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Outcome biomarkers following 
severe traumatic brain injury

Biomarcadores prognósticos no traumatismo 
crânio-encefálico grave

REVIEW ARTICLE

INTRODUCTION

Trauma is the leading cause of death for people from 1 to 44 years of 
age. Traumatic brain injury (TBI) is the main determinant of morbidity, 
disability and mortality in this group.(1) Severe TBI is associated with a 
30 to 70% mortality rate,(2) and recovery of survivors is marked by severe 
neurological sequels and by a very impaired quality of life.(3)

Severity of TBI is in general established using the Glasgow Coma 
Scale –GCS). This scale is achieved by observation of three parameters: 
eye opening, motor response, and verbal response.(3) TBI is ranked as 
severe, with a GCS score of 3 to 8, as moderate from 8 to 12 and as mild 
from 13 to 15.(4) The GCS has been used as one of the most important 
predictors of TBI outcome, although other variables such as age, abnor-
mal motor response, CT findings, pupillary abnormalities and episodes 
of hypoxia and hypotension have been subsequently introduced in an 
effort to reach a more precise prognosis. It is often difficult to determine 
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ABSTRACT

Trauma is the leading cause of dea-
th of people from 1 to 44 years of age. 
Traumatic brain injury is the main de-
terminant for mortality and morbidity 
caused by trauma. Outcome prediction 
is one of the major problems related to 
severe traumatic brain injury because 
clinical evaluation has an unreliable 
predictive value and complicates iden-
tification of patients with higher risk of 
developing secondary lesions and fatal 
outcome. That is why, there is con-
siderable interest in development of 
biomarkers that reflect the severity of 
brain injury and correlate with morta-
lity and functional outcome. Proteins 
S100B and neuron specific enolases 
are among the markers most studied 
for this purpose, however some studies 

are investigating glial fibrillary acidic 
protein, creatinine phospokinase, iso-
enzime B, myelin basic protein, plas-
ma desoxiribonucleic acid, heat shock 
protein 70, von Willebrand factor, 
metalloproteinases and brain-derived 
neurotrophic factor, among others. 
Evidence suggests that inflammation, 
oxidative stress, excitotoxicity, neu-
roendocrine responses and apoptosis 
play an important role in the develo-
pment of secondary lesions. Markers 
involved in these processes are being 
studied in traumatic brain injury. We 
reviewed these biomarkers, some of 
which present promising results for 
future clinical application. 
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the GCS score in the emergency room due to intuba-
tion or sedation during pre-hospital care.(5) Interfer-
ence of alcohol intoxication in decreasing the score 
of the GCS is controversial.(6) 

The functional Glasgow Outcome scale (GOS) is 
the most used for assessment of the functional prog-
nosis after TBI. (7) It has five levels, from death to 
good positive prognosis and is normally obtained 3, 
6 and 12 months after trauma.(8) However it pres-
ents important shortcomings and early assessment of 
brain damage may be very difficult during the pa-
tient’s stay in the intensive care unit ( ICU).(7) 

Computed tomography (CT) is the choice image 
exam in the management of TBI in the emergency 
room. With this exam, hematomas can be speedily 
diagnosed, and as required, support early surgical 
treatment.(9,10) CT has, however a poor sensitivity 
for diagnosis of non-hemorrhagic injuries, which ex-
plains the poor correlation often observed between 
the tomography findings and the GCS score.(9) CT 
must be repeated if there is a worsening of the clini-
cal condition, diagnosed injuries may expand or new 
injuries may develop. Mainly for the first 12 to 24 
hours after trauma.(10) Marshall et al.(11) developed 
a classification for CT findings in TBI. CT altera-
tions used for the classification are: edema (assessed 
by compression or absence of cisterns), volume of 
high or mixed density injuries (blood collections), 
midline deviation, and evacuation of mass injury(8)  
Various studies have confirmed the prognostic pre-
dictive value of the Marshall classification in TBI 
patients.(12) 

Recovery after TBI is related to severity of the ini-
tial damage (primary lesion) and presence of second-
ary injury.(13) An important cause of secondary injury 
is development of intracranial hypertension (ICH) 
which may be due to intracranial hematoma or ce-
rebral edema. The traditional goal of management 
of patients with TBI has been to limit the second-
ary damage by manipulation of the intracranial pres-
sure and of the cerebral perfusion pressure as well as 
to avoid aggravating factors such as hypoxemia and  
hypotension to ameliorate prognosis of these pa-
tients.(3) 

The large variety of associated conditions and the 
variable predictive value of clinical evaluation com-
plicate identification of patients with a higher risk 
of developing ICH and fatal outcome at the initial 
stage of the traumatic injury.(14) Due to these issues, 
there is considerable interest in the development 

and later usage of biochemical markers that reflect 
severity of the cerebral damage and that correlates  
with development of secondary lesion, short term 
prognosis (mortality) and long term functional prog-
nosis.(15,16,17) 

A good biomarker for brain injury must be sensi-
tive and with a high specificity for cerebral tissue. It 
must be measured in serum, as the cephalic-rachid-
ian fluid is not always available and, in severe TBI a 
rupture of the hematoencephalic barrier takes place.
(18) It must have little variability in relation to gen-
der and age. Furthermore, it must have clinical value 
in patients with associated multiple trauma. Many 
proteins synthesized in the astroglia cells or in the 
neurons have been proposed as markers for cell dam-
age of the CNS. (16) Markers related to pathophysi-
ological mechanisms involved in secondary injuries 
are also being investigated.

TISSUE MARKERS

S100B
This is a small cytosolic dymeric protein of the 

calcium-binding type.(15,17) It weights approximate-
ly 21kDa(19) and exists in various forms depending 
upon the structures of its α and β chains. The ββ 
form, which is named S100B, is found in the astro-
glia and Schwann cells. The S100B is highly specific 
for central nervous system tissue, as well as for cells 
of malignant melanoma.(15) However it may also be 
found in other tissues such as fatty tissue.(19)

Occurrence of S100B may indicate brain damage 
and increased permeability of the hematoencephalic 
barrier. Maximum concentration peak occurs after 20 
minutes, it is metabolized by the kidney and excreted 
in urine (half-life of about 30 to 113 minutes).(20) It 
may be measured in arterial or venous blood, is not 
affected by hemolysis and remains stable for hours. It 
does not require centrifugation and immediate freez-
ing of the sample.(15) Higher levels of S100B after 
TBI may also be measured in liquor.(16) Variability of 
S100B measurement related to gender and age is not 
significant.(16) 

High levels of S100B have been reported af-
ter TBI, stroke, subarachnoidal hemorrhage and at 
postoperative from cardiac surgery, if followed by 
neurological complications.(15) S100B was also high 
in patients with hemorrhagic shock, related to sever-
ity of shock and hypoperfusion.(22) Basic mechanisms 
that lead to serum increase of S100B in TBI remain 
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unknown. It is not clear if protein release depends on 
irreversible cell damage or if it can take place after 
less severe injury. There is evidence that secretion of 
S100B by astrocytes might be an active process.(16) 

In severe TBI, S100B correlates with a short time 
outcome (death or survival), functional prognosis in 
6 months and with severity criteria of TBI such as 
the Marshall score and the ISS.(15,23,24) Serum levels 
of S100B, assessed in the first hours after severe TBI 
have been better predictors of long term prognosis, 
when assessed by the GOS scale than the GCS and 
the CT Marshall scale.(25) Because S100B has a half-
life of about 2 hours, increased values due to primary 
brain damage should return to baseline levels in 12 
to 24 hours.(15) S100B is a sensitive marker for early 
prediction of ICH development.(14) 

Increased levels of S100B were detected in pa-
tients with multiple trauma without TBI.(26,27) In this 
context we evaluated the role of serum S100B as a 
predictive marker of the fatal outcome in severe TIB, 
isolated or associated to multiple trauma. S100B has 
shown to be a sensitive biomarker of fatal outcome in 
patients with isolated TBI as well as those with TBI 
associated to multiple trauma.(7) 

Neuron-specific enolase
Together withS100B, neuron-specific enolase 

(NSE) is considered one of the most promising mark-
ers for brain injury. Enolase is a glycolytic enzyme 
that converts 2-phospho-D glycerate into phosphoe-
nolpyruvate. It is functionally active as a heterodimer 
formed by α, β and γ subunits. The neuron- specific 
enolase isoenzymes are almost exclusively found in 
the cytoplasm of neurons (isoenzime γ-γ) and neu-
roendocrine cells (isoenzime α-γ).(28) The NSF mo-
lecular mass is 78kDa and its biological half-life is 
probably longer than 20 hours.(16) 

NSE is the only marker that directly assesses func-
tional damage to neurons. It is passively released by 
cell destruction(28) and its increased concentrations 
after neuron damage may be measured in peripheral 
blood or liquor. (29) NSE specificity is high and vari-
ability associated to gender and age is low.(16) One of 
the main problems associated with use as marker of 
brain damage is hemolysis. Erythrocytes contain a 
large amount of NSE and hemolysis may, therefore, 
cause a marked increase of NSE in the blood. (28) 

Increased levels of NSE were found in blood and 
liquor of patients with stroke, intracerebral hemor-
rhage and after cardiopulmonary resuscitation.(30) 

NSE also increases and associates with brain injury 
in patients with severe sepsis and septic shock.(31) Tu-
mor cells in APUDomas, neuroblastomas and small 
cell lung carcinomas are able to produce NSE and 
increase serum levels of this protein, That is why, 
serum dosage of NSE has been considered as a diag-
nostic and prognostic serum marker in the clinical 
management of these neoplasms.(32) 

High serum concentrations of NSE are found in 
TBI correlating with injury severity.(29) In severe TBI, 
NSE correlates with clinical outcome.(24) Normally, 
it increases in the first 12 hours after trauma and 
then decreases in the hours and days. Secondary in-
creases may take place in patients who evolve to fatal 
outcome. Presence of NSE, correlation with levels of 
GCS and CT findings are controversial. Studies that 
relate NSE level with intracranial pressure (ICP) and 
with long term functional outcome also disclose con-
flicting results.(16) NSE may also be high in patients 
with multiple trauma without TBI (as recorded by 
TC).(28) 

Glial Fibrillary Acidic Protein
The glial fibrillary acidic protein (GFAP) is an 

intermediate filamentary monomeric protein with an 
approximate molecular mass of 40 to 53 kDa.(16,18) 
It represents the major part of the cytoskeleton of 
astroglia and is only found in the central nervous 
system, therefore, highly specific for brain tissue.(18) 

Studies have shown the use of measuring the 
GFAP in the liquor as a specific indicator of a patho-
logic anomaly of the CNS.(16,24) High levels of GFAP 
are found in blood after stroke, correlating to a func-
tional prognosis.(33)

GFAP is released in the blood stream soon after 
TBI. It is related to the TBI level of severity with the 
Marshall classification and presence of ICH. GFAP 
is higher in patients with a primary fatal outcome 
and with a worse neurological outcome, assessed by 
GOS. GFAP is not released in multiple trauma with-
out TBI.(18)

Creatine Kinase BB
Creatine kinase brain isoenzyme (CKBB) is an iso-

form of creatine-kinase found in the central nervous 
system. The brain has many isoforms CKBB and mi-
tochondrial- CK but lacks CKMB and CKMM, re-
spectively found in the cardiac and skeletal muscles. 
(34) The molecular mass of CKBB is 40 to 53 kDa.(16)

CK-BB is located in the astrocytes and is released 
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when there is anatomical injury in the brain tissue. 
Its serum levels increase during the first hours after 
trauma and drop quickly, unless there is a continued 
enzyme release. CKBB is found in other organs such 
as large intestine, prostate, pancreas, uterus, liver 
and spleen. There is no CKBB in red blood cells and, 
in physiological conditions, serum concentration of 
theses enzymes is low.(16) 

Various situations of brain injury such as cardiac 
arrest and subarachnoid hemorrhage may lead to re-
lease of CKBB in the liquor.(34) High CKBB serum 
levels are also found in adenocarcinomas of the pros-
tate, breast, ovary, colon, other adenocarcinomas of 
the gastrointestinal tract and also in small cell ana-
plastic carcinoma of the lungs.(35) 

Severe TBI studies have disclosed correlation of 
the severity score assessed by GCS with serum lev-
els of CKBB. However, specificity and sensitivity of 
the serum determination of CKBB as a predictor of 
brain injuries remains controversial.(16) 

Brain-derived neurotrophic factor
Brain-derived neurotrophic factor (BDNF is a 

key molecule for neuroplasticity.(36) It is expressed 
in many cell types, including neurons and glia cells. 
Increased expression of BDNF in the central ner-
vous system, in response to various stimuli, suggests 
a neuroprotector role for this neurotrophine. Espe-
cially, inflammatory responses seem to be involved in 
the increased expression of BDNF.(37) 

BDNF has been researched in various neurological 
and psychiatric disorders. In TBI, experimental stud-
ies in rates disclosed an increased RNAm of BDNF 
in the hippocampus within the first 24 hours fol-
lowing trauma.(36) Thereupon we studied the serum 
levels of BDNF patients, victims of severe TBI. We 
found high serum levels of BDNF in the first hours 
after TBI, with a correlation of the serum levels of 
BDNF and fatal outcome in patients with isolated 
severe TBI.(38) 

Mielin Basic Protein
Mielin basic protein (MBP) is a specific protein of 

mielin with a molecular weight of 18.5kDa. It may 
be released to the blood after brain injury or in de-
myelinating disease. 16) Serum and liquor concentra-
tions of MBP were found in children with suspicion 
of inflicted TBI.(39) The MPB was elevated in patients 
with severe TBI relating to the degree of severity and 
mortality.(16)

EXCITOTOXICITY AND PROTEOLISIS 
MARKERS 

Cell excitotoxicity is a key event in the physio-
pathology of TBI. Because it is well known that the 
glutamate excitatory amino acid is rapidly released 
after cell damage and that high glutamate concen-
trations lead to depolarization of neighboring cells, 
glutamate release is believed to be the sentinel event 
for injury by excitotoxicity.(8) Part of this process is 
mediated by the n-methil-D-aspartate (NMDA) re-
ceptor. (3, 40)

Calcium influx to the cell triggers reactions that, 
in turn, activate calcium-dependant enzymes. Cas-
pase-3 is a member of the caspases family of the 
cysteine proteases that may induce apoptosis mecha-
nisms. Increase of caspase-3 as well as that of calpain 
was documented in vivo after TBI. The α-spectrin 
is the main action substrate of calpains and of cas-
pase-3 cysteine proteases and products of degrada-
tion of the α-II-spectrin may also be viewed as bio-
markers in the context of TBI.(41) In liquor, Pineda 
et al.(42) recorded increased concentrations of α-II-
spectrin degradation products, which correlated to 
severity of the injury, CT findings and functional 
outcome after severe TBI. The α-II-spectrin degra-
dation product generated by action of the caspase-3 
had a temporal release curve different from the cal-
pain, suggesting that mechanisms of necrotic as well 
as apoptotic cell death are activated in humans after 
TBI, but at different points in time. Raghupathi(43) 
suggests that cell death mechanisms after TBI may 
represent a continum between the apoptotic and ne-
crotic pathways.

CELL DEATH MARKERS 

Apoptosis markers
Growing evidence has disclosed that apoptosis oc-

curs after TBI.(41) Onset of apoptotic cell death may 
be activated in two distinct pathways, normally re-
ferred as intrinsic and extrinsic. The intrinsic begins 
with release of cytochrome and from the mitochon-
drial intermembrane space to the cytosol, leading 
to activation of a cascade of caspases and amplifi-
cation of the apoptotic signal. Cythochrome c was 
high in the liquor of children with TBI.(44) On the 
other hand, the extrinsic pathway may be activated 
by binding to a Fas/Apo-1/CD95 receptor of the 
transmembrane cell surface, receptor-1 of the tu-
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mor necrosis factor (TNF-1), DR3, DR4 and DR5 
and their corresponding ligands.(45,46) The Fas (FasL) 
ligand binds to the Fas receptor resulting in mul-
timerization, recruiting of adaptor molecules and 
formation of a caspase activating complex. Fas/FasL 
is a key regulator of apoptosis.(47) Fas may also take 
a soluble form (sFas) deprived of a transmembrane 
region that may prevent cells from the FasL-induced 
apoptosis.(48) There is abundant evidence suggesting 
that apoptosis receptors participate in neuron death 
after CNS injury.(49-51) Our research group assessed 
the role of sFas and of TNF-α as predictive mark-
ers of fatal outcome in adult men with isolated TBI. 
We detected high levels of serum sFas and TNF-α in 
victims of severe TBI, however no correlation was 
found between high levels and fatal outcome.(52) 

Plasma desoxyribonucleic acid 
Dosage of plasma desoxyribonucleic acid (DNA) 

in serum or plasma for clinical diagnosis, study of 
prognosis and monitoring of a range of conditions has 
been investigated. DNA sequences, derived from tu-
mors, fetuses and donors have been detected in plas-
ma and in serum of patients with cancer, of pregnant 
women and transplanted patients respectively.(53-55) 

Significant increases in circulating DNA have 
been detected in plasma of trauma patients and have 
been shown as a promising biomarker for stratifica-
tion of trauma severity. The increase in the concen-
tration of plasma DNA was correlated with level of 
severity and development of post-trauma complica-
tions.(56,57) High plasma DNA concentrations were 
also related to severity of strokes.(58) 

Mechanisms by which free circulating DNA in-
creases after trauma have not been established. High 
concentrations observed very early after injury, sug-
gest that the extra-cell DNA originates from tissue 
damage (necrosis) while apoptosis mechanisms may 
contribute to persistent increases, in addition to a 
DNA clearance, probably impaired by commitment 
of the responsible organs due to systemic inflamma-
tion.(57) 

Our group published a study evaluating the role 
of plasma DNA dosage as a predictive marker for 
the fatal outcome of severe TBI victims. We showed 
that significantly high concentrations of plasma 
DNA 35.7±5.2 hours after trauma correlated with 
mortality. No correlation was found between DNA 
concentrations and presence of associated extracra-
nial injuries.(59)

INFLAMMATORY MARKERS

In TBI, there is a frequent systemic intense in-
flammatory response that affects the injured cerebral 
tissue as well as the healthy one. Response to inflam-
matory stress includes activation of the complement 
and up-regulation of endothelial cell adhesion mol-
ecules of cerebral vessels, associated with accumula-
tion of neutrophils and production of cytokines.(60) 

Role of inflammatory mediators in the development 
of a secondary lesion has been investigated. A se-
ries of mediators is involved, including cytokines.(3) 

Among the cytokines are chiefly focused interleukin 
1β (IL-1β), tumor necrosis factor (TNFα), interleu-
kin 6 (IL-6) and interleukin 8 (IL-8).(3,20,60)

Interleukin 8 (IL-8) is considered one of the main 
cytokines involved in the physiopathology of TBI. 
It is produced by various cell types including neu-
trophils, endothelial cells, astrocytes and microglia 
cells. Release of IL-8 is stimulated by other cytokines 
such as IL-1, and by ischemic hypoxia and re-perfu-
sion, which are the basic mechanisms of oxidative 
post-traumatic stress. Many experimental studies in-
dicated that IL-8 plays a crucial role in inflammatory 
response to stress in TBI.(60) Studies in humans also 
suggest that IL-8 plasma levels have a predictive pa-
rameter for mortality in severe, isolated TBI.(20,60)

Astrocytes and microglia soon after trauma release 
IL-1β and TNFα, lead to additional release of cytok-
ines and to production of peripheral immune system 
mediators. Clinical studies have shown high levels of 
TNFα in TBI patients.(3,52) 

The role of the IL-6 is more ambiguous as it has 
a pro- as well as an anti-inflammatory action. High 
levels of IL-6 in plasma and liquor are found after 
TBI.(3) IL-6 might stimulate vasopressin secretion 
and may be involved in the pathogenesis of the syn-
drome of inappropriate hormone secretion (ADH-
antidiuretic hormone) after TBI(61).

OXIDATIVE STRESS MARKERS 

Oxidative stress seems to be a key event in the 
post TBI neuron degeneration, when increase of free 
radicals leads to proteic oxidation, lipid peroxida-
tion and DNA damage.(36) They are produced dur-
ing normal aerobic metabolism and in physiological 
concentration do not have destructive effects on the 
cell. However, at the acute stage of TBI, associated to 
hypoperfusion and cell ischemia, increased concen-
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trations of free radicals may bring about structural 
instability of many molecular components of the 
cell. The brain is particularly vulnerable to oxidative 
stress due to high oxygen demand, intense produc-
tion of free radicals and high levels of transition met-
als such as iron that may catalyze production of free 
radicals. Furthermore, neuron membranes have an 
abundance of polyunsaturated fatty acids, which are 
the source for lipid peroxidation reactions.(62) Mem-
brane lipid peroxidation by free radicals is quite com-
mon in patients with TBI. The membrane becomes 
dysfunctional and lysis and cell death may occur.(8) 

Free radicals can also injure endothelial cells, con-
tributing to vasogenic and cytotoxic edema.(3) When 
tissues are exposed to oxidative stress, activity and 
expression of antioxidant enzymes are increased. The 
superoxide dismutase (SOD) and the glutathione 
peroxidase Gpx are cerebral antioxidant enzymes. 
On studies with TBI, activity of these enzymes has 
shown changes.(63,64) 

MARKERS OF VASCULAR INJURY 

The Von Willebrand Factor (VWF) is a known 
marker for endothelial injury, and its concentration 
increases in response to different stimuli.(65) This fac-
tor is an adhesive protein that prompts onset and 
progression of thrombus formation on the site of 
vascular damage by interacting with components of 
the extracellular matrix and platelets receptors.(66) 
Recent studies were carried out aiming to correlate 
VWF plasma level with prognosis of trauma. Yokota 
et al.(65) in a study related two markers, thrombo-
modulin and the VWF with severe TBI. They con-
cluded that both are good indicators of brain injury 
and brain activation in trauma. A study that assessed 
coagulation and fibrinolysis in post-TBI children 
disclosed increase of hypercoagulability in the first 
24 hours, with significant increase of VWF and fi-
brinogen with a peak in the second week.(67) We stud-
ied the role of VWF as potential prognostic marker 
in patients with severe TBI, comparing their plasma 
levels with clinical diagnostic criteria and imaging 
with a short term outcome (death or survival). Our 
study showed that VWF plasma levels increased sig-
nificantly in individuals that suffered severe TBI and 
that they correlated with the Marshall Classification 
score suggesting that VWF might be a marker for 
unfavorable prognosis.(68) 

Matrix metalloproteinases (MMPs) are zinc-de-

pendent endopeptides responsible for the degrada-
tion of most components of the extracellular matrix 
such as collagen, fibronectins and elastins. During 
normal cell development and physiology the activat-
ed metalloproteinases are needed for the extracellu-
lar matrix degradation, permitting cell migration.(69) 
Experimental studies have shown that MMP-9 levels 
increase after TBI degrading components of the basal 
layer and breaking the hematic-encephalic barrier.(70) 
Wang et al.(71) in studies with rats showed that the 
MMP-9 levels after TBI presented a persistent eleva-
tion for one week and that this elevation also takes 
place in the contralateral hemisphere suggesting that 
after trauma changes in the cerebral status are not 
limited to the injured zone. In this same study it was 
shown that weak activity zones presented a limited 
level of MMP-2, suggesting that small elevation of 
MMP- 2 may take place, contrary to studies related 
to encephalic ischemia, where a major elevation of 
the MMP-2 activity is detected. (71) Suehiro et al.(70) 
found high levels of MMP-9 in patients with acute 
stage TBI , which correlate with high levels of IL-6 
suggesting that MMP-9 may play an important role 
in injury by TBI and that it is associated to post-TBI 
inflammatory events.

The role of endothelin 1 (Et-1), a vasoactive pep-
tide very potent in the deterioration of brain perfu-
sion after trauma remains uncertain.(72) It may rep-
resent a cellular manifestation of the self-regulatory 
mechanisms’ failure.(3) Maier et al.(72) showed that an 
increase of the serum and liquor levels of Et-1 took 
place in patients with severe TBI at the acute stage.

CELLULAR STRESS PROTEINS 

Heat shock proteins HSP are highly conserved 
molecules that play a significant role in the protein 
folding and unfolding as well as in the assembly and 
disassembly of protein complexes. Due to these aux-
iliary functions some Hsps have been called chap-
erone molecules, as they protect cells from damage 
by environmental stress. The Hsps are designated ac-
cording to their molecular weight. The Hsp70kDa 
family regulates cerebral processes in normal or stress 
conditions. In the brain, Hsp70 may be induced by 
a series of pathological stimuli including ischemia, 
exitotoxicity and inflammatory responses.(73)

Pittet et al.(74) showed that the Hsp72 (member of 
the Hsp70 family) can be detected in the serum of 
patients with severe trauma within 30 minutes after 
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trauma and that high levels are associated with favor-
able outcome after trauma. Recently we investigated 
the role of the Hsp70 protein as a predictive marker 
of mortality for severe TBI in men. We proved that 
high serum levels of Hsp70 may be a promising bio-
marker for cases of severe TBI. (73) 

NEUROENDOCRINE MARKERS 

In the last few years various studies have shown 
that hypopituitarism is a common TBI complica-
tion. From 23 to 69% of patients show some degree 
of hypopituitarism during the first 12 months after 
the TBI. (75) Growth hormone (GH) deficiency is the 
most common hypophysiary deficiency induced by 
TBI isolated or associated to other hypophysis de-
ficiencies.(76) Next, the luteinizant hormone (LH) 
and follicular stimulating hormone (FSH) deficien-
cies are significantly more common than deficiencies 
of the adrenocorticotropic hormone (ACTH) which 
are significantly more common than deficiencies of 
the thyroid stimulating hormone (TSH).(77) The pi-
tuitary gland responds to acute traumatic events and 
many changes in hormone levels become apparent in 
the first hours or days after trauma.(61,78) Recent stud-
ies have shown that various inflammatory mediators 
including cytokines and free radicals may affect en-
docrine function at the acute stage of TBI.(78) Such 
changes represent part of the acute adaptive response 
to trauma and may also be influenced buy medica-
tion administered at this stage such as glucocorti-
coids, narcotics or dopaminergic agents.(61) Hormone 
changes of the acute stage after TBI generally do not 
predict hypophysary dysfunction after one year.(78) 

Hypophysary function in TBI patient can improve 
with time, suggesting that isolated or even multiple 
failures diagnosed in the short time are transient. On 
the other hand, a normal pituitary function may in 
the short term, albeit seldom, decrease in 12 months 
after trauma.(76) 

Agha et al.,(79) studying patients with TBI after 
admission in the ICU found 56.5% of hypophysary 
dysfunction at the acute stage of TBI. These results 
were confirmed by Dimopoulou et al.(80) in a study 
carried out under similar conditions, showed that 
53% of the patients had at least one deficiency in the 
hormone axis, and the most frequent were hypoa-
drenalism and gonadal dysfunction . Tanriverdi et 
al.(78) found a positive correlation between the testos-
terone levels at the acute stage of TBI and the GCS 

score. In this same study, levels of GH and IGF-I did 
not correlate with severity of TBI.

On the other hand, high serum concentrations of 
cortisol are usually present during the initial stage of 
trauma and are associated to increased ACTH release 
which, supposedly results from cytokines activation 
of the noradrenergic system and from corticotrophin 
release.(61) In some cases, abnormalities in the cortisol 
secretion dynamics ( fasting hypercortisolemia, aboli-
tion of normal day rhythm and inadequate suppression 
after dexamethasone) may persist for many months af-
ter TBI(78). Tanriverdi et al.(78) in a prospective study, 
in which dosages were measured during the first 24 
hours after admission in the ICU and 12 months later, 
found that mean levels of cortisol were significantly 
higher at the acute stage in comparison to the levels of 
the ACTH triggering a central activation of the hypo-
thalamus-hypophysis-adrenal axis. However, no cor-
relation was found between cortisol level and severity 
of injury, although some authors have shown correla-
tion between the GCS and initial levels of cortisol and 
between cortisol levels and prognosis. Serum levels of 
cortisol-binding globulin to cortisol may be decreased 
in catabolic conditions resulting in disproportionately 
low total cortisol levels when compared to free corti-
sol (biologically active).(77,81) 

Hyperprolactinemia is present in more than 50% 
of the patients at the acute post-TBI stage. Proof of 
a negative correlation between prolactine concentra-
tions and TBI severity suggests a good prognostic role 
for prolactine responses at the acute stage after TBI.
(61,81) Posterior hypopituitarism can also be present 
after TBI with central diabetes insipidus. Prevalence 
of diabetes insipidus after TBI at the acute stage may 
reach 26%.(77) 

Experimental studies have shown increases of lep-
tin RNAm in the brain of rats, during the first hours 
after TBI.(82) Leptin is a hormone produced by adipo-
cytes that regulates satiation and energy metabolism 
by activating receptors expressed in the hypothala-
mus. Recent evidence indicates that leptin may be a 
neuronal protector.(83) High levels of leptin were found 
in male patients with spinomedullary injury.(84) 

Aldosterone has already been studied as a bio-
chemical marker of the acute stage of TBI. (85) 

CONCLUSION

Research on biomarkers with a prognostic value 
in severe TBI is a promising domain for the im-
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proved management of TBI. Some biomarkers such 
as S100B and NSE are at a clinical study stage. How-
ever, evidence has disclosed promising new biomark-
ers among which plasma DNA, HSP70 and von 
Willebrand factor, also BDNF are noteworthy.

RESUMO

O trauma é a principal causa de morte em pessoas entre 
1 e 44 anos de idade. O traumatismo crânio-encefálico é 
o principal fator determinante da mortalidade e da mor-
bidade decorrentes do trauma. A predição do prognóstico 
é um dos principais problemas associados ao traumatismo 
crânio-encefálico grave, já que o valor preditivo variável da 
avaliação clínica complica a identificação de pacientes com 
maior risco para desenvolvimento de lesões secundárias e 
desfecho fatal. Devido a estas questões, há considerável in-
teresse no desenvolvimento de biomarcadores que reflitam 
a gravidade do dano cerebral e que se correlacionem com 

mortalidade e prognóstico funcional em longo prazo. As 
proteínas S100B e enolase neuronal específica estão entre 
os marcadores mais estudados para este fim, mas há tam-
bém estudos com a proteína glial fibrilar ácida, a creatinino 
quinase cerebral, a proteína mielina básica, o ácido des-
oxirribonucléico plasmático, a proteína de choque quente 
70, o fator von Willebrand, as metaloproteinases, o fator 
neurotrófico derivado do cérebro, dentre outros. Evidências 
sugerem que a inflamação, o estresse oxidativo, a excitotoxi-
cidade, as respostas neuroendócrinas e a apoptose têm um 
importante papel no desenvolvimento de lesões secundárias. 
Marcadores envolvidos nestes processos também estão sen-
do estudados no traumatismo crânio-encefálico. Revisamos 
estes marcadores, muitos dos quais apresentam resultados 
promissores para uma futura aplicação clínica. 

Descritores: Traumatismos encefálicos/mortalidade; 
Traumatismos encefálicos/complicações; Prognóstico; 
Marcadores biológicos/sangue

REFERENCES  

1.	 Bruns J Jr, Hauser WA. The epidemiology of traumatic 
brain injury: a review. Epilepsia. 2003;44 Suppl 10:2-10.

2.	 Kraus JF, MacArthur DL, Silverman TA, Jayaraman M. 
Epidemiology of brain injury. In: Narayan RK, Wilber-
ger JE Jr, Povlishock JT, editors. Neurotrauma. New York: 
McGraw-Hill; 1996. p. 13-30.     

3.	 Finfer SR, Cohen J. Severe traumatic brain injury. Resusci-
tation. 2001;48(1):77-90.

4.	 Ghajar J. Traumatic brain injury. Lancet. 
2000;356(9233):923-9. Review.

5.	 Balestreri M, Czosnyka M, Chatfield DA, Steiner LA, 
Schmidt EA, Smielewski P, et al. Predictive value of Glas-
gow Coma Scale after brain trauma: change in trend 
over the past ten years. J Neurol Neurosurg Psychiatry. 
2004;75(1):161-2.

6.	 Stuke L, Diaz-Arrastia R, Gentilello LM, Shafi S. Effect of 
alcohol on Glasgow Coma Scale in head-injured patients. 
Ann Surg. 2007;245(4):651-5.

7.	 da Rocha AB, Schneider RF, de Freitas GR, André C, Gri-
vicich I, Zanoni C, et al. Role of serum S100B as a predic-
tive marker of fatal outcome following isolated severe head 
injury or multitrauma in males. Clin Chem Lab Med. 
2006;44(10):1234-42.   

8.	 Zink BJ. Traumatic brain injury outcome: concepts for 
emergency care. Ann Emerg Med. 2001;37(3):318-32. 

9.	 Gentry LR. Imaging of closed head injury. Radiology. 
1994;191(1):1-17.

10.	 Toyama Y, Kobayashi T, Nishiyama Y, Satoh K, Ohkawa 

M, Seki K. CT for acute stage of closed head injury. Radiat 
Med. 2005;23(5):309-16.

11.	 Marshall LF, Marshall SB, Klauber MR, Van Berkum Cla-
rk M, Eisenberg H, Jane JA, et al. A new classification of 
head injury based on computerized tomography. J Neuro-
surg. 1991;75 Suppl:S14-20.     

12.	 Maas AI, Hukkelhoven CW, Marshall LF, Steyerberg EW. 
Prediction of outcome in traumatic brain injury with com-
puted tomographic characteristics: a comparison between 
the computed tomographic classification and combina-
tions of computed tomographic predictors. Neurosurgery. 
2005;57(6):1173-82; discussion 1173-82.

13.	 Doberstein CE, Hovda DA, Becker DP. Clinical consi-
derations in the reduction of secondary brain injury. Ann 
Emerg Med. 1993;22(6):993-7.

14.	 Petzold A, Greeen AJ, Keir G, Fairley S, Kitchen N, Smith 
M, Thompson EJ. Role of serum S100B as an early pre-
dictor of high intracranial pressure and mortality in brain 
injury: a pilot study. Crit Care Med. 2002;30(12):2705-
10.

15.	 Raabe A, Grolms C, Sorge O, Zimmermann M, Seifert 
V. Serum S-100B protein in severe head injury. Neuro-
surgery. 1999;45(3):477-83. Comment in: Neurosurgery. 
2000;46(4):1026-7. Neurosurgery. 2001;49(6):1491-2; 
author reply 1492-3. 

16.	 Ingebrigtsen T, Romner B. Biochemical serum markers of 
traumatic brain injury. J Trauma. 2002;52(4):798-808. 
Review.

17.	 Townend WJ, Guy MJ, Pani MA, Martin B, Yates DW. 
Head injury outcome prediction in the emergency de-



Outcome biomarkers following severe traumatic brain injury 419

Rev Bras Ter Intensiva. 2008; 20(4): 411-421

partment: a role for protein S-100B? J Neurol Neurosurg 
Psychiatry. 2002;73(5):542-6.

18.	 Pelinka LE, Kroepfl A, Schmidhammer R, Krenn M, Bu-
chinger W, Redl H, Raabe A. Glial fibrillary acidic protein 
in serum after traumatic brain injury and multiple trauma. 
J Trauma. 2004;57(5):1006-12.

19.	 Biberthaler P, Linsenmeier U, Pfeifer KJ, Kroetz M, Mus-
sack T, Kanz KG, et al. Serum S-100B concentration pro-
vides additional information  for the indication of com-
puted tomograghy in patients after minor head injury: a 
prospective multicenter study. Shock. 2006;25(5):446-53.     

20.	 Mussack T, Biberthaler P, Kanz KG, Wiedemann E, Gipp-
ner-Steppert C, Mutschler W, Jochum M. Serum S-100B 
and interleukin-8 as predictive markers for comparative 
neurologic outcome analysis of patients after cardiac ar-
rest and severe traumatic brain injury. Crit Care Med. 
2002;30(12):2669-74. Comment in: Crit Care Med. 
2002;30(12):2778-9. Crit Care Med. 2003;31(9):2415-6; 
author reply 2416-7. 

21.	 Pelinka LE, Toegel E, Mauritz W, Redl H. Serum S 100 B: 
a marker of brain damage in traumatic brain injury with 
and without multiple trauma. Shock. 2003;19(3):195-
200.

22.	 Routsi C, Stamataki E, Nanas S, Psachoulia C, Stathopou-
los A, Koroneos A, et al. Increased levels of serum S100B 
protein in critically ill patients without brain injury. Sho-
ck. 2006;26(1):20-4.

23.	 Regner A, Kaufman M, Friedman G, Chemale I. Increased 
serum S100beta protein concentrations following severe 
head injury in humans: a biochemical marker of brain de-
ath? Neuroreport. 2001;12(4):691-4.

24.	 Vos PE, Lamers KJ, Hendriks JC, van Haaren M, Beems 
T, Zimmerman C, et al. Glial and neuronal proteins in 
serum predict outcome after severe traumatic brain injury. 
Neurology. 2004;62(8):1303-10.

25.	 Woertgen C, Rothoerl RD, Metz C, Brawanski A. Compa-
rison of clinical, radiologic, and serum marker as prognostic 
factors after severe head injury. J Trauma. 1999;47(6):1126-
30. Erratum in: J Trauma 2000;49(3):570-1. Comment in: 
J Trauma. 2000;49(3):570-1. 

26.	 Anderson RE, Hansson LO, Nilsson O, Dijlai-Merzoug R, 
Settergren G. High serum S100B levels for trauma patients 
without head injuries. Neurosurgery. 2001;48(6):1255-8; 
discussion 1258-60.

27.	 Savola O, Pyhtinen J, Leino TK, Siitonen S, Niemelä O, 
Hillbom M. Effects of head and extracranial injuries on 
serum protein S100B levels in trauma patients. J Trauma. 
2004;56(6):1229-34; discussion 1234.

28.	 Pelinka LE, Hertz H, Mauritz W, Harada N, Jafarmadar 
M, Albrecht M, et al. Nonspecific increase of systemic neu-

ron-specific enolase after trauma: clinical and experimental 
findings. Shock. 2005;24(2):119-23.

29.	 Herrmann M, Curio N, Jost S, Grubich C, Ebert AD, 
Fork ML, Synowitz H. Release of biochemical markers 
of damage to neuronal and glial brain tissue is associated 
with short and long term neuropsychological outcome af-
ter traumatic brain injury. J Neurol Neurosurg Psychiatry. 
2001;70(1):95-100.

30.	 Meynaar IA, Oudemans-van Straaten HM, van der We-
tering J, Verlooy P, Slaats EH, Bosman RJ, et al. Serum 
neuron-specific enolase predicts outcome in post-anoxic 
coma: a prospective cohort study. Intensive Care Med. 
2003;29(2):189-95.

31.	 Nguyen DN, Spapen H, Su F, Schiettecatte J, Shi L, Ha-
chimi-Idrissi S, Huyghens L. Elevated serum levels of S-
100beta protein and neuron-specific enolase are associated 
with brain injury in patients with severe sepsis and septic 
shock. Crit Care Med. 2006;34(7):1967-74. Comment in: 
Crit Care Med. 2006;34(7):2022-3. 

32.	 Schoerkhuber W, Kittler H, Sterz F, Behringer W, Holzer 
M, Frossard M, et al. Time course of serum neuron-speci-
fic enolase. A predictor of neurological outcome in patients 
resuscitated from cardiac arrest. Stroke. 1999;30(8):1598-
603. 

33.	 Herrmann M, Vos P, Wunderlich MT, de Bruijn CH, La-
mers KJ. Release of glial tissue-specific proteins after acute 
stroke: A comparative analysis of serum concentrations of 
protein S-100B and glial fibrillary acidic protein. Stroke. 
2000;31(11):2670-7.

34.	 Coplin WM, Longstreth WT Jr, Lam AM, Chandler WL, 
Mayberg TS, Fine JS, Winn HR. Cerebrospinal fluid cre-
atine kinase-BB isoenzyme activity and outcome after su-
barachnoid hemorrhage. Arch Neurol. 1999;56(11):1348-
52. Comment in: Arch Neurol. 1999;56(11):1327-8. 

35.	 Schwartz JG, Bazan C 3rd, Gage CL, Prihoda TJ, Gil-
lham SL. Serum creatine kinase isoenzyme BB is a 
poor index to the size of various brain lesions. Clin 
Chem. 1989;35(4):651-4. Comment in: Clin Chem. 
1989;35(9):2018-9. Clin Chem. 1990;36(12):2149. 

36.	 Griesbach GS, Hovda DA, Gomez-Pinilla F, Sutton RL. 
Voluntary exercise or amphetamine treatment, but not the 
combination, increases hippocampal brain-derived neuro-
trophic factor and synapsin I following cortical contusion 
injury in rats. Neuroscience. 2008;154(2):530-40.

37.	 Saha RN, Liu X, Pahan K. Up-regulation of BDNF in as-
trocytes by TNF-alpha: a case for the neuroprotective role 
of cytokine. J Neuroimmune Pharmacol. 2006;1(3):212-
22.

38.	 Rodrigues E, Oliveira C, Cambrussi A, Gomes G, Godoy 
D, da Rocha AB, et al. Increased serum brain derived neu-



420 Oliveira CO, Ikuta N, Regner A

Rev Bras Ter Intensiva. 2008; 20(4): 411-421

rotrophic factor (BDNF) following isolated severe traumatic 
brain injury in humans. Brain Inj. 2008;22(Suppl 1):165.    

39.	 Berger RP, Dulani T, Adelson D, Leventhal JM, Richichi 
R, Kochanek PM. Identification of inflicted traumatic 
brain injury in well-appearing infants using serum and ce-
rebrospinal markers: a possible screening tool. Pediatrics. 
2006;117(2):325-32.

40.	 Regner A, Alves LB, Chemale I, Costa MS, Friedman 
G, Achaval M, et al. Neurochemical characterization 
of traumatic brain injury in humans. J Neurotrauma. 
2001;18(8):783-92.

41.	 Pineda JA, Wang KK, Hayes RL. Biomarkers of proteolytic 
damage following traumatic brain injury. Brain Pathol. 
2004;14(2):202-9.

42.	 Pineda JA, Lewis SB, Valadka AB, Papa L, Hannay HJ, 
Heaton SC, et al. Clinical significance of alphaII-spectrin 
breakdown products in cerebrospinal fluid after severe 
traumatic brain injury. J Neurotrauma. 2007;24(2):354-
66.

43.	 Raghupathi R. Cell death mechanisms following traumatic 
brain injury. Brain Pathol. 2004;14(2):215-22.

44.	 Satchell MA, Lai Y, Kochanek PM, Wisniewski SR, Fink 
EL, Siedberg NA, et al. Cytochrome c, a biomarker of 
apoptosis, is increased in cerebrospinal fluid from infants 
with inflicted brain injury from child abuse. J Cereb Blood 
Flow Metab. 2005;25(7):919-27.

45.	 Eldadah BA, Faden AI. Caspase pathways, neuronal apopto-
sis, and CNS injury. J Neurotrauma. 2000;17(10):811-29.

46.	 Zhang X, Graham SH, Kochanek PM, Marion DW, Na-
thaniel PD, Watkins SC, Clark RS. Caspase-8 expression 
and proteolysis in human brain after severe head injury. 
FASEB J. 2003;17(10):1367-9.

47.	 Lambert C, Landau AM, Desbarats J. Fas-beyond death: a 
regenerative role for Fas in the nervous system. Apoptosis. 
2003;8(6):551-62.

48.	 Chen J, Zhou T, Liu C, Shapiro JP, Brauer MJ, Kiefer MC, 
et al. Protection from Fas-mediated apoptosis by a soluble 
form of the Fas molecule. Science. 1994;263(5154):1759-
62. 

49.	 Felderhoff-Mueser U, Taylor DL, Greenwood K, Kozma 
M, Stibenz D, Joashi UC, et al. Fas/CD95/APO-1 can 
function as a death receptor for neuronal cells in vitro and 
in vivo and is upregulated following cerebral hypoxic-is-
chemic injury to the developing rat brain. Brain Pathol. 
2000;10(1):17-29.

50.	 Martin-Villalba A, Hahne M, Kleber S, Vogel J, Falk W, 
Schenkel J, Krammer PH. Therapeutic neutralization of 
CD95-ligand and TNF attenuates brain damage in stroke. 
Cell Death Differ. 2001;8(7):679-86. Comment in: Cell 
Death Differ. 2001;8(7):659-61. 

51.	 Qiu J, Whalen MJ, Lowenstein P, Fiskum G, Fahy B, 
Darwish R, et al. Upregulation of the Fas receptor death-
inducing signaling complex after traumatic brain injury in 
mice and humans. J. Neurosci. 2002;22(9):3504-11.  

52.	 Crespo AR, Da Rocha AB, Jotz GP, Schneider RF, Grivici-
ch I, Pinheiro K, et al. Increased serum sFas and TNFalpha 
following isolated severe head injury in males. Brain Inj. 
2007;21(4):441-7.

53.	 Lo YM, Tein MS, Lau TK, Haines CJ, Leung TN, Poon 
PM, et al. Quantitative analysis of fetal DNA in maternal 
plasma and serum: implications for noninvasive prenatal 
diagnosis. Am J Hum Genet. 1998;62(4):768-75.

54.	 Lo YM, Tein MS, Pang CC, Yeung CK, Tong KL, 
Hjelm NM. Presence of donor-specific DNA in plas-
ma of kidney and liver-transplant recipients. Lancet. 
1998;351(9112):1329-30.

55.	 Wang BG, Huang HY, Chen YC, Bristow RE, Kassauei 
K, Cheng CC, et al. Increased plasma DNA integrity in 
cancer patients. Cancer Res. 2003;63(14):3966-8.

56.	 Lo YM, Rainer TH, Chan LY, Hjelm NM, Cocks RA. 
Plasma DNA as a prognostic marker in trauma patients. 
Clin Chem. 2000;46(3):319-23.

57.	 Lam NY, Rainer TH, Chan LY, Joynt GM, Lo YM. Time 
course of early and late changes in plasma DNA in trauma 
patients. Clin Chem. 2003;49(8):1286-91.

58.	 Rainer TH, Wong LK, Lam W, Yuen E, Lam NY, Me-
treweli C, Lo YM. Prognostic use of circulating plasma 
nucleic acid concentrations in patients with acute stroke. 
Clin Chem. 2003;49(4):562-9.

59.	 Campello Yurgel V, Ikuta N, Brondani da Rocha A, Lunge 
VR, Fett Schneider R, Kazantzi Fonseca AS, et al. Role 
of plasma DNA as a predictive marker of fatal outcome 
following severe head injury in males. J Neurotrauma. 
2007;24(7):1172-81.

60.	 Gopcevic A, Mazul-Sunko B, Marout J, Sekulic A, Antoljak 
N, Siranovic M, et al. Plasma interleukin-8 as a potential 
predictor of mortality in adult patients with severe trauma-
tic brain injury. Tokohu J Exp Med. 2007;211(4):387-93.

61.	 Bondanelli M, Ambrosio MR, Zatelli MC, De Marinis L, 
degli Uberti EC. Hypopituitarism after traumatic brain in-
jury. Eur J Endocrinol. 2005;152(5):679-91. Review.

62.	 Won SJ, Kim DY, Gwag BJ. Cellular and molecular pa-
thways of ischemic neuronal death. J Biochem Mol Biol. 
2002;35(1):67-86.

63.	 Ozdemir D, Uysal N, Gonenc S, Acikgoz O, Sonmez A, 
Topcu A, et al. Effect of melatonin on brain oxidative da-
mage induced by traumatic brain injury in immature rats. 
Physiol Res. 2005;54(6):631-7.

64.	 De Oliveira CO, Martins Dias A, Kespers FAZ, Carvalho 
FS, Lima M, Xavier M, et al. Superoxide dismutase plasma 



Outcome biomarkers following severe traumatic brain injury 421

Rev Bras Ter Intensiva. 2008; 20(4): 411-421

concentrations following severe traumatic brain injury in 
humans. Brain Inj. 2008;22(Suppl 1):168.     

65.	 Yokota H, Naoe Y, Nakabayashi M, Unemoto K, Kushi-
moto S, Kurokawa A, et al. Cerebral endothelial injury 
in severe head injury: the significance of measurements of 
serum thrombomodulin and the von Willebrand factor. J 
Neurotrauma. 2002;19(9):1007-15.

66.	 Mendolicchio GL, Ruggeri ZM. New perspectives on von 
Willebrand factor functions in hemostasis and thrombosis. 
Semin Hematol. 2005;42(1):5-14.

67.	 Becker S, Schneider W, Kreuz W, Jacobi G, Scharrer I, 
Nowak-Göttl U. Post-trauma coagulation and fibrinolysis 
in children suffering from severe cerebro-cranial trauma. 
Eur J Pediatr. 1999;158 Suppl 3:S197-202.

68.	 De Oliveira CO, Reimer AG, Da Rocha AB, Grivicich I, 
Schneider RF, Roisenberg I, et al. Plasma von Willebrand 
factor levels correlate with clinical outcome of severe trau-
matic brain injury. J Neurotrauma. 2007;24(8):1331-8.

69.	 Vu TH, Werb Z. Matrix metalloproteinases: effectors 
of development and normal physiology. Genes Dev. 
2000;14(17):2123-33.

70.	 Suehiro E, Fujisawa H, Akimura T, Ishihara H, Kajiwara 
K, Kato S, et al. Increased matrix metalloproteinase-9 in 
blood in association with activation of interleukin-6 after 
traumatic brain injury: influence of hypothermic therapy. 
J Neurotrauma. 2004;21(12):1706-11.

71.	 Wang X, Jung J, Asahi M, Chwang W, Russo L, Mosko-
witz MA, et al. Effects of matrix metalloproteinase-9 gene 
knock-out on morphological and motor outcomes after 
traumatic brain injury. J Neurosci. 2000;20(18):7037-42.

72.	 Maier B, Lehnert M, Laurer HL, Marzi I. Biphasic eleva-
tion in cerebrospinal fluid and plasma concentrations of 
endothelin 1 after traumatic brain injury in human pa-
tients. Shock. 2007;27(6):610-4.

73.	 da Rocha AB, Zanoni C, de Freitas GR, André C, Himel-
farb S, Schneider RF, et al.  Serum Hsp70 as an early pre-
dictor of fatal outcome after severe traumatic brain injury 
in males. J Neurotrauma. 2005;22(9):966-77.

74.	 Pittet JF, Lee H, Morabito D, Howard MB, Welch WJ, 
Mackersie RC. Serum levels of Hsp 72 measured early after 
trauma correlate with survival. J Trauma. 2002;52(4):611-
7; discussion 617.

75.	 Acerini CL, Tasker RC, Bellone S, Bona G, Thompson 
CJ, Savage MO. Hypopituitarism in childhood and ado-
lescence following traumatic brain injury: the case for 
prospective endocrine investigation. Eur J Endocrinol. 
2006;155(5):663-9.

76.	 Aimaretti G, Ambrosio MR, Di Somma C, Gasperi M, 
Cannavò S, Scaroni C, et al. Residual pituitary func-
tion after brain injury-induced hypopituitarism: a pros-
pective 12-month study. J Clin Endocrinol Metab. 
2005;90(11):6085-92.

77.	 Schneider HJ, Kreitschmann-Andermahr I, Ghigo E, 
Stalla GK, Agha A. Hypothalamopituitary dysfunction 
following traumatic brain injury and aneurysmal su-
barachnoid hemorrhage: a systematic review. JAMA. 
2007;298(12):1429-38.

78.	 Tanriverdi F, Senyurek H, Unluhizarci K, Selcuklu A, Casa-
nueva FF, Kelestimur F. High risk of hypopituitarism after 
traumatic brain injury: a prospective investigation of ante-
rior pituitary function in the acute phase and 12 months 
after trauma. J Clin Endocrinol Metab. 2006;91(6):2105-
11.

79.	 Agha A, Rogers B, Mylotte D, Taleb F, Tormey W, Phillips 
J, Thompson CJ. Neuroendocrine dysfunction in the acute 
phase of traumatic brain injury. Clin Endocrinol (Oxf ). 
2004;60(5):584-91.

80.	 Dimopoulou I, Tsagarakis S, Theodorakapoulou M, Dou-
ka E, Zervou M, Kouyialis AT, et al. Endocrine abnorma-
lities in critical care patients with moderate-to-severe head 
trauma: incidence, pattern and predisposing factors. Inten-
sive Care Med. 2004;30(6):1051-7.

81.	 De Oliveira CO, Schneider RF, Godoy D, Lima M, Barre-
to M, Cavalcanti M, et al. Serum cortisol and prolactin le-
vels following severe traumatic brain injury in males. Brain 
Inj. 2008;22(Suppl.1):167-8.     

82.	 Brown R, Thompson HJ, Imran SA, Ur E, Wilkinson M. 
Traumatic brain injury induces adipokine gene expression 
in rat brain. Neurosci Lett. 2008;432(1):73-8.

83.	 Tang BL. Leptin as a neuroprotective agent. Biochem Bio-
phys Res Commun. 2008;368(2):181-5.

84.	 Wang YH, Huang TS, Liang HW, Su TC, Chen SY, Wang 
TD. Fasting serum levels of adiponectin, ghrelin, and lep-
tin in men with spinal cord injury. Arch Phys Med Rehabil. 
2005;86(10):1964-8. Erratum in: Arch Phys Med Rehabil. 
2007;88(5):688. 

85.	 Takahashi H, Sato H, Tsuji Y. Biochemical markers in the 
acute stage of head injury – aldosterone and CK-BB. Neu-
rol Med Chir (Tokyo). 1989;29(3):192-5.


