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Abstract: Background: Traumatic brain injury (TBI) constitutes the primary reason for mortality 
and morbidity in persons worldwide below 45 years of age. 1.7 million Traumatic events occur 
yearly in the United States alone, considering for 50,000 deaths. In severe traumatic brain injury 
sufferers, a considerable achievement attained in treating short-term consequences; but till date, 
huge failures are occurring in researcher’s capability to render severe traumatic brain injury suffer-
ers to an elevated degree of performing. 

Methods: Initial damage force results in Primary brain injury, causing tissue destruction and distor-
tion in the early post-injury period. These secondary injuries from TBI cause changes in cell per-
formance and dissemination of trauma via activities like free-radical generation, depolarization, and 
formation of edema, excitotoxicity, and disruption of blood brain barrier, calcium homeostasis, and 
intracranial hematoma. The expectation for developing effect in TBI sufferers is the best knowledge 
of these activities and enhancement of remedies that restrict secondary brain damage. 

Results: The focal point of this study is on knowing the complex outburst of secondary impairments 
and studying the pathophysiology of TBI which provides alternative treatment benefits. 

Conclusion: While injured persons demonstrate dissimilar levels of harm and every case is novel 
with specific recovery profiles, this article strengthens the recent pathophysiological sight of TBI 
mainly attention on oxidative stress, excitotoxicity, cerebral oxygenation and cerebral blood flow 
(CBF), development of edema, and inflammatory activities. For initial research acknowledgment of 
these recurring factors could permit clarification of possible beneficial targets. 
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1. INTRODUCTION 

 Traumatic brain injury (TBI) is the popular reason of 
injuries and disabilities and is major health concern among 
youngsters worldwide [1]. TBI is defined as a nondegenera-
tive, noncongenital injury to the brain occurring via an ex-
traneous physical strength that may result in impaired or 
changed level of consciousness, leading to permanent or 
temporary disabilities of cognitive or physical functioning. 
In the United States, TBI is a contributing factor to approx. 
40% of all injury-related deaths. Reports from Centers for 
Disease Control (CDC) show approx. 1.72 million people in 
the United States as facing TBI and 275,000 are hospitalized 
annually [2, 3]. These experiences are accountable for 
50,000 deaths, leaving 70,000 Americans with long-term 
impairments per year and 5.3 million people in the U.S. exist 
with such disabilities creating a remarkable emotional and 
socioeconomic burden on the society and families [4]. TBI  
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usually results from a violent blow or jolt to the head from a 
blunt or penetrating object into the skull such as a bullet or a 
sharp piece object [5]. Studies show that TBI is a frequent 
injury in sports victims, motor vehicle crashes, and these 
victims often have short and long-term emotional, cognitive, 
behavioral and physical disabilities [6, 7]. Following TBI, 
neurological deficits, behavioral alterations, and cognitive 
decline commonly occur and impose a dramatic impact on 
patients, which has become a significant public health prob-
lem. Mechanical insult causes alterations in cerebral metabo-
lism and blood flow that cause cellular dysfunction and risk 
to secondary injuries such as hypoxia, hypotension, cogni-
tive impairment and seizures [8]. Altered metabolic function 
in cells may initiate glutamate-induced excitotoxicity and 
neuronal cell death. Alteration in calcium homeostasis leads 
to increase in the reactive oxygen species and generation of 
inflammatory mediators that lead to the cell death [9]. Even 
after an extensive work on brain trauma, there are no reliable 
neuroprotective agents for the treatment of patients suffering 
from TBI till date. Motor vehicle fall, sporting or leisure, 
workplace injuries, accidents, assaults, blasts and military 
combats are a major cause of TBI in developing nations, 
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making it need of the hour for novel therapeutic interven-
tions. 

2. PATHOPHYSIOLOGY 

 TBI results from a violent collision, acceleration – decel-
eration and rotational movement of the brain that leads to 
distorted mental functioning [9]. For learning features of 
primary and secondary brain injury, TBI animal models are 
mainly used. Primary injury donates to the first collision that 
promotes the brain to be knocked inside the skull. While 
damage results from ischemia, subsequent swelling, infec-
tion and intracranial hematoma are a secondary injury [10]. 
The principal mechanisms of TBI have been studied as: 

• After TBI, the cerebral injury is manifested by ex-
treme tissue harm and diminished metabolism and 
CBF regulation which is thought to be the first step 
in the pathophysiology of TBI [11]. Thus, these 
produce an ischemia-like condition that results in 
anaerobic glycolysis owing to gathering of lactic 
acid and elevated membrane permeability results in 
edema formation. Insufficiency of anaerobic me-
tabolism to sustain cellular energy levels causes de-
pletion of ATP-stores and energy-dependent mem-
brane ion pumps stoppage [8]. 

• Terminal membrane depolarization together with 
the extreme discharge of glutamate and aspartate 
(i.e. excitatory neurotransmitters) is manifested as 
next step of the pathophysiological flow [12]. 

• These processes activate proteases, lipid peroxi-
dases, and phospholipases which sequentially in-
crease the intracellular accumulation of oxygen 
radicals and free fatty acids.  

• Collectively, all these result in membrane cellular 
and vascular system destruction and ultimately 
apoptosis (programmed cell death) or necrosis [8]. 

3. PRIMARY INJURY 

 The primary injury represents the focal (e.g., intracranial 
hematomas, skull fractures, lacerations, contusions and pene-
trating wounds) and diffuses mechanical harm imposed on 
the brain at the moment of the collision [13]. The primary 
insult originating TBI is determined to occur in short span 
i.e.100 milliseconds, although it causes damage to the cranial 
vault and furthermore destroys cerebrovascular systems  
by distressing fractured bone inside the brain [14]. All these 
promote shearing of the blood vessel and axons which are 
generated by the injury (Fig. 1). Intracerebral bleeding leads 

 

Fig. (1). Pathophysiology of Primary Brain Injury. 
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to hemorrhage and tearing of blood vessels inside brain pa-
renchyma generating mass lesions [13]. 

3. TYPES OF PRIMARY INJURIES 

3.1. Intracranial Hematoma 

 A frequent cause of damage and destruction following 
primary injury is an Intracranial hemorrhage. Different types of 
intracranial hematoma can happen, containing the following: 

• Bleeding between the dura and skull area involves 
Epidural hematoma which mainly results from in-
sult loading into the skull through related laceration 
of the dural veins or arteries, usually via fractured 
bones and occasionally by diploic veins within 
skull's marrow. A common cause of epidural hema-
toma is the break of the middle meningeal artery 
because of fractured temporal bone [15]. It is an ar-
terial bleeding through a speedy rise in pressure. 
When hematoma results from laceration of an ar-
tery, instant neurologic deterioration occurs from 
blood collection and is dangerous in the acute 
stages following TBI [16]. 

• A Subdural hematoma produces in the subdural 
space from ruptured veins and usually takes place in 
severe TBI victims with impairments to the pial ar-
tery or cortical veins. The related rate of mortality is 
elevated, i.e. 60-80% approximately. The flow of 
blood is limited to the region within the arachnoid 
membrane and the dura in patients with a subdural 
hematoma [17]. Subdural hematomas do not de-
velop as rapid as epidural hemorrhage but also pro-
ceed to mass lesions resulting in mortality and dys-
functioning [18]. 

• Intracerebral hemorrhages refer to bleeding within 
the brain itself; these mostly occur inside the cere-
bral parenchyma inferior to lacerations or to brain 
contusion, with a damage to superior, deeper cere-
bral vessels happening through a broad cortical con-
tusion [19]. 

• Subarachnoid hemorrhages generally take place in 
many cases of TBI and if blood components hinder 
the arachnoid villi then hemorrhage may result in 
communicating the type of hydrocephalus or on an 
instance of the noncommunicating type of hydro-
cephalus, inferior to the blood clot blocking the 
third or fourth ventricles [17]. 

3.2. Skull Fractures 

• In youngsters, 10%–30% of head damages lead to 
skull fractures [19]. Fractures are described as non-
depressed or depressed, based on either or not the 
inward displacement of fragments occurs. A simple 
fracture is known in which there is 1 bone fragment; 
when there more than 2 bone fragments, then com-
pound fractures occur [16]. 

• Skull fractures may be related to cranial nerve dam-
age, hematoma, and increased brain injury. Ap-
proximately 4% of all head injuries comprise skull 

base fractures [20]. Most of these fractures (90%) 
are secondary to closed head trauma; the remaining 
are caused by penetrating trauma [21]. 

• Cranial nerve injuries can result from skull fractures 
which are particularly at the base of the skull. In 
TBI, the generally damaged cranial nerve is the fa-
cial nerve, resulting in paralysis of facial muscles 
[19]. Skull fractures can give rise to leaks of cere-
brospinal fluid (CFS) by damaging the membranes 
that cover the brain. A subdural hygroma may gen-
erate from Intracranial CFS leaks [17]. Extracranial 
CFS discharge via the ears and nose permits bacte-
ria and air to go into the skull, thereby producing 
pneumocephalus or infections like brain abscess or 
meningitis [16, 19]. 

3.3. Coup and Contrecoup Contusions 

 A contusion can happen in the nonexistence of skull frac-
tures as a result of movement of the brain back and forth in 
the boundaries of the skull. This is known as ‘Coup -
contrecoup mechanisms’ [20]. A contusion is a discrete re-
gion of inflamed brain tissue, combined with blood coming 
out from broken blood vessels [22]. Cerebral contusion re-
sults from the mixture of vascular & tissue harm [23]. Con-
trecoup contusions are similar to coup contusions but are 
situated on the opposite side of the direct insult [16]. If the 
resulting injury is the coup or contrecoup, it is regulated by 
the amount of energy degenerated at the position of direct 
insult. Most of the energy of insult from a bigger object 
causes a smaller amount of injury at the collision site, owing 
to energy degenerated at the starting or finish of the head 
movement, resulting in a contrecoup contusion [24]. How-
ever, the insult from a hard, smaller object inclined to dis-
tribute at the insult position, causes coup contusion [25]. 
Contusions are usually originated in the inferior and poles of 
frontal lobes, the lateral and secondary aspects of the tempo-
ral lobes and the cortex over and under the operculum of the 
Sylvian fissures [26]. In addition, diffuse axonal injury 
(DAI) is originated from the rotational movements of the 
brain [27]. The victims with DAI usually may be unaware of 
minute radiological results on CT scanning, findings from 
microscopic destruction to single nerve cells (neurons) and 
breakdown of links amongst nerve cells [22]. Because of the 
fast lengthening of the axons, the cytoskeleton is disturbed, 
damaging functioning of the cells [28]. Brain cavitations, 
from negative pressure because of translational acceleration 
insults from inertial inserting, may result in contrecoup con-
tusions as the dura matter and skull begin to hasten prior to 
the brain on primary insult [16]. The pathophysiologic dif-
ferences within contusions and peri contusions to the brain 
initiate that though contusions are known to be related to 
changes in immune response, and also to synaptic and mito-
chondrial damage [20] and are indicated by petechial hemor-
rhages, thrombosis, neuronal pyknosis, inflammation, and 
astrogliosis, [25] whereas peri contusions are related to 
modifications in the management of cytoskeletal and neuro-
genesis structural design [20] and are identified by neuropil 
vacuole formation, edema, axonal loss, and dystrophic 
changes [28]. Also, studies characterized that in relation to 
peri contusions, contusions result in more severe oxidative 



Recent Advances in Pathophysiology of Traumatic Brain Injury Current Neuropharmacology, 2018, Vol. 16, No. 8    1227 

damage, mitochondrial dysfunction, glutathione depletion, 
and synaptic protein loss [25]. 

4. SECONDARY INJURY 

4.1. Edema 

 Intermittently after TBI, the formation of edema occurs 
(Fig. 2). The present categorization of edema associated with 
the structural harm and osmotic imbalance generated by the 
primary or secondary injury [28]. Brain edema is of 2 types: 

Ø cytotoxic (Intracellular). 

Ø vasogenic (Interstitial). 

 Both these types take place promptly after TBI and both 
may result in secondary impairments. Brain edema is nor-
mally worse at 24 to 48 hours post-injury [29]. In TBI vic-
tims, even though cytotoxic edema implies to be more com-
mon as compared to vasogenic edema, both these types re-
sult in elevated Intracranial pressure (ICP) and secondary 
ischaemic actions [30]. 

• Vasogenic brain edema is produced by autodigestive 
disturbance or mechanical/functional disintegration of 

the endothelial cell sheet (an important system of the 
blood–brain barrier) or from reflex dilatation of brain 
vessels [31]. The cerebral vascular endothelial wall 
breakdown promotes the unrestrained ion and protein 
removal from the intravascular to the interstitial (ex-
tracellular) brain parts with confirming water gather-
ing. All this results in accumulation of volume in the 
extracellular space [32]. This vasodilation results in 
partial pressure of carbon dioxide within the arterial 
blood elevated as an outcome of ventilatory failure. 
Although usually associated to ICP, brain edema can 
also occur without a subsequent enhancement in ICP 
[29]. As the vasogenic edema leads to raising cerebral 
volume may primarily be equalized by alterations in 
brain tissue compliance. Compliance may be attained 
via the shunting of CSF to the spinal subarachnoid 
space, a reduction in CSF generation, an enhancement 
in CSF absorption, or the shunting of venous blood 
out of the cranium [33]. 

• Cytotoxic brain edema is identified by intracellular 
water gathering of astrocytes, microglia, neurons re-
gardless of the reliability of the vascular endothelial 
wall [28]. Cytotoxic edema is the consequence of 

 

Fig. (2). Contributing events in the pathophysiology of Secondary Brain Injury. 
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modifications in cellular osmolality with the conse-
quential failure of the cell’s capability to manage its 
ionic gradients [29]. This pathology is produced by 
improved cell membrane permeability for ions, ionic 
pump stoppage because of energy reduction, and cel-
lular reabsorption of osmotically active solutes [33]. 
Damaged BBB and ischemia in various brain areas 
can also produce cytotoxic brain injury by the restora-
tion of blood flow. Glial cells and neurons are mainly 
sensitive to cytotoxic cell damage. Cytotoxic edema, 
if prevalent, can be related to impeded blood flow, 
elevated ICPs, and ischemia, however not separately 
with permanent neurological devastation [29]. 

4.2. Increased Intracranial Pressure 

 TBI becomes elevated because of increased ICP, specifi-
cally, if the pressure enhances to 40 mm Hg [34]. Cerebral 
perfusion pressure (CPP), defined as the force of blood 
which is flowing to the brain, is commonly invariable be-
cause of autoregulation, however for irregular mean arterial 
pressure (MAP) or irregular ICP; the cerebral perfusion pres-
sure is accounted for by deducting the intracranial pressure 
from the mean arterial pressure: CPP = MAP – ICP [35]. 
Elevated ICP resulting in ischemia through reducing CPP is 
a major disadvantage. As soon as ICP reaches the height of 
mean systemic pressure, it causes a drop in cerebral perfu-
sion. The body’s reaction to a drop in CPP causes an in-
crease in systemic blood pressure and dilation of cerebral 
blood vessels [36]. All these processes enlarge the cerebral 
blood volume, that raises ICP, reducing CPP additionally 
which further leads to an extensive decrease in cerebral per-
fusion and flow, ultimately resulting in brain infarction and 
ischemia. Also, high blood pressure produces intracranial 
hematoma that bleeds faster, further enhancing ICP [35]. 
Increased pressure can also cause cerebral edema, cerebral 
hypoxia, hydrocephalus, and brain herniation. Amongst 76 
effectively resuscitated TBI sufferers with organized ICP, 
93% has an increased lactate/pyruvate ratio and 76% had 
decreased glucose [34]. 

4.3. Mitochondrial Dysfunction 

 After TBI, mitochondrial dysfunction results in free radi-
cal generation following apoptosis, so necessary treatment is 
required which particularly limits the secondary injury dam-
age [37]. Reduction in cellular energy production is noticed 
in TBI sufferers and all these brain cellular changes impair 
neurologic functions [38]. Glutamate neurotoxicity induces 
mitochondrial injury in neuronal cells [39, 40]. After TBI, 
the release of glutamate is seen because of NMDA receptor 
excitation which develops a great intracellular Ca++ gather-
ing followed by overloading mitochondria with Ca++ [41, 
42]. This Ca++ perturbation enhances energy failure and 
these altered processes result in harmful damage to mito-
chondria [43]. Resultant mitochondrial Ca++ load also 
modulates mitochondrial production of reactive nitrogen 
species (RNS), reactive oxygen species (ROS), and other 
free radicals generation [44]. These free radicals usually tar-
get the Ca++-loaded neural mitochondria which lead to pro-
tein alterations and production of mitochondrial membrane 
LP. The decrease in mitochondrial Ca++ buffering ability, 

oxidative phosphorylation, mitochondrial respiration, and 
transport of ions [44] occur due to irreversible loss of mito-
chondrial processes [45]. Moreover, generation of mitochon-
drial permeability transition pore (mPTP) is the major devas-
tating sequence of Ca++ load in the inner mitochondrial 
membrane and dumping of the matrix Ca++ pool back into 
the cytoplasm [46]. The mPTP is an abrupt rise in the inte-
rior mitochondrial membrane permeability permitting solutes 
of molecular mass less than that of 1500 Daltons to pass 
properly through the inner mitochondrial membrane [47]. 
This mitochondrial collapse depletes the cytoplasmic pool of 
ATP which aggravates energy failure and amplifies the rise 
in cytosolic Ca++ and leads to delayed Ca++ dysregulation 
[48]. Following glutamate neurotoxicity, the status of mito-
chondrial dysfunction demonstrates the mode of cell death, 
apoptotic versus necrotic and neuronal cell death [40]. For-
mation of mPTP following injury induces components of 
oxidative stress which pave the way for apoptosis by modu-
lating mitochondrial cytochrome c discharge [49]. 

4.4. Excitotoxicity 

 Excitotoxicity is defined as a process in which neurons 
are injured as a result of over stimulations of the receptors 
like NMDA and AMPA receptor i.e. excitatory glutamate 
neurotransmitters [50, 51]. Experimental and clinical reports 
demonstrate that within few minutes after TBI, extracellular 
glutamate level increases aggressively. Due to related energy 
failure and injury, immense neuron depolarization results in 
elevated extracellular glutamate levels [51, 52]. This in-
creased glutamate produces elevated Na+ and Ca2+ influx to 
the cell and finally leads to cell damage mechanisms due to 
high intracellular Ca2+ overload. Because of caspase activa-
tion, cell damage mechanisms result in apoptosis [53]. Glu-
tamate excitotoxicity firstly occurs in the neurons, under 
situations where astrocytes characterize central resistance by 
glutamate reuptake [54, 55]. In the existence of glutamate - 
aspartate transporter (GLAST) and glutamate transporter-
1(GLT- 1), astrocytes are known to be capable of taking up 
glutamate. Then the cells convert glutamate to glutamine and 
offer defense extensively in combination with other astro-
cytes attached via gap junction channels (GJCs). Even these 
events trigger catabolic processes such as BBB disintegra-
tion, the cellular effort to equalize for ionic gradients, 
heighten Na+ /K+-ATPase action and then metabolic re-
quirement, producing an intense loop of flow-metabolism 
uncoupling to the cell [32, 56]. 

4.5. Oxidative Stress 

 Oxidative stress is described as the imbalance between 
the production of free radical and the ability of the body to 
detoxify their damaging effect through neutralization by an-
tioxidants. Oxidative stress involves reactive oxygen species 
production (generation of oxygen free radicals and related 
species such as nitric oxide, superoxide, hydrogen peroxide, 
peroxynitrite) in response to Traumatic Brain Injury [59, 60]. 
Excitotoxicity and depletion of the endogenous antioxidant 
process (such as superoxide dismutase, glutathione peroxi-
dase, and catalase) cause excessive production of reactive 
oxygen species. This process is further responsible for pro-
tein oxidation, cleavage of DNA, cellular and vascular sys-
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tem peroxidation and hence mitochondrial electron transport 
chain gets inhibited [59-61]. These mechanisms are capable 
enough to trigger the inflammatory processes, instant cell 
death, and initial or delayed apoptotic programs [60]. This 
increase in the generation of free radicals serves as one of the 
significant factors that lead to the TBI-promoted metabolic 
stress. Free radicals are extremely reactive as they have un-
paired electrons. These seek for gaining electrons from 
neighboring bodies and causes damage to the protein, cell 
membrane, and DNA [62]. The two major species of free 
radicals are reactive nitrogen species (RNS) and reactive 
oxygen species (ROS). Normal metabolism causes genera-
tion of O and this family is an originator of hydrogen perox-
ide (H2O2), that further produce shydroxyl radicals (OH) 
through the Fenton reaction [63]. This hydroxyl radical is 
one of the most reactive species. When O reacts with nitric 
oxide (NO), peroxynitrite (ONOO) is produced. ROS gets 
generated with normal metabolic activities which are orga-
nized by cellular antioxidant defense methods [62]. 

 After cerebral injury, oxidative damage results due to 
elevated levels of ROS production that disturb scavenging 
system. The onset of TBI leads to the generation of superox-
ide radical which is generated first of all factors [64]. The 
superoxide radical (O2

•-) production takes place after TBI 
due to several factors of injury (Fig. 3). This includes one 
electron reduction process in which the molecular oxygen 
serves as the main part (O2+ e- → O2

•-). For example, change 
of xanthine dehydrogenase to xanthine oxidase along with 

the mitochondrial pour results in the production of O2
•-. [13] 

Ca++ also acts by the developing action of phospholipases 
and the down- stream arachidonic acid system, enzymatic or 
autoxidation of biogenic amine neurotransmitters may also 
be sources of O2

•- after TBI [63]. O2
•- so formed is catabo-

lized to produce H2O2 by enzyme superoxide dismutase [65]. 
H2O2 is reduced to H2O by catalase (in peroxisomes) and 
GSH (in cytosol and mitochondria). Hydroxyl radical is 
formed by radiolysis of water and/ or reaction of H2O2 with 
Fe+2 ions i.e. Fenton reaction. It produces damage of mem-
brane by peroxidation of lipids, DNA destruction, proteins 
oxidation and the cytoskeletal deterioration that leads to the 
death of cells [13]. Nitric oxide (NO) appears as a neural 
mediator in the central nervous system. NO with superoxide 
(O2

•-) is elevated following TBI, producing extremely nox-
ious species peroxynitrite (ONOO), which is a strong oxi-
dant [66]. NO reversibly causes inhibition of respiration at 
cytochrome c oxidase, or irretrievably, following extended 
exposure, at numerous sites containing complex I (mainly 
subsequent to the alteration of NO to other RNS like ONOO-). 
Otherwise, NO may move the mitochondrial electron trans-
port chain into an extra condensed state, increasing O2

•- for-
mation [67]. This O2

•- enhances at lesser NO levels, which 
causes H2O2 production whereas elevated NO levels scav-
enge the O2

•- causing ONOO generation. Lastly, NO or other 
RNS may facilitate initiation of the mitochondrial permeabil-
ity transition (MPT) which finally cause cell death [68]. 

 

Fig. (3). Free radical generation that leads to oxidative stress. (The color version of the figure is available in the electronic copy of the article). 
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4.6. Cerebrovascular Autoregulation and CO2-reactivity 

 The adequate maintenance of CPP and ICP can be carried 
out by CO2-reactivity and cerebrovascular autoregulation. 
Both of these two mechanisms have much importance in 
providing adequate CBF [69]. Secondary brain damage re-
sults in the impairment of these regulating mechanisms [70]. 
Constant CBF is maintained even at variable CPPs by cere-
bral autoregulation [71]. The difference between the mean 
arterial pressure and Intracranial Pressure is defined as CPP. 
The increasing or decreasing change in CPP leads to either 
cerebrovascular constriction or dilation. This process is 
termed as CBF autoregulation. This autoregulation is annihi-
lated in many patients [72]. Temporal profile for this pathol-
ogy is uncertain and is directly proportional to the severity of 
the injury that induces autoregulatory failure [73]. 

 The development of defective autoregulation of CBF 
may be present directly after trauma or it may take some 
time to develop. This could be temporary or constant in na-
ture despite the existence of moderate, mild, or severe dam-
age [74]. Autoregulatory vasodilation is less resistant as 
compared to autoregulatory vasoconstriction. Hence, this 
shows that the patients are less sensitive to damage by high 
rather than low CPPs [33]. 50 mm Hg or less CPP induces 
ischemia to brain tissues and also presents a failure of 
autoregulation. During this, the brain is mainly dependent on 
mean arterial pressure for perfusion. In this condition, the 
brain may regularize the decreased CBF by increasing oxygen 
extraction. But this remuneration has some limits. Thus, the low 
CPP gets directly converted into ischemic injury risk [75]. 

 Cerebrovascular CO2-reactivity is the term used for 
cerebrovascular constriction or dilation in response to hypo 
or hypercapnia. This is a stronger phenomenon as compared 
to CBF autoregulation. In patients having severe brain injury 
and poor outcome, the CO2-reactivity is diminished at early 
stages after trauma [69]. In contrast to this, many other pa-
tients face intact or even enhanced CO2-reactivity and this 
further adds on to a physiological principle for targeting ICP 
management in hyperemic states [76, 77]. 

4.7. Cerebral Metabolic Dysfunction 

 Cerebral metabolism is indicated by cerebral oxygen and 
glucose consumption whereas cerebral energy state is indi-
cated by the concentrations of ATP and phosphocreatine in 
tissue or indirectly by the ratio of lactate/pyruvate. These 
two factors are in decreased state following TBI and may 
present with significant spatial and temporal heterogeneity 
[78-80]. Primary injury is the main factor for the level of 
metabolic failure. Worse results are seen in patients having 
lesser metabolic rates in comparison to those with lower or 
no metabolic dysfunction [81]. 

 The post-traumatic cerebral metabolism reduction in-
volves the primary insult (immediate) resulting in dysfunc-
tion of mitochondria. This is also accompanied by an attenu-
ated availability of the nicotinic co-enzyme pool, reduced 
respiratory rates and ATP-production and intramitochondrial 
Ca2+ overload [82, 83]. 

 But, inconsistent results have been observed by using 
hyperoxia in order to reduce the metabolic failure [84]. The 

reduced cerebral metabolic demand may or may not be re-
lated to a reduction in CBF [79, 80]. This later effect shows 
the CBF and metabolism uncoupling. This is probably due to 
increase in adenosine availability [54, 79]. In some cases, a 
different pathophysiological event i.e. glucose hypermetabo-
lism may occur [85, 86]. The massive transmembrane ionic 
fluxes with consecutive neuroexcitation drive hypermetabo-
lism. But these are not met efficiently increasing in CBF. 
The secondary ischaemic insults evolution is supported by 
uncoupling of CBF flow-metabolism [87]. 

4.8. Excitatory Amino Acids 

 Excitatory amino acids (EAAs) such as glutamate and 
aspartate, are considerably increased following TBI [8]. 
EAAs can result in neuronal death, cell vacuolization, and 
swelling. An entry of chloride, sodium, and calcium causes 
acute neuronal swelling occuring from EAAs and associated 
to loiter damage [88]. Along with N-methyl-D-aspartate re-
ceptor agonists, EAAs may diminish high energy phosphate 
stores (adenosine 5’ -triphosphate, or ATP) or free radical 
production can be enhanced. EAAs can also lead to astro-
cytic swellings through volume-activated anion channels 
(VRACs) [89]. Tamoxifen, a known effective inhibitor of 
VRACs could possibly be of therapeutic value and hence 
reduce inflammation to a great extent. A recent cohort study 
on of TBI patients recognized increased excitatory amino 
acids in microdialysates of patients 50 times more than nor-
mal in approximately 30% of the patients; associations be-
tween secondary brain damage and excitatory amino acid 
quantity were also studied [53]. 

 Glutamate is the primary excitatory amino acid. This is 
liberated by pre-synaptic vesicles or is released out of dam-
aged membranes after TBI. Due to Ca2+-mediated release, 
glutamate rises and uptake of glial glutamate is reduced [90]. 
The glutamate release is associated with age, as it is in-
creased in microdialysates of elderly TBI patients in com-
parison to younger TBI patients. But in the same study, some 
events such as cytokines had not quantitatively changed [91]. 
Studies confirmed that hyperexcitability and neuronal death 
are caused by increased glutamate activity in a dose-response 
relationship [92]. Subsequently, surplus glutamate attaches 
to the NMDA receptor and results in a huge influx of Ca2+ 
and Na+. This results in activation of a number of enzymes 
accountable for ensuring damage at the cellular level; astro-
cytes are susceptible to cell death by excitotoxicity-mediated 
manner [56]. Indeed, a NMDA receptor antagonist aman-
tadine’s administration in case of Fluid Percussion Injury 
(FPI) showed enhanced performance in Morris Water Maze 
(MWM). Also, survival of neurons in the CA2/CA3 pyramid 
of the hippocampus is encouraged [89]. 

4.9. Cerebral Oxygenation 

 TBI is indicated by an altered balance between the cere-
bral oxygen delivery and cerebral oxygen consumption [72]. 
Several different vascular and hemodynamic mechanisms are 
responsible for development in variance but the final out-
come is brain tissue hypoxia [93]. The brain tissue oxygen 
pressure in patients undergoing TBI has been recognized as 
the critical threshold of 15-10 mm Hg PtO2, resulting in in-
farction of neuronal tissue [94]. This has the outcomes like 
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incidence, duration, and extent of tissue hypoxia, which are 
associated with poor consequence [95]. However, in the 
brain, oxygen insufficiency after secondary brain damage 
may result even in the state of normal CPP or ICP [96]. Ad-
ditionally, several clinical protocols integrate the parameter 
of brain tissue oxygen pressure into executive algorithms as 
guided by ICP or CPP. This further adds important informa-
tion about the relationship between oxygen delivery and 
oxygen demand and hence, establishes a better outcome 
from TBI. This outcome is seen when individualizing treat-
ment is based on vital brain tissue oxygenation [97, 98]. 

4.10. Inflammation 

 TBI produces a multifaceted arrangement of immu-
nological as well as inflammatory tissue responses [8]. In-
flammation has dual effects on the brain tissue by one side 
producing damage and on another hand it promotes regen-
eration. For instance, the activation of microglia promotes 
recovery by the process involving phagocytosis of debris. 
However, this excessive cytokine and chemokine secretion 
extend the inflammatory process [99]. Several studies have 
strongly shown the neuroprotective as well as pro- regenera-
tive role of microglia in the injured CNS but in a controlled 
manner [100]. The displacement of afferent synapses and 
close physical proximity of axotomized neurons to several 
microglial cells results in the removal of excitatory input. 
This may aid activation of microglia in order to have tar-
geted delivery of growth factors to injured neurons. This 
supports the idea that inflammation of microglial is required 
to facilitate neuronal regeneration [101]. Additionally, vari-
ous in vivo observations are present that are in disagreement 
with the idea of involvement of activated microglia that 
causes damage following CNS injury [102]. In addition to 
this, the presence of activated microglia in damaged tissue 
areas does not cause additional neurodegeneration in adja-
cent areas [103]. On the other hand, both primary and secon-
dary injuries activate the discharge of cellular mediators in-
volving proinflammatory cytokines, prostaglandins, free 
radicals, and complement [104]. These processes stimulate 
chemokines and adhesion molecules and in line, mobilize 
immune and glial cells in a parallel and synergistic manner 
[105]. For example, activated polymorphonuclear leukocytes 
remain defective and the entire endothelial cell layers as me-
diated via adhesion molecules. These cells infiltrate injured 
tissue along with macrophages and T-cell lymphocytes 
[106]. Upregulation of cellular adhesion molecules such  
as ICAM-1(intercellular adhesion molecules), VCAM-1 
(vascular adhesion molecules) and P-selectin facilitates tis-
sue infiltration of leucocytes. In response to these inflamma-
tory processes, adjacent and injured tissue (based on ‘spread-
ing depressions’) are eliminated and within hours, days, and 
weeks, astrocytes produce microfilaments and neurotrophins 
ultimately to synthesize scar tissue [107]. Within hours from 
injury, proinflammatory enzymes such as tumor necrosis 
factor, interleukin-1-ß, and interleukin-6 are upregulated [8]. 
The progression of tissue damage is related to direct dis-
charge of neurotoxic mediators or indirectly to the release of 
nitric oxide and cytokines [104]. The additional release of 
vasoconstrictors (leukotrienes and prostaglandins), the de-
struction of microvasculature through adhesion of leucocytes 

and platelets, the blood-brain barrier lesion, and formation of 
edema further reduce tissue perfusion and consequently 
worsen secondary brain damage [106]. 

4.11. Cerebral Vasospasm 

 Essential secondary impairment is the post-traumatic 
cerebral vasospasm which calculates the basic outcome of 
the patient [108, 109]. Cerebral vasospasm after spontaneous 
subarachnoid hemorrhage (SAH) because of aneurysmal 
rupture has been one of the most widely studied areas in TBI 
[56]. Vasospasm occurs in approx 30% of TBI injury victims 
which results in serious harm to a brain and hypoperfusion 
(hemodynamically considerable vasospasm) occurs in ap-
prox 50% of victims undergoing vasospasm. The mechanism 
through which vasospasm is caused involves persistent depo-
larization of vascular smooth muscles owing to decrease in 
potassium channel action, [110] discharge of endothelin 
through decreased accessibility of nitric oxide, [111] vascu-
lar smooth muscles cyclic GMP reduction, [112] potentiating 
prostaglandin-promoting vasoconstriction [113] and devel-
opment of free radicals [33, 77]. Thus, a decline in morbidity 
and mortality is better attained by lessening secondary in-
jury, [114] resulting in potential brain ischemia after vaso-
spasm. 

4.12. Necrosis vs. Apoptosis 

 Two diverse kinds of cell death results following TBI: 
apoptosis (programmed cell death) and necrosis. Reaction to 
serious mechanical or ischemic/hypoxic tissue destruction 
via extreme discharge of excitatory amino acid neurotrans-
mitter and metabolic dysfunction results in necrosis [115]. 
Later, biological membranes lysis via proteases, lipid per-
oxidases and phospholipases. Apoptosis of glia and neurons 
is largely towards the intact TBI pathology in animals and 
humans both [116]. On the contrary, neurons that have un-
dergone apoptosis are undamaged morphologically through-
out the instant post-traumatic stage with sufficient adenosine 
triphosphate generation resulting in physiological membrane 
potential and are recognized within contusions inside areas 
distant from the location of insult during the days and weeks 
following impairments [104]. In the injured white matter 
tracts, apoptotic oligodendrocytes and astrocytes are seen. 
Phosphatidylserine translocation includes distinct however 
gradual membrane breakdown together with nuclear mem-
branes disintegration, DNA-fragmentation, and chromatin 
condensation [117]. While enhancement in intracellular cal-
cium, free radicals, and excitatory amino acids can produce 
cells to experience apoptosis, in vitro experiments have 
shown that neural cells can experience apoptosis through 
various pathways [114]. It is normally studied that alteration 
into the equilibrium among anti- & pro-apoptotic protein 
factors toward the expression of proteins which contribute to 
death, is one procedure that originates in cell death of apop-
tosis [115]. Successive deactivation and activation of 
caspases, that characterize particular proteases of the inter-
leukin-converting enzyme species, have been determined as 
essential mediators of programmed death of cells [114]. The 
result of TBI on district cellular pattern of appearance of 
survival inducing-proteins like Bcl-xL, Bcl-2, and extracellu-
lar signal-regulated kinases, and death-promoting proteins 
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including the tumor-suppressor gene, p53, Bax, c-Jun N-
terminal kinase, and the caspase species of proteases are also 
essential factors to be examined [118]. 

4.13. Glucose Metabolism 

 Initial damage after TBI frequently originates commenc-
ing the ischemic cascade. Disruption of normal energy proc-
esses leads to lactic acid accumulation, decreased glucose 
utilization, decreased adenosine triphosphate and action of 
adenosine triphosphate-reliant ion pump, excitotoxicity, Ca2+ 

promoting depolarization and cellular death [119]. 

 Experimental studies have shown that TBI causes con-
siderable enhancement of glucose utilization following the 
initial 30 minutes post-injury, followed by a decline in glu-
cose uptake and then is maintained in a low state for around 
5-10 days [120, 121]. Reduced cerebral glucose metabolism 
was noted in both severe and mild TBI patients, indicating 
that noticeable global neurometabolic abnormalities may be 
present with or without remarkable clinical symptoms [122]. 
After both ischemic and concussive brain injuries, increased 
lactate levels are observed [123, 124] which may produce 
neuronal dysfunction because of interruption of the BBB, 
acidosis, cerebral edema, and membrane damage [125]. 
There is, in addition, a few manifestations reveal that lactate 
gathering post-injury may make the neurons more vulnerable 
to secondary ischemic insults [126]. Several investigators 
have also shown an increase in lactate concentration in cere-
brospinal fluid and in brain tissue in the early 60 minutes 
after mild to moderate fluid percussion injury in rat models 
[127, 128]. Moreover, at least in patients with comparatively 
conserved oxidative metabolism, brain uptake of lactate has 
been associated with enhanced outcome [87]. 

4.14. Hypoperfusion and Hyperperfusion 

 The effect of TBI on CBF has been investigated from 
various studies on laboratory animals and humans. TBI pa-
tients may acquire cerebral hyperperfusion (CBF >55 ml 100 
g-1 min-1) during the primary levels of damage [129]. Rela-
tionship between cerebral hypoperfusion and poor result 
demonstrates that ischemic stroke and TBI deal with similar 
basic mechanisms, however, this hypothesis may be accurate 
to a some extent [33]. For instance, CBF critical threshold 
for the generation of irreparable tissue harm is15 ml100 g-1 
min-1 in TBI victims in relation to 5-8.5 ml 100 g-1 min-1 in 
ischemic stroke victims, which is the key difference occur-
ring within these dissimilar kinds of primary impairments 
[78]. Cerebral ischemia generally results in ionic disturbance 
and metabolic trauma [130]. Head shock exposes the brain 
tissues to shear forces, following structural damage of neu-
ronal bodies of cells, cerebral microvascular, astrocytes, mi-
croglia, and endothelial cell damage [131]. It is important to 
note that increase in CBF above the needed metabolic de-
mand, involves vasoparalysis through successive elevation in 
cerebral blood volume and consecutively, leads to ICP [132]. 
It is essential to study that treating hyperperfusion or hypop-
erfusion is important only after determining CBF measure-
ments in association with cerebral oxygen utilization [133] 
Cerebral ischemia and hyperemia both mention a difference 
among cerebral metabolism and CBF. For instance, less CBF 
along with elevated metabolic rate indicates an ischemic 

condition while elevated CBF along with decreased meta-
bolic rate indicates cerebral hyperemia [134]. 

4.15. Endogenous Opioid Peptides 

 By regulating the presynaptic release of EAAs neuro-
transmitters, endogenous opioid peptides make a contribu-
tion to the exacerbation of neurologic damage [119]. Behav-
ioral suppression is affected because of stimulation of the 
muscarinic cholinergic processes within the rostral pons, that 
is frequently noticed in TBI. Elevated metabolism in the 
damaged brain is encouraged with an enhancement in the 
flow amounts of catecholamines against the TBI-mediated 
motivation of the sympathoadrenomedullary axis and sero-
tonergic structures (by a related depression within glucose 
consumption), resulting in brain damage [8]. Further bio-
chemical methods causing larger extremity of damage in-
clude extracellular potassium elevation, resulting in edema, 
cytokines elevation, causing inflammation, thereby resulting 
in calcium influx due to a reduction in intracellular magne-
sium [121]. Dependent on the astrocytes outcome are the 
cells which display hyperplastic and hypertrophic actions to 
the central nervous systems (CNS). Enlarged generation of 
protein kinase B/Akt during P2 purinergic receptors stimula-
tion is observed in TBI for neuronal survival [88]. 

4.16. Hydrocephalus 

 Studies introduced the classification of hydrocephalus as 
either noncommunicating or communicating. 

 The more common type of hydrocephalus is the commu-
nicating hydrocephalus whereas the noncommunicating form 
of hydrocephalus is less known [135]. On the contrary, in 
communicating hydrocephalus (also known to as nonob-
structive hydrocephalus), complete communication among 
the ventricles and the subarachnoid space occurs. Dimin-
ished CSF absorption may lead to communicating hydro-
cephalus [136]. The communicating type is normally the 
consequence of pressure from blood products that allow dif-
ficulty in the course of CSF in the subarachnoid space and 
CSF absorption via the arachnoid villi [137]. Severe skull 
fractures hemorrhage and meningitis may influence patients 
to this alternative of PTH. Studies proposed that Posttrau-
matic Hydrocephalus (PTH) develops as a result of increased 
dural sinus pressure, causing reduced CSF outflow [138]. 
Normal Pressure Hydrocephalus (NPH), the form of com-
municating the type of hydrocephalus, may be a conse-
quence of subarachnoid hemorrhage caused by encephalopa-
thy, or Alzheimer disease, aneurysm rupture or a TBI [139]. 
NPH often presents as the classic triad of an increased gait 
disorder, damage of mental function, and urinary inconti-
nence [140]. In NPH, ventricles increase despite normal or 
even slightly decreased intracranial pressure, and are pressed 
against brain parenchyma. 

 The noncommunicating hydrocephalus usually results 
from blood coagulate hindrance of blood flow on the cere-
bral aqueduct, or fourth ventricle, interventricular foramen 
and third ventricle [141]. In obstructive hydrocephalus (an-
other name of noncommunicating hydrocephalus), CSF 
gathers in the ventricles because of CSF flow obstruction 
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which causes the enlargement of ventricles and the hemi-
spheres expand [142]. 

4.17. Brain Herniation 

 Brain herniation is possibly a harmful side effect of high 
pressure developed within the skull. This exists when a part 
of the brain gets squeezed across structures in the skull. 
There are a number of factors that produce herniation such as 
Traumatic brain injury, brain tumor, or intracranial hemor-
rhage. These generate a mass effect and increase ICP [143]. 
There are two major classes of herniation. 

1. Supratentorial 

2. Infratentorial 

 Supratentorial herniation is imputable to absolute me-
chanical compression due to an assembling mass or to in-
creased intracranial pressure. The following five types of 
supratentorial herniation are recognized: 

4.17.1. Subfalcine Herniation 

 Subfalcine herniation is the most known type of herni-
ation. In this, the cingulated gyrus of the frontal lobe is pushed 
beneath the falx cerebric when an expanding mass lesion 
results in a medial shift of the ipsilateral hemisphere [144]. 

4.17.2. Central Transtentorial Herniation 

 This type of injury is corroborated by the displacement of 
the cerebral hemispheres and basal nuclei downward while 
the diencephalon and adjacent midbrain are squeezed via the 
tentorial notch. 

4.17.3. Uncal Herniation 

 This type of injury involves the displacement of the me-
dial edge of the hippocampal gyrus and the uncus medially 
and over the ipsilateral edge of the uncus. The hippocampal 
gyrus medially and over the ipsilateral edge of the tentorium 
cerebella foramen causes compression of the midbrain and 
the ipsilateral or contralateral third nerve may be stretched or 
compressed [145]. 

4.17.4. Cerebellar Herniation 

 This injury is manifested by an infratentorial herniation 
in which foramen magnum compresses the tonsil of the 
cerebellum. This squeezes and compresses the medulla, lead-
ing to respiratory arrest and bradycardia. 

4.17.5. Transcalvarial Herniation 

 In trans calvarial herniation, the brain gets compressed in 
the skull during a fracture or at a surgical site. Also known 
as "external herniation". This type of herniation may occur 
during craniectomy (removal of skull flap by the help of a 
surgery) preventing the piece of skull from being replaced 
[146]. 

 The following two types of infratentorial herniation are 
recognized: 

4.17.6. Upward Herniation 

Increased pressure in the posterior fossa can result in the 
movement of the cerebellum in upward direction through the 

tentorial opening or cerebellar herniation. Tentorial notch 
squeezes the midbrain and this also compresses the midbrain 
down [145]. This is also known as a transtentorial herniation 
since it occurs across the tentorium cerebella. 

4.17.7. Tonsillar Herniation 

 Tonsillar herniation, also known as transforaminal herni-
ation, is downward cerebellar herniation, or "coning". The 
downward shifting of cerebellar tonsils by the foramen mag-
num leads to compression of the lower brainstem and upper 
cervical spinal cord. This occurs as they pass throughout the 
foramen magnum. Dysfunction of the centers in the brain 
can be made due to increased pressure on the brainstem; cen-
ters are accountable for controlling cardiac and respiratory 
function. Tonsillar impaction results in the signs like head 
tilt, neck stiffness, and intractable headache [146]. This can 
account for unconsciousness or flaccid paralysis along with 
instability in the blood pressure in these patients. 

CONCLUSION 

 TBI or Traumatic Brain Injury is a sudden process and 
may cause a number of complications afterwards. This single 
dynamic process includes a large number of pathological 
cellular pathways. This may be initially characterized by the 
physical force which damages the brain tissue and changes 
the function and normal physiology. This is not an easy task 
to understand, diagnose or treat TBI due to diversity in the 
symptomatic presentation; this gets altered with each indi-
vidual, type and severity of the injury, gender, and age. Sur-
vival after TBI is difficult due to inadequacy in attention, 
cognition, severe depression, processing of information as 
well as progression towards other forms of neurodegenera-
tive diseases. The mechanical stress results in brain tissue 
damage along with an imbalance between CBF and metabo-
lism, inflammatory and apoptotic processes, excitotoxicity 
and the edema formation. Proper knowledge regarding mul-
tidimensional cascade of TBI may provide many therapeutic 
options including management of hyper- (mechanical) venti-
lation, to reduce intracranial pressure and recover oxygena-
tion by the help of kinetic therapy. Many types of pharma-
cological interventions can be done to reduce the intracranial 
pressure and excitotoxicity. A proper monitoring of the in-
jured brain is necessary to adapt to the treatment according 
to the specific status of the patients. Proper research efforts 
are needed to identify the common underlying pathological 
responses in TBI to provide possible therapeutic options for 
early intervention for patients of all age groups. The current 
review aims to cover the pathophysiology following from 
TBI, starting with the initial impact followed by the secon-
dary complications after injury. Although, many research 
efforts have been made in this area but we still lack in proper 
knowledge. With an increased understanding of the patho-
physiology of brain injury, there can be a great promise for 
providing different therapies in future. But until then, there 
are more failures than successes. 

LIST OF ABBREVIATIONS 

ATP = adenosine 5’-triphosphate 

BBB = Blood Brain Barrier  
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CBF = Cerebral blood flow 

CDC = Centers for Disease Control 

CFS = Cerebrospinal fluid 

CNS = Central nervous systems 

CPP = Cerebral perfusion pressure 

DAI  = Diffuse axonal injury 

EAAs = Excitatory amino acids 

H2O2 = Hydrogen peroxide 

ICP = Intracranial pressure 

MAP = Mean arterial pressure 

mPTP = mitochondrial permeability transition pore 

NMDA = N-methyl-D-aspartate 

NPH = Normal Pressure Hydrocephalus 

O2
•- = superoxide radical 

PTH = Posttraumatic Hydrocephalus 

RNS = Reactive nitrogen species 

ROS = Reactive oxygen species 

TBI = Traumatic brain injury 

VRACs = Volume -activated anion channels 
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