy

79, 80

(Table continues)
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and burns.17 Based on these reports, S100B may not have
strong diagnostic value in the context of multi-trauma. da
Rocha et al.147 evaluated serum levels of S100B in TBI
patients either with or without trauma to other organs.
They found that S100B remained a strong predictor of
mortality after TBI, irrespective of multi-trauma.
Although it appears that S100B may have prognostic

value in identifying those patients for whom survival is
doubtful, it remains a challenge to identify mild brain
trauma in the context of other bodily injuries. For example,
GFAP, although highly specific to brain injury and there-
fore less likely to be influenced by other bodily injuries,24

has not been proven to be sensitive enough to detect mild
TBI. Serum levels of BDPs of brain-specific proteins may
be useful in diagnosing TBI in polytrauma patients. A sin-
gle biomarker may not be able to diagnose polytrauma nor
indicate which organs are injured. However, changes in
multiple proteins may provide the sensitivity and specificity
required to diagnose different types of polytrauma. For
example, a combination of biomarkers from multiple dis-
ease pathways (troponin I [myocardial cell damage], N-

terminal prohormone brain natriuretic peptide [left ventric-
ular dysfunction], C-reactive protein [inflammation], and
cystatin C [renal failure]) improved risk stratification for
death from cardiovascular causes among elderly men.148

Therefore, continued research is required to identify spe-
cific and sensitive biological markers of brain damage when
used in combination with markers of other organ damage
(e.g., troponin and creatine phosphokinase isoenzyme MB
[CPK-MB] for heart; aspartate, and alanine transaminases
for liver; lipases for pancreas; blood urea nitrogen and
creatinine for kidney), which can assist the physician in
identifying the organs damaged as a result of polytrauma.

FUTURE DIRECTIONS

Although several biomarkers of brain injury have been
identified, as summarized in Table 1, continued research
is required. These markers can take on many forms, with
proteins, peptides, lipids, and small molecules having
been shown to have diagnostic and prognostic value.
However, several of these markers suffer from a lack of

Table 1. Continued

Biomarker
Diagnostic Value (Cut-off:
Sensitivity/Specificity)

Sample
Source Comments References

Phospho-neurofilament 1 In TBI Serum Needs to be validated in
humans

38

NSE Neuropsychological outcome
intracranial lesions

21.7 ng/mL: mortality
(85%/80%) outcome (55%/
78%)

15.3 ng/mL: intracranial lesions
(77%/52%)

CSF, serum,
brain tissue

Putative marker for small cell
lung cancer, neuroendocrine
bladder tumors, stroke, and
neuroblastoma

28, 29, 138

NE 1 In comatose patients; 1
polytrauma

Serum Marker of altered
neurotransmission and stress

74

S100B Mortality/morbidity; Mild TBI
1 in patients with intracranial
injury

1.13 ng/mL (100%/41%)
1.13 ng/mL (88%/43%)
0.10�/L(95%/31%)

CSF, serum Not selectively specific to TBI;
can be used as a marker of
BBB compromise

15, 95, 139

TGF-� 1 After TBI, remains elevated
� 3 weeks

CSF Cell growth and differentiation,
angiogenesis, immune
function, apoptosis

65

TNF-� 1 In severe TBI; 1 did not
correlate with mortality

CSF, serum Marker of inflammation 53

UCH-L1 1 In CSF, correlated with
mortality, complications and 6
month outcome

CSF Brain enriched marker 39

2 � decreased/downregulated;1 � increased/upregulated; BBB � blood brain barrier; BDPs � proteolytic breakdown products; B-FABP �
brain type-fatty acid binding proteins; C-tau� cleaved tau; Cho/Cre� choline/creatine; CK-BB� creatine kinase-BB; CPP� cerebral perfusion
pressure; CRMP-2 � collapsin response mediated protein-2; CRP � C-reactive protein; FABP � fatty acid binding proteins; GCS � Glasgow
coma score; GDNF � glial derived neurotrophic factor; GFAP � glial fibrillary acidic protein; GOS � Glasgow outcome scale; 5-HIAA �
5-hydroxy indol acetic acid; HNE� 4-Hydroxynonenal; HVA� homovanillic acid; ICAM� intercellular adhesion molecule 1; ICP� intracranial
pressure; IL� interleukin; MAP� mean arterial pressure; MBP� myelin basic protein; MCP-1� monocyte chemo-attractant protein-1; MIP�
macrophage inflammatory protein; NAA � N-acetylaspartate; NE � norepinephrine; NSE � neuron-specific enolase; phospho-NFH � phos-
phorylated neurofilament H; TBI � traumatic brain injury; TGF-� � transforming growth factor-beta; TNF-� � tumor necrosis factor-alpha;
UCH-L1 � ubiquitin C-terminal hydrolase.
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specificity, often being induced or released into the se-
rum in response to other diseases or bodily injuries. This
lack of specificity has hampered the effort to identify
markers of mild TBI, especially in the context of poly-
trauma. A single biomarker may not have desired sensi-
tivity and specificity for diagnosis nor for predicting
outcome. Biomarkers, in combination with other clinical
data, such as GCS and head CT scan, would maximize
the diagnostic accuracy. Su and Liu149 have provided a
theoretical framework for the optimal, linear combina-
tion of biomarkers that maximizes the area under the
receiver operator characteristic curve. Modifications to
this liner combination approach (e.g., in which sensitiv-
ity is maximized instead of the area over a range of
specificity) have also been described.150 Another method
that could be used to overcome this problem is by ap-
plying boosting algorithms.151 Boosting occurs in stages,
during each of which a weak predictor (e.g., a biomarker
that has a low specificity) is trained with the data. The
output of the weak learner is then weighted (proportional
to the accuracy of the weak predictor) and added to the
overall function. The data is then re-weighted so that
patients who are misidentified are “boosted” in impor-
tance. New biomarkers are trained and added to attempt
to correct the misclassifications. One advantage of this
technique is that the biomarkers do not need to be bio-
logical in nature, but can be the result of neurologic
examinations, imaging, physiological measurements, or
other diagnostic tests. With continued research it may be
possible to find biomarkers that not only predict second-
ary pathologies, such as elevated intracranial pressure,
but also those that can identify patients at risk for adverse
long-term outcomes, such as memory loss, depression,
and post-traumatic stress disorder. Because these pathol-
ogies depend on different brain structures and cell types,
it is likely that a single biomarker will not be able to
accurately predict which patients are at risk for their
occurrence. Future studies will be required to not only
identify these biomarkers, but to develop a clinically
useful test in which a panel of TBI-associated biomark-
ers (a biomarker signature) are evaluated and used to
direct treatment.
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