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Imaging of traumatic brain injury:  
current and future

  REVIEW

Traumatic brain injury (TBI) is a leading cause of death and disability among young adults. CT remains the 
imaging modality of choice in the acute setting, in order to triage patients requiring emergent surgical 
intervention or conservative medical management. The vast majority of TBI patients, however, are 
categorized as mild TBI or concussion. Some patients with mild TBI or concussion have a wide variety of 
neurological and psychological symptoms where CT and MR remain normal. Advanced imaging techniques, 
such as diffusion tensor imaging, PET, SPECT or functional MRI, have potential to demonstrate abnormalities 
that are not detected on morphological imaging studies. Future research is needed to validate new imaging 
techniques and determine which imaging technique most accurately reveals abnormalities that correlate 
with functional deficits.
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Epidemiology
Traumatic brain injury (TBI) is a form of brain 
damage caused by external mechanical force, 
such as rapid acceleration or deceleration injury, 
direct impact, blast waves or penetration by a 
projectile, leading to temporary or permanent 
impairments, functional disability or psycho
social maladjustment. TBI is typically classified 
as mild, moderate or severe based on the Glasgow 
Coma Scale (GCS), which grades a person’s level 
of consciousness based on verbal, motor and eye
opening reactions to stimuli. GCS correlates 
well with outcomes of TBI patients. Generally, 
a GCS of 13 or above is considered mild, 9 to 
12 is moderate and 8 or below is severe. Patients 
with mild TBI may present with a brief change 
in mental status or loss of consciousness. Patients 
with severe TBI may have an extended period 
of unconsciousness or amnesia after injury. The 
degree of disability correlates with the sever
ity of head trauma. Approximately 80–85% of 
TBI are concussions or other forms of mild TBI. 
Posttraumatic seizure disorders are more com
mon in patients with severe TBI. Men are twice 
as likely as women to sustain TBI. The two age 
groups at highest risk for TBI are 0–4yearolds 
and 15–19yearolds. In fact, TBI is a leading 
cause of death among young adults. Falls are the 
leading cause of TBI, particularly in children 
under 4 years of age and elderly people over the 
age of 75 years. The rate of motor vehicle crash
related TBI and sport or recreationrelated TBI is 
highest among adolescents and young adults [101].

Traumatic brain injury is a major health and 
socioeconomic problem throughout the world. 
The CDC reports 1.7 million people sustain a 
TBI each year in the USA [102]. Among them, 
approximately 1.4 million are treated and 
released from emergency rooms, 275,000 are 
hospitalized and 52,000 die from TBI (CDC: 
National Center for Injury Prevention and 
Control) [101]. These numbers do not include 
those patients with TBI who did not seek medi
cal attention. In 2000, direct medical costs and 
indirect costs, such as loss of productivity related 
to TBI, are estimated to be $60 billion per year 
in the USA.

The CDC estimates that at least 5.3 million 
Americans (~2% of the US population) have a 
longterm or lifelong disability as a result of 
TBI [1,102]. Symptoms related to chronic TBI 
are relatively broad and affect cognition, sen
sation, language or emotion. Repeated TBI 
occurring over an extended period of time can 
result in cumulative neurological deficits. Due 
to the improved diagnosis and management of 
TBI, the death rate related to TBI has declined. 
As a result, the number of people living with 
disabilities that result from TBI has increased. 

Pathophysiology of TBI
Damage caused by TBI is divided into pri
mary TBI and secondary TBI. Primary injuries 
are directly related to the contact force at the 
moment of injury. The primary injury generally 
includes skull fractures, epidural and subdural 
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hematomas (SDHs), traumatic subarachnoid 
hemorrhage, brain contusion and diffuse axonal 
injury. Traumatic injury involving cervical ves
sels often leads to infarction due to traumatic 
dissection or thromboembolic complications. 

Secondary injury is a cascade of events trig
gered by the initial injury that occurs in the 
minutes to days following the primary trauma 
and may continue for a long time. Secondary 
brain injury includes cerebral edema, infarc
tion/ischemia and brain herniation. Under 
normal circumstance, cerebral blood flow is 
relatively constant due to protective autoregula
tion. Outside of the limits of autoregulation, or 
when autoregulation fails in some cases of head 
trauma, raising mean arterial pressure will raise 
cerebral perfusion pressure (CPP), and increas
ing intracranial pressure (ICP) will lower CPP. 
Brain contusion or hematoma results in cerebral 
edema or increased ICP. As ICP increases, CPP 
decreases. When CPP falls below 50 mmHg, the 
brain becomes ischemic. This further increases 
ICP, leading to cerebral hypoxia, ischemia, cer
ebral edema and brain herniation. Recent inves
tigations suggest aggressive maintenance of CPP, 
in conjunction with controlling ICP, leads to a 
better outcome [2,3].

Excitatory neurotransmitters, including 
glutamate and aspartate, are often significantly 
elevated after a TBI. These excitatory neuro
transmitters lead to the influx of chloride and 
sodium ions into neurons and dysfunction of 
mitochondria, causing further cell damage and 
cerebral swelling. Excitatory neurotransmitters 
also increase an influx of calcium, which are 
closely related to delayed cellular damage and 
degradation of axonal transport. Other bio
chemical mechanisms affecting secondary TBI 

include: an increase in extracellular potassium, 
leading to edema; an increase in cytokines, 
contributing to inflammation; and a decrease 
in intracellular magnesium, contributing to 
further calcium influx. 

In addition to increased ICP and excita
tory neurotransmitter, cerebral edema in some 
cases can be due to posttraumatic hyperemia 
due to a loss of normal cerebral autoregulation. 
Dysautoregulation can result from hypoxemia 
and hypercapnia, both of which lead to vasodil
atation. This mechanism is more common in 
pediatric and young adult populations. As a 
result of these cascades of events, CPP is reduced 
and infarction results. When cerebral edema is 
severe enough, it causes brain herniation. Types 
of brain herniation will be discussed later. 

Types of TBI
 n Primary injury

Extra-axial hemorrhage: 
epidural hematoma, SDH 
& subarachnoid hemorrhage 
Epidural hematoma
The epidural space is a potential space between 
the inner table of the calvarium and the dura. 
In a normal circumstance, no epidural space is 
present because of firm attachment of the outer 
dural layer to the inner table of the skull. Epidural 
hematoma (EDH) often develops from injury to 
the middle meningeal artery or its branches from 
the skull fracture and, therefore, approximately 
75% of EDH is seen in the temporoparietal loca
tion (Figure 1). The expanding hematoma strips 
the outer layer of dura from the skull, but is con
fined to the epidural space, typically resulting in a 
biconvex shape. Venous EDH, on the other hand, 
is a result of bleeding from meningeal and dip
loic veins or from dural sinuses into the epidural 
spaces. Supratentorial venous EDH is commonly 
associated with a tear along the sphenoparietal 
sinus or superior sagittal sinus. 

Epidural hematoma is more common than 
SDH in the posterior fossa and is frequently 
venous in its origin. The posterior fossa EDH 
involves the torcular herophili and the trans
verse sinus. Presence of air also indicates a site 
of fracture. It is extremely rare for EDH to 
cross the suture line, as the periostial layer of 
the dura adheres tightly to the cranial suture. 
Another unique feature of EDH is that it can 
extend above and below the tentorium, unlike 
SDH. Typically, extraaxial hematoma appears 
homogeneously hyperdense on noncontrast CT. 
Heterogeneous attenuation of EDH is indicative 
of active bleeding. Although rapidly expanding 

Figure 1. Epidural hematoma associated with skull fracture. (A) Noncontrast 
head CT reveals a lentiform epidural hematoma in right temporoparietal region. 
Bone window image shows a linear skull fracture (B). 
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EDH needs emergency evacuation, isolated EDH 
is often associated with favorable clinical out
comes regardless of its size [4,5], in part due to its 
less frequent association with parenchymal injury

Subdural hematoma 
Subdural hematoma is a hemorrhagic collec
tion between the meningeal layer of dura and 
arachnoid. More than half of SDH is trau
matic, although spontaneous SDH does fre
quently occur, particularly in elderly patients 
or patients with coagulopathy. SDH is due to 
injury of a superficial cortical vein. As SDH 
accumulates, it pushes arachnoid away and 
stretches the bridging veins, resulting in fur
ther venous rupture and accumulation of SDH. 
As the brain becomes atrophied, the subdural 
space enlarges and stretches the bridging veins 
further, thus SDH is more common in the eld
erly and is reported to account for as many as 
40–60% cases of patients with TBI. Bilateral 
SDH is commonly seen in elderly patients with 
underlying coagulopathy. Approximately 10% 
of SDH is associated with EDH [6]. The initial 
scan immediately after trauma may not show 
a small SDH due to tamponade effect, but it 
may become readily apparent after evacuation 
of a larger contralateral SDH. SDH is often 
crescentic in shape, does not cross the midline 
and extends along the dural reflection (Figure 2). 
Unlike EDH, however, it does cross the suture 
line. The majority of SDH is homogeneously 
hyperdense on noncontrast CT; some SDH may 
appear isodense to gray matter. These ‘isodense’ 
SDH can be seen in patients with severe anemia, 
disseminated intravascular coagulation or with 
an associated arachnoid tear causing CSF to leak 
into the subdural space from the subarachnoid 
space. Heterogeneous SDH can be seen in the 
setting of active bleeding. SDH with hematocrit/
hemoglobin levels is also seen in patients with 
coagulopathy or acute bleeding superimposed on 
chronic SDH, socalled acuteonchronic SDH. 

The common locations of SDH are cerebral 
convexity, parafalcine and interhemispheric, 
occasionally extending along the tentorium 
cerebri. Posterior fossa SDH is rare and more 
common in children than adults. SDH can be 
located at the site of injury or the opposite side 
of direct impact (coup and contra coup injuries). 
SDH can be simple or complicated depending 
on the absence or presence of underlying brain 
injury or cerebral edema. Complicated SDH 
associated with underlying cerebral edema has 
been reported to have 89% mortality compared 
with 20% mortality for simple SDH [7]. 

Subarachnoid hemorrhage
Traumatic subarachnoid hemorrhage (tSAH) is 
a fairly common finding in patients with head 
trauma. The hemorrhage is from thin layers of 
cortical veins passing through subarachnoid 
space. It is commonly seen beneath a skull fracture 
or near a brain contusion, most likely representing 
direct injury of surface vessels. The interpedincu
lar cistern is one of the most common locations 
for tSAH (Figure 3). Although tSAH is fairly com
mon and was thought to be insignificant in the 
past, recent studies indicate that the presence of 
tSAH can predict outcomes of patients. A study 
from the European Brain Injury Consortium 
strongly indicated a statistically significant asso
ciation between the presence of tSAH and poor 
outcomes. As opposed to 41% of patients without 
tSAH achieving the level of good recovery, only 
15% of patients with tSAH showed good recovery 
after trauma. Patients with tSAH exhibited lower 
GCS scores at the time of admission. tSAH is 
more common in elderly patients than younger 
patients. After adjusting for admission GCS and 
age, the presence of tSAH remained a significant 
predictor for unfavorable outcomes (odds ratio: 
2.49; 95% CI: 1.74–3.55; p < 0.001) [8] 

Subarachnoid hemorrhage is readily detected 
on either CT or magnetic resonance (MR). A 
study comparing multidetectorrow CT and 
1.5 T MR to forensicpathological findings 
showed an accuracy, sensitivity and specificity 
of 89, 82 and 92% using CT; and 90, 83 and 
94% using MRI, respectively. MRI using T

1
, 

T
2
 and T

2
GRE was more sensitive than CT in 

the detection of SAH (p = 0.001), whereas there 
was no significant difference in the detection of 
epidural and subdural hemorrhages (p = 0.248 
and 0.104, respectively) [9].

Figure 2. Subdural hematoma.
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One of the most common complications 
related to SAH is hydrocephalus. In the acute 
phase, hydrocephalus could be due to inflam
matory arachnoiditis or intraventricular hem
orrhage. Chronic hydrocephalus is believed to 
be due to reduction of CSF absorption from 
the occlusion of arachnoid villi. If a patient 
reaches a stable clinical condition and then dete
riorates, development of hydrocephalus should 
be suspected. 

Another complication of SAH is superficial 
siderosis, which is a hemosiderin deposition in 
the leptomeninges. On MR, superficial sidero
sis appears as a thin layer of signal loss on T

2
 

weighted images along the basilar cistern outlin
ing the brain stem or cerebellar folia and cranial 
nerve structures (Figure 4). This often results from 
a recurrent SAH, although a single episode of 
SAH could cause superficial siderosis. Patients 
with superficial siderosis often present with 
hearing loss or cerebellar ataxia. Susceptibility
weighted images (SWI) or T

2
* gradient echo 

(GRE) images are most sensitive for detection 
of superficial siderosis [10]. 

Injury to brain parenchyma:  
brain contusion, diffuse axonal injury 
& brain herniation
Brain contusion
Cerebral contusion or hematoma could be due 
to direct coup or contra coup injury. Since con
tusion is caused by the brain being compressed 
against the rough surface of the skull, for exam
ple anterior or middle cranial fossa, the base of 

frontal lobes and anterior and inferior temporal 
lobes are the most common sites for brain con
tusion (Figure 5). Generally, contusions can be 
nonhemorrhagic, microhemorrhagic or grossly 
hemorrhagic, in which case it is considered to 
be a hematoma. Contusion involves gray matter 
as well as white matter, one of the features dif
ferentiating it from diffuse axonal injury (DAI). 
Another important clinical observation is that 
mass effect or edema surrounding an area of con
tusion increases within a few days after trauma, 
presumably related to vasogenic or cytotoxic 
edema. Followup imaging studies as well as 
close monitoring of ICP is required for patients 
with cerebral contusion. Rapid increase in mass 
effect can be observed within the first 12 h in 
some patients with severe cerebral contusion. 
One of the hypotheses to explain this phenom
enon (other than vasogenic or cytotoxic edema) 
is hyperosmolality in the center of the contusion, 
generating osmotic gradient from the center to 
periphery, leading to accumulation of water 
inside the contusion [11]. There is no effective 
medical treatment for traumatic brain contusion 
or hematoma. Surgical evacuation is performed 
for a large hematoma causing significant mass 
effect or herniation. Presence of tSAH and the 
volume of brain contusion are both reported to 
be associated with poor clinical outcomes [12,13]. 

Diffuse axonal injury 
Diffuse axonal injury is a widespread extensive 
white matter shearing injury caused by torsional 
shearing forces during a trauma. It is one of the 
major causes of unconciousness and persistent 
vegetative state after TBI. It frequently occurs 
after motor vehicle accidents due to accelerating 
and decelerating injuries, and also as a result of 
child abuse. There are certain anatomical areas 
that are vulnerable to DAI. Areas of different tis
sue density and rigidity interface are susceptible 
for shearing injury. These include the subcorti
cal gray–white matter junction, the corpus cal
losum, the internal capsule and the brain stem 
(Figure 4). An autopsy study has demon strated 
that long tract fibers, such as medial longitudinal 
fasciculus, medial lemniscus, superior cerebel
lar peduncle and corticospinal tracts, are more 
susceptible to DAI [14]. 

Axonal injury is thought to be due to stretch
ing of axons causing physical disruption and 
cytoskeletal misalignment. This interferes with 
normal axonal transport, a key mechanism of 
delivering mitochondria, lipids, synaptic vesicles 
and proteins to and from a neuronal cell body. 
Axons are 1000 or 10000times the length of 

Figure 3. Subarachnoid hemorrhage. Noncontrast head CT at the level of 
midbrain shows diffuse subarachnoid hemorrhage in the sylvian fissures and 
interpeduncular cistern (A). Image at the level of lateral ventricle shows a focal 
hemorrhagic contusion in the right frontal lobe in addition to subarachnoid 
hemorrhage in cortical sulci bilaterally (B).
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the cell body. Since axons depend on axoplasmic 
transport for vital proteins and materials, injury 
to axons, such as DAI, leads to degeneration of 
distal axons, termed Wallerian degeneration. 
This takes place within a few days after trauma. 
Dysfunction of axonal transport is also related 
to neuronal deaths, leading to development of 
neurodegenerative disease. Patients with DAI 
often later present with cognitive dysfunction, 
suggesting that the injury of axonal transport 
contributes to one of the underlying mecha
nisms. The extent of DAI is reported to cor
relate well with prognosis as well as functional 
outcomes [15,16].

Diffuse axonal injury is classified based on 
severity: grade I: widespread axonal damage 
with no focal abnormality; grade II: grade I plus 
focal abnormality, especially corpus callosum; 
and grade III: grade I plus grade II, associated 
with damage in the brain stem [17]. 

CT scans often underestimate the extent of 
DAI, because the vast majority of DAI lesions 
are microscopic injuries and may not be grossly 
hemorrhagic. MR, particularly GRE or SWIs, 
are promising imaging techniques that can 
reveal the extent of abnormality correlating with 
prognosis. Recently, diffusion tensor imaging 
(DTI) has been a focus of imaging research, as 
DTI is a powerful in vivo imaging tool to assess 
white matter integrity. 

Brain herniation
As a result of these various traumatic brain 
injuries, increasing edema and mass effect, if 
severe enough, causes brain herniation. There 
are several types of brain herniation observed 
in the trauma setting. The most common type 
is subfalcine herniation, where the cingulate 
gyrus of the frontal lobe is displaced underneath 
the falx cerebri when an expanding hematoma 
causes a substantial shift of midline structures. 
Branches of anterior cerebral artery are occa
sionally compressed by the subfalcine hernia
tion, leading to infarction of anterior cerebral 
artery distribution. Uncal herniation involves 
the displacement of the medial temporal lobe, 
particularly the uncus and hippocampal gyrus 
over the ipsilateral edge of the tentorium cerebri. 
This type of herniation often results in com
pression of the third cranial nerve as well as the 
distal posterior cerebral artery (Figure 6). When 
uncal herniation is severe enough to displace and 
often rotate the midbrain, contralateral cerebral 
peduncle is compressed against the free edge of 
the tentorium, resulting in motor impairment of 
the ipsilateral body. This leads to false localizing 

sign clinically (right side lesion causes right side 
weakness, instead of left side weakness) and 
is termed Kernohan’s notch. The most severe 
herniation in the trauma setting is descending 
transtentorial herniation, which is the downward 
displacement of the basal nuclei and cerebral 
hemisphere through the tentorial notch. This 
happens in the setting of severe diffuse cerebral 
edema. On CT, lack of visualization of basilar 
cistern and effacement of perimesencephalic 
cistern is a critical finding. Duret hemorrhage, 
seen in the severe form of descending transten
torial herniation, is a brain stem (often pons) 
hemorrhage resulting from stretching and lac
erating injury of pontine perforating vessels of 
the basilar artery. Severe TBI in the posterior 
fossa could lead to cerebellar tonsilar herniation, 
which is characterized by the cerebellar tonsils 
descending through the foramen magnum and 
compressing the medulla, leading to bradycardia 
and/or respiratory arrest. 

Vascular injury
Vascular injury related to trauma has substantial 
consequence and implications for brain damage, 
either by ischemic infarction from flow limiting 
dissection or by thromboembolic stroke from 
mural thrombus at the site of dissection. Vascular 
injury was found to occur in approximately 1% 
of patients with trauma [6]. 

In the past, catheter angiogram was performed 
to address vascular dissection, which is an inva
sive procedure with 1–2% risk of having stroke 
related to angiogram. With recent advancement 

Figure 4. Diffuse axonal injury. Noncontrast head CT at the level of the basilar 
cistern shows multiple foci of hemorrhage at the gray–white matter junction and 
dorsal midbrain, consistent with diffuse axonal injury (A). Image at the centrum 
semiovale shows tiny foci of hemorrhage at gray–white matter junction, 
representing diffuse axonal injury (B).
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of multidetector row CT scan technology, the 
quality of CT angiography (CTA) images has 
markedly improved in recent years. 

CTA is the best modality to evaluate the 
extent of vascular injury in the setting of acute 
trauma. CTA allows a rapid assessment of vas
cular narrowing and mural thrombus as well as 
the presence of pseudoaneurysm [18]. In addi
tion, CTA reveals the relationship between 
vascular injury and fractures involving cervical 
spine and skull base. One of the shortcomings 
of CTA is the assessment of vascular injury near 
the skull base, or evaluation of densely calcified 
artery. Some researchers have reported that use 
of dual energy improves visualization of vascu
lar structure near the skull base or assessment 
of stenosis at the site of calcification [19–21]. 
MR angiography is another modality used to 
assess vascular dissection, particularly when a 
patient presents with neurological symptoms or 
progression that requires brain MRI for stroke 
evaluation. Proton density images clearly show 
the presence of intimal thrombus as an area 
of hyperintensity. 

The Biffl classification of vascular injury is 
commonly used to grade traumatic vascular 
dissection, as follows [22]: 

 � Grade I – intimal irregularity with less than 
25% narrowing

 � Grade II – dissection with more than 25% 
luminal narrowing

 � Grade III – pseudoaneurysm

 � Grade IV – occlusion

 � Grade V – transection with extravasation

The prevalence of stroke associated with blunt 
carotid artery injury increases with the injury 
grade, with prevalence of 3, 11, 33, 44 and 100% 
associated with injury grades, I, II, III, IV and V, 
respectively. Early recognition of vascular injury 
and anticoagulation reduces the incidence of 
significant stroke. If the patient sustains trau
matic injury to other parts of the body, preclud
ing anticoagulation and transcranial Doppler 
examination shows substantial emboli, emer
gency stenting can be performed in the acute 
traumatic setting. Other than stroke symptoms, 
patients with carotid artery dissection/injury 
may present with an enlarging neck hematoma, 
unexplained neurological symptoms or Horner 
syndrome [6]. The majority of vertebral artery 
dissection is associated with cervical spine frac
ture. When cervical spine fracture involves trans
verse foramina or traumatic spondylolisthesis 
more than 5 mm potentially increasing stretch
ing injury, CTA is indicated in order to assess 
the presence of vertebral artery dissection [18].

Although arteriogram is the gold standard for 
diagnosis of vascular injury, CTA or MR angi
ography can be safely used to diagnose vascular 
injury. Recent advancement of multidetector 
row CT scans and improved multiplanar refor
mat imaging techniques allow CTA to accurately 
detect significant vascular injury. CTA may have 
a limited sensitivity for Biffl Grade I injury, which 
probably does not adversely affect management 
of vascular injury. 

Diagnostic imaging studies for TBI
As we discussed above, CT remains a vital tool in 
the assessment of patients with TBI in the acute 
setting, as it quickly provides critical information 
that directly impacts management of acute TBI 
patients. CT reveals a hematoma, midline shift, 
compression of ventricles, hydrocephalus and 
depressed fractures that necessitate surgical inter
vention. CT allows us to triage patients who needs 
surgical intervention versus conservative care. 

Diagnostic accuracy of CT for TBI is diffi
cult to assess as surgery or biopsy is not always 
performed for TBI, other than for evacuation of 
large hematomas. Imaging findings of CT are 
often compared with MRI as a gold standard 
or correlated with 6 months’ clinical outcome. 

MRI is superior to CT in terms of sensitiv
ity to detect subtle abnormalities and address 
injury in the posterior fossa and brainstem. MR 
is indicated for patients with neurological symp
toms not explained by CT abnormality or mild 
TBI patients with persistent symptoms. A study 
comparing head CT performed within 24 h 

Figure 5. Contusion. Noncontrast head CT reveals a focus of hemorrhagic 
contusion in the right temporal lobe (A). Bone window image shows mildly 
depressed skull fracture at the site of injury (B).
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and 3T MR performed within 2 weeks after a 
mild TBI event in 36 patients found that MR 
detected intraparenchymal abnormalities in 
75% of patients with mild TBI, a much higher 
rate than CT, predominantly consisting of trau
matic axonal injury and cerebral contusions [23]. 
Another prospective study trying to define the 
role of MR in the acute trauma setting enrolled 
123 patients with TBI. They reported that in 82 
(67%) patients, the findings of CT and MRI were 
identical. In the remaining 41 patients, MR dem
onstrated subtle additional TBI findings, but this 
information did not affect clinical management. 
They concluded that head CT is the only imaging 
test necessary in the first 48 h after TBI [24]. 

When the initial head CT shows abnormal
ity related to TBI, such as tSAH, parenchymal 
contusion or extraaxial hemorrhage, how often 
do we need to image in order to assess the sta
bility of findings? Most case series investigating 
the role of serial head CT in TBI patients have 
suggested that they only occasionally provide 
valuable information. A decision analytic model 
indicated that awaiting clinical deterioration in a 
young patient with intracranial injury at the ini
tial abnormal scan is not cost effective compared 
with routine followup head CT [25]. A prospec
tive observational study addressing the natural 
course of hemorrhage and traumatic intracranial 
hematoma showed that increased traumatic intrac
ranial hematoma occurs earlier in the posttrau
matic course (within the first 24 h) [26]. Therefore, 
when the initial CT scan shows abnormality (e.g., 
hematoma or tSAH), followup head CT is rec
ommended to assure stability of the abnormality. 
Clinical prediction rules might be helpful to define 
which patients need serial followup imaging and 
how often we should image. 

Sensitivity and specificity of CT is lower than 
MRI with GRE or SWI. When head CT is 
normal, yet there is discrepancy between imag
ing findings and clinical symptoms, one should 
consider obtaining brain MRI for accurate 
assessment of TBI. Typical MRI protocols for 
TBI include T

1
weighted sagittal images, coro

nal fluid attenuated inversion recovery (FLAIR) 
images, T

2
weighted axial images, coronal GRE 

or SWI images and diffusionweighted images 
(DWI). No intravenous contrast is necessary for 
assessment of TBI on MR.

 n The role of advanced imaging 
& future research direction
There has been an increase in research interests 
and necessity to address patients with mild TBI 
or concussion. As stated previously, the vast 

majority of TBI patients suffer from mild TBI 
or socalled concussion. Imaging using conven
tional CT or MR neither visualizes any structural 
abnormality nor predicts neurocognitive and 
functional outcomes of mild TBI patients [23]. It 
has been hypothesized that postconcussion symp
toms are caused by microstructural damage of the 
brain due to sheering injury of deep white matter. 

Diffusion tensor imaging promises to reveal 
traumatic axonal injury secondary to stretching 
or shearing forces. DTI provide a quantitative 
measure of the bulk motion of water molecular 
diffusion and is sensitive to spatial orientation of 
fiber tracts. Mean diffusivity (MD) is an index of 
the rate of diffusion averaged over all directions, 
also known as ADC. Fractional anisotropy (FA) 
is a measure of directionality of diffusion, ranging 
from 0 to 1. Axial diffusivity is the degree of dif
fusion along the fiber orientation; as opposed to 
radial diffusivity, which is the degree of diffusion 
orthogonal to the fiber orientation. When axons 
are injured, this will restrict axial diffusivity and 
possibly increase radial diffusivity, thus leading 
to decreased FA and increased MD. DTI is sensi
tive to detect subtle axonal injuries that are invis
ible on conventional MRI [27–29]. DTI detecting 
decreased FA values predicts future neurobehav
ioral outcomes of TBI patients [30–33]. Niogi et al. 
found the positive correlation between attention 
control and FA in left hemisphere anterior corona 
radiata, as well as memory performance and FA 
in the uncinate fasciculus [34]. 

There have been contradictory results of 
DTI in the setting of acute trauma. Some 
reported restricted diffusion (decreased MD) 
and increased FA in the acute stage of TBI [35,36] 

Figure 6. Herniation. Noncontrast head CT reveals epidural hematoma in the left 
temporal region with compression of the left perimesencephalic cistern (A); 
postevacuation head CT demonstrates an area of hypoattenuation in the left posterior 
cerebral artery distribution, consistent with posterior cerebral artery infarction (B).
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presumably related to increased water movement 
into the intracellular space, leading to cytotoxic 
edema, whereas others reported a reduction of FA 
and increased diffusivity [37,38]. 

A recent report investigating DTI and mag
netoencephalography (MEG) demonstrated that 
DTI or MEG detected abnormalities in patients 
with mild TBI and normal brain MR [39]. DTI 
reveals an area of reduced FA corresponding 
to subtle TBI, often invisible on conventional 
brain MR (Figure 7). It was reported that DTI or 
MEG is more sensitive than conventional MRI, 
but the specificity of these findings are yet to 
be determined. Moreover, the ability of these 
advanced imaging techniques to predict neuro
psychological outcomes needs to be investigated 
in longitudinal prospective studies. 

Previous functional MRI studies investigat
ing mild TBI patients have shown altered pat
terns of activation during the performance of 
working memory tasks, consistent with reports 
of both increased activation in the dorsolateral 
pre frontal cortex and increased activation in the 
post erior parietal area, which is more apparent 
with increased task difficulty. This is consistent 
with the aggravation of postconcussion symp
toms in demanding environments or situations 
at work or school. In addition, more dispersed 
activation and the recruitment of contralat
eral cerebral hemisphere during a paced audi
tory serial addition task indicates some brain 
plasticity counterbalance functional deficit. 
Further research is needed in order to verify 
functional MRI findings and establish the 
use of such information in the posttraumatic 
rehabilitation program. 

Functional imaging studies using SPECT 
or PET have been used to evaluate patients 
with mild TBI where CT or MRI showed no 

detectable abnormalities [40,41]. Hypoperfusion 
on SPECT has been documented in medial 
temporal lobe and frontal lobe in 90% of 
20 patients who had persistent neuropsychologi
cal symptoms after concussion. A FDGPET 
study in 54 TBI patients demonstrated an initial 
brief response of hyperglycolysis followed by a 
relatively prolonged period of metabolic depres
sion [42]. Correlation with neuropsychological 
tests and functional imaging study, however, 
remain variable, particularly in patients with 
mild TBI. 

A brain SPECT study has also been used to 
monitor the neuronal fatigue among chronic 
TBI patients using the Paced Auditory Serial 
Addition Test (PASAT). They discovered that 
patients with mild TBI showed a larger area 
of supratentorial activation during the PASAT 
test, but a smaller area of cerebellar activation 
compared with healthly controls, suggestive 
of fronto cerebellar dissociation, a potential 
explanation for cognitive fatigue in the chronic 
recovery phase of mild TBI [43]. 

One of the areas in which functional imag
ing studies may play a role is the assessment of 
the neurological rehabilitation program. Lewis 
et al. performed SPECT imaging for patients 
with chronic TBI who underwent the Holistic 
Approach to NeuroDevelopment and Learning 
Efficiency (HANDLE) and evaluated their brain 
perfusion patterns. The goal of HANDLE was 
to improve neurological and behavioral func
tion by teaching TBI patients a series of physical 
and mental activities without drugs. They found 
increased cerebral blood flow in vermis and cer
ebellar hemisphere and anterior cingulate gyrus 
several months after the intervention, suggestive 
of involvement of cerebellum in the functional 
recovery after TBI [44]. 

Figure 7. Diffuse axonal injuries. (A) Diffusion tensor imaging fractional anisotropy map, 
(B) susceptibility-weighted image and (C) T

2
-weighted spin echo.
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Intensive research is currently in progress for 
a new type of TBI among Iraq war Veterans 
suffering from postconcussive symptoms after 
blast exposure. Peskind et al. found a regional 
hypometabolism in cerebellum, vermis, pons 
and medial temporal lobe [45] using FDGPET 
imaging. Further research on chronic TBI using 
functional imaging studies is warranted. 

Role of imaging in the prediction of 
injury or outcome in TBI 
As discussed in this article, imaging plays a major 
role for TBI patients, from triaging patients in 
the acute setting to functional abnormality in 
mild TBI or concussion patients where CT or 
MR is negative, as well as evaluation of neu
ropsychological rehabilitation in chronic TBI 
patients. However, caution is required in order 
to clarify who needs imaging among patients 
with head trauma, given ionizing radiation risk 
and overall medical costs involved. It is esti
mated that CT scans contribute approximately 
45% of the US population’s collective radiation 
dose from all medical xray examinations. This 
is particularly serious among pediatric trauma 
patients. Even though radiation exposure is a 
concern for both adults and children, children 
are more sensitive to radiation than adults and 
have a longer life expectancy, leading to a larger 
window of opportunity for radiationrelated 
illness. When the pediatric patient needs head 
CT after trauma, pediatric head CT protocol 
endorsed by many professional organizations 
(American College of Radiology, Society of 
Pediatric Radiology, American Academy of 
Pediatrics and American Academy of Family 
Physicians) is strongly encouraged [103].

 n Prediction rules for mild TBI: 
who needs to be imaged?
There have been several prediction rules for 
mild TBI patients, addressing who needs to 
be imaged or who would benefit from a head 
CT scan. Recently, discussion focus has shifted 
toward ‘who can safely avoid head CT’ without 
adverse consequences. 

If a patient presents with moderatetosevere 
head injury, head CT is indicated to assess the 
extent of injury and the need for surgical inter
vention. For patients with mild TBI (GCS <13 or 
higher), it is critically important to define a group 
of patients with TBI without missing a patient 
with significant TBI that necessitates surgical 
intervention. There are a few prediction rules for 
mild TBI. The most widely cited prediction rules 
include the New Orleans Criteria (NOC) [46], 

the Canadian Head CT Rule (CCHR) [47] and 
the CT in Head Injury Patients (CHIP) [48]. 

Clinical symptoms and risk factors com
monly used in the clinical prediction rules are: 
age, headache, vomiting, intoxication, amnesia, 
posttraumatic seizure, signs of skull fracture, 
GCS score and GCS score deterioration after 
trauma. The primary outcome of interest is head 
CT abnormality and the secondary outcome is 
neurosurgical intervention. The summary of 
prediction rules is shown in Table 1. These pre
diction rules have different specificity; how
ever, sensitivity for detecting lesions requiring 
neurosurgical intervention is 100%. Specificity 
for NOC, CCHR and CHIP are 24, 32 and 
23%, respectively. A study comparing NOC and 
CCHR reported that both NOC and CCHR 
are highly sensitive for predicting neurosurgical 
intervention; however, CCHR is more specific 
than NOC [49]. One should keep in mind that 
a prediction rule can be used only as a decision
support system to complement clinical judgment 
and is not meant to replace clinical judgment. 

A study focusing on pediatric head trauma 
in 2043 children [50,51] revealed that abnormal 
mental status, clinical signs of skull fracture, his
tory of vomiting, scalp hematoma or headache 
identified 99% (95% CI: 94–100) of those with 
TBI on CT scan and 100% (95% CI: 97–100) 
of those with TBI requiring acute intervention. 
Of the 304 (24%) children undergoing CT who 
had none of these predictors, only 1 (0.3%; 
95% CI: 0–1.8) had TBI on CT and that patient 
was discharged from the emergency department 
(ED) without complications. However, a pre
diction rule can be used only as a part of the 
decision support, as it can only complement, 
not replace, clinical judgment. Clearly there 
are medical–legal implications for not imaging 
trauma patients among ED physicians. If clinical 
suspicion is high enough, head CT is indicated 
regardless of the prediction rule. These predic
tion rules need to be validated in a separate 
cohort of pediatric head trauma populations, as 
radiation to children has substantially negative 
biological effects compared with that to adults. 

 n Prediction of clinical outcomes 
based on CT
Another prediction rule is to predict clinical out
comes based on the initial head CT for patients 
with moderatetosevere TBI. The classification 
of TBI into mild, moderate and severe is gen
erally based on clinical evaluation using GCS. 
The increased use of early sedation, intuba
tion and ventilation in moderatetosevere TBI 
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patients has decreased the value of the GCS 
score in evaluation. Alternatively, TBI is clas
sified based on structural abnormalities on CT 
or MRI. The Marshall CT classification has 
been developed based on the investigation of 
2269 patients to assess prediction of clinical 
outcomes after TBI [52]. The model discrimi
nated well in the development population (AUC: 
0.78–0.80) as well as in the external validity 
study (AUC: 0.83–0.89). CT findings included 
in the Marshall CT classification are: presence 
or absence of mass (hematoma) lesion; midline 
shift more than 5 mm; compressed or absent cis
tern; and presence or absence of evacuated mass 
lesions. Another more recent outcome prediction 
scale is the Rotterdam Score [53], developed by 
modification of the Marshall CT classification, 
focusing on CT criteria, including degree of 
compression of basilar cistern (normal: 0; par
tially effaced: 1; completely absent: 2), midline 
shift (less than 5 mm: 0; more than 5 mm: 1), 
tSAH or intraventricular hemorrhage (absent: 
0; present: 1) and EDH (present: 0; absent: 1). 
Interestingly, the presence of EDH is protective, 
meaning patients with EDH have better clinical 
outcomes compared with those who did not have 

EDH. By adding one more point, the worst score 
is 6 and the best score is 1. The Rotterdam score 
is extremely easy to use and has a high degree of 
prediction of 6month mortality. The 6month 
mortality for scores 1 and 2 are 0 and 6.8% 
and that for scores 5 and 6 are 53 and 61%, 
respectively. The Rotterdam score improved the 
diagnostic accuracy of Marshall CT classifica
tion from AUC 0.67 to 0.71. The outcome pre
diction has an important implication for physi
cians and neurosurgeons working in the ED or 
with trauma patients when they are faced with 
patients’ family members for discussing progno
sis and potential surgical intervention. 

Future perspective of imaging in TBI
 n Standardization of trauma head CT 

interpretation & follow-up
As head CT provides pivotal information for 
patients with moderate and severe head trauma, 
more standardization of reporting and scoring 
of severity of TBI are expected. Instead of nar
rative descriptions of findings, the CT report 
will become more standardized and structured, 
facilitating effective communication to physi
cians and neurosurgeons working in the ED. 

Table 1. Comparison of three prediction rules; New Orleans Criteria, Canadian CT 
Head Rule and the CT in Head Injury Patients for use of CT in patients with minor 
head injury.

Risk factor NOC CCHR CHIP 

Headache Major – –

Vomiting Major Major (≥2 episodes) Major

Post-traumatic seizure Major Excluded Major

Intoxication Major – –

Persistent anterograde 
amnesia

Major – Minor

Age Major (>60 years) Major (≥65 years) Major (≥60 years) or 
minor (40–60 years)

Clinical signs of skull fracture Major Major Major

Contusion of the skull Major – Minor

Signs of facial fracture Major – –

Contusion of the face Major – –

GCS score deterioration – Major Minor (≥2 points) or 
minor (1 point)

Pedestrian versus vehicle – Minor Major (also cyclist)

Ejected from vehicle – Minor Major

Fall from height – Minor Minor

Prolonged post-traumatic 
amnesia

– Minor (>30 min) Major (≥4 h) or minor 
(2 to <4 h)

GCS score <15 
at presentation

Excluded – Major

Loss of consciousness Inclusion Inclusion Minor

Neurologic deficit Excluded Excluded Minor

Anticoagulation therapy – Excluded Major
CCHR: Canadian CT Head Rule; CHIP: CT in Head Injury Patients; GCS: Glasgow Coma Scale; NOC: New Orleans Criteria.
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Wide implementation of the Rotterdam Score, 
modified from original Marshall classification, 
can be valuable in order to provide an estimate 
of 6month mortality for severe TBI patients.

Another problem in current practice is the 
lack of a followup imaging policy for patients 
with positive TBI findings. How often do we 
need to scan these patients with intracranial 
hemorrhage in order to detect early expansion 
of hematoma or progression of cerebral edema? 
Heavy sedation and intubation of these severe 
TBI patients makes clinical assessment less 
valuable, leading to almost routine head CT 
for neurointensive care unit patients. There are 
substantial variations of practice in this regard. 
Certain guidelines would be beneficial in order 
to comply with judicious use of radiation and 
target medical imaging resources to those who 
benefit from them. 

 n Advanced MR application for mild 
TBI/concussion patients 
Conventional CT and MR are not sensitive 
enough to detect subtle brain abnormality 
among patients with mild TBI or postconcussion 
with psychological and cognitive impairment. 
They have a wide variety of somatic, psycho
logical and cognitive, and emotional symptoms, 
such as cognitive fatigue, and memory and atten
tion deficits. The presence of these symptoms 
for more than 3 months after trauma is consid
ered as postconcussion syndrome. We need to 
develop objective imaging tests that allow us to 
visualize brain injury, not only by group ana
lysis with control, but at an individual patient 
level. DTI is a promising technique that allows 
assessment of white matter integrity by meas
uring fractional anisotropy or mean diffusivity. 

Certain anatomical locations that are commonly 
abnormal on DTI in the trauma setting include 
uncinate, superior longitudinal fasciculus, infe
rior frontooccipital fasciculus, internal capsule 
and corpus callosum. These findings support 
the notion of microstructual injury in white 
matter, potentially disrupting axonal transport 
in postconcussion syndrome patients. Future 
research is needed in order to address the impact 
of axonal transport injury on development of 
neurodegenerative disease. 

 n Development of imaging techniques 
to evaluate therapeutic efficacy of 
preclinical drugs 
Beyond the acute phase of TBI management, 
there is no effective treatment to promote func
tional recovery for patients with TBI [54]. The 
most prevalent and disturbing aspects of chronic 
TBI among survivors are cognitive deficits and 
somatosensory dysfunction. TBI is also con
sidered an epigenetic risk factor for Alzheimer 
disease [55]. Any treatment to facilitate func
tional recovery would be of great clinical and 
socio economic benefits. Many neuroprotective 
agents, stem cells or bone marrow stromal cells 
treatment, promotion of angiogenesis, neuro
genesis and synaptogenesis have been tested, yet 
much work needs to be completed before observ
ing the improved clinical outcomes. 

Imaging is a powerful tool to visualize inside 
human body/brain and in vivo monitoring of 
pharmakokinetics. Future emphasis of imaging 
research in trauma patients should have a strong 
connection with advancement of treatment for 
TBI patients. Early use of imaging in preclinical 
trials would benefit efficient use of this resource 
among pharmaceutical industries. 

Executive summary

 � Traumatic brain injury (TBI) is a major cause of death and disability among young adults. Not only are there direct medical costs 
associated with TBI, but many people live with substantial disability and cognitive and emotional impairment. 

 � Noncontrast head CT is the imaging modality of choice in the acute setting in order to triage patients who need surgical intervention 
from those who need medical management. 

 � Overutilization of head CT has become a major public concern due to rapidly increasing radiation dose related to use of CT, particularly 
among children. Development and implementation of prediction rules is critical for judicious use of head CT among mild TBI or 
postconcussion patients. Head CT should be reserved only for patients with loss of consciousness, headache, amnesia, intoxication, 
post-traumatic seizure, signs of skull fracture, older age over 60 years or declining Glasgow Coma Scale (GCS) score since the initial 
trauma (New Orleans Criteria). 

 � CT findings that are predictive of 6-month mortality (Rotterdam Score) include presence of traumatic subarachnoid hemorrhage or 
intraventricular hemorrhage, degree of effacement of basilar cistern and midline shift and absence of epidural hematoma. Interestingly, 
presence of epidural hematoma is protective, most likely related to its frequent association with skull fracture. 

 � MRI with susceptibility-weighted imaging is more sensitive in detecting subtle traumatic brain injury and might be valuable in a later 
phase of trauma or symptomatic trauma patients with no CT abnormality. 

 � Various techniques of advanced MRI have been tested among mild TBI or postconcussion patients. Further research is needed in order to 
fully develop imaging techniques and analytical methods and determine if any diagnostic tests correlate with clinical, neuropsychological 
and behavior abnormalities. 
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