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Imaging Evaluation of Acute Traumatic Brain Injury
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Department of Radiology, UCSF and SFGH, San Francisco, CA

Alisa Gean, MD [Professor Emeritus]
Department of Radiology; Adjunct Professor Emeritus of Neurology and Neurosurgery, UCSF and
SFGH, San Francisco, CA

SYNOPSIS

Traumatic brain injury (TBI) is a major cause of morbidity and mortality worldwide. Imaging
plays an important role in the evaluation, diagnosis, and triage of patients with TBI. Recent studies
suggest that it will also help predict patient outcomes. TBI consists of multiple pathoanatomical
entities. Here we review the current state of TBI imaging including its indications, benefits and
limitations of the modalities, imaging protocols, and imaging findings for each these
pathoanatomic entities. We also briefly survey advanced imaging techniques, which include a
number of promising areas of TBI research.
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INTRODUCTION

In the United States, traumatic brain injury (TBI) is estimated to affect 1.7 million people
annually, leading to approximately 52,000 deaths and 275,000 hospitalizations. TBI plays a
role in approximately one third of all injury related deaths®. Patients who survive the initial
event can have debilitating long-term sequelae. TBI actually consists of multiple
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pathological entities broadly defined by an “alteration in brain function, or other evidence of
brain pathology, caused by an external force2.” Imaging plays a crucial role in evaluation
and diagnosis of TBI, particularly relevant is its role for triage in the acute setting for
determination of which patients require emergent neurosurgical intervention. Thus, the
treating practitioner and radiologist must be familiar with the various imaging
manifestations of TBI pathology and their impact on clinical presentation, management, and
prognosis.

The damage incurred by TBI can be differentiated into primary and secondary mechanisms.
Primary injury is typically defined as the direct mechanical damage caused by trauma. These
injuries are usually apparent acutely and include fractures, intracranial hemorrhage,
contusion and traumatic axonal injury. This type of injury is best detected with conventional
CT and MR structural imaging techniques. Secondary injury mechanisms are varied, and
relate to disruption of the blood brain barrier, production of reactive oxygen species and
resultant oxidative stress, metabolic dysfunction, inflammation and excitotoxicity 3 4. These
processes are mediated at the cellular level which is currently below the resolution of
conventional imaging; however, they are believed to greatly contribute to the long term
morbidity and disability associated with TBI. When severe, macroscopic manifestations of
secondary injuries may become apparent as diffuse cerebral hyperemia, cytotoxic and/or
vasogenic edema, and tissue ischemia,

Clinical examination remains the cornerstone of acute TBI assessment. There are numerous
clinical classification systems for TBI based on symptomology and severity, the most
entrenched of which is the Glasgow Coma Scale (GCS) ® The GCS is a clinical assessment
tool with scores ranging from 3 to 15 based upon three components of neurologic function:
1) eye opening to external stimuli, 2) motor response to stimuli, and 3) verbal response. TBI
is commonly subdivided into mild (=13), moderate (9-12) and severe grade (3-8) using the
GCS (Table 1.) While the GCS score has been shown to correlate with outcomes, it has
limitations. Different varieties of pathoanatomic lesions can result in low GCS scores at
admission®. For example, initial low GCS scores may be seen with subdural hematomas
(SDHs), epidural hematomas (EDHS), cortical contusions, intracerebral hematomas (ICHs),
and traumatic axonal injury (TAI), though, these lesions may have very different clinical
courses and long-term prognoses®: 7. Evaluation is also limited by sedation, paralysis, and
pre-existing injuries. Despite these limitations, the GCS has relatively high inter-rater
reliability and does an adequate job of quickly and accurately stratifying patients broadly
based on clinical severity of injury. GCS subscores should always be reported to convey a
more granular description of neurologic impairment instead of simply reporting the
composite score, which is less meaningful in isolation.

In conjunction with neurologic exam and clinical history, pathoanatomic characterization of
TBI lesions with imaging is critical for triage and prognostication. In order to standardize
definitions and imaging protocols for TBI classification and to promote research, the
Interagency Common Data Elements Project was established in 20088. Throughout the
following descriptions of TBI injury classification and imaging protocols, we attempt to
adhere to the common data element pathoanatomic terminologies and recommendations® 10,
We will begin with a brief summary of modality-specific indications for TBI. Technical
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considerations and neuroimaging protocols will also be examined. Characteristic findings
associated with the most frequently encountered extra-axial and intra-axial pathoanatomic
lesions will then be described. Finally, a brief review of advanced imaging techniques for
TBI evaluation will be reviewed. Throughout, we aim to highlight how standardized
imaging-based characterization of pathoanatomic lesions may complement clinical
assessment for optimal triage and management of TBI patients.

ROUTINE CLINICAL IMAGING

Routine clinical imaging for suspected traumatic brain injury typically consists of
noncontrast CT and MRI in select cases! 12. Cases of known and suspected primary
vascular abnormality may require the addition of noninvasive angiography (CT angiography
or MR angiography) or catheter angiography for diagnosis, and in some cases, treatment. In
the past, skull radiographs were performed as a first-line study to evaluate for calvarial
fractures in children (Figure 1), though, this has fallen out of favor because significant
intracranial pathology can occur in absence of skull fracture!3. In some cases of suspected
pediatric non-accidental trauma, skull radiographs are still performed as part of a skeletal
survey in addition to CT, however this does not supplant the need for CT when TBI is
clinically suspected. Although radiographs may help differentiate accessory sutures from
fractures, this too may become obsolete as three-dimensional skull reformats are
increasingly available in clinical practicel®. In addition, the current CT “scout” view may
often serve as a pseudo-radiograph. Transfontanel ultrasound can detect some superficial
lesions in neonates such as extra-axial hemorrhage (Figure 1) and has some advocates®, but
is limited by a number of blind spots including parenchymal, posterior fossa and peripheral
extra-axial lesions® and does not generally have a role in head trauma evaluation!2.

Roles for CT and MR imaging

Acute Moderate and Severe TBI—Rapid imaging helps differentiate patients who
require urgent/emergent neurosurgical intervention from those who can be safely monitored
or sent home. Noncontrast multi-detector CT (MDCT) has become the consensus

choicell 17 for the initial imaging study after acute moderate to severe TBI because it is fast,
ubiquitous, very sensitive to calvarial injury and radio-opaque foreign bodies (e.g., gunshot
fragments), and it is highly accurate for detecting injuries requiring emergent neurosurgical
attention--namely hemorrhage, herniation and hydrocephalus. MDCT has also been shown
to be useful for predicting clinical outcomes, and the NCCT findings have been incorporated
into a number of outcome prediction rules8-21,

MRI is not typically indicated for the initial evaluation of TBI, as it is less sensitive for
fractures, takes longer to acquire, is generally less available, and is relatively expensive as a
screening modality. MRI also requires additional safety screening for incompatible medical
devices and metallic foreign bodies. However, MRI is exquisitely sensitive to pathologic
changes related to even mild TBI (mTBI) and has demonstrated utility for assessing injury
severity and prognostication, as discussed in later sections below.

Acute Mild TBI—Mild TBI, as defined by a GCS =13, is a misnomer in many cases as
patients in this category often experience long-term debilitating symptoms that may interfere
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with normal daily activities?2. Nor does this definition for mTBI imply an absence of
structural abnormalities on imaging. In a recent prospective study evaluating imaging
features in mTBI patients, Yuh and colleagues identified TBI-CDE-defined pathoanatomic
features in 42% of patients when combining results from day-of-injury CT and semiacute
MRI22, Several guidelines, including the Canadian CT Head Rules??, New Orleans
Criteria?l, and National Emergency X-Ray Utilization Study (NEXUS)-1119 are routinely
employed to identify the cohort of patients who can safely bypass the initial noncontrast
CT28, When imaging is clinically indicated, noncontrast CT is the primary initial modality
of choice for evaluation of acute mTBI 11 17 After clinical screening, the majority of
patients with mTBI for which imaging is indicated will have normal noncontrast CTs (i.e.
“Uncomplicated” mTBI).

Short-term Follow-up Imaging—While MDCT is recommended in patients with
neurological deterioration following TBI, studies have shown little benefit for routine follow
up imagingZ3. Among patients with initial MDCT positive for intracranial traumatic injury,
only certain attributes including subfrontal/temporal hemorrhagic contusion, use of
anticoagulation, age over 65 years, and volume of ICH >10 cc have shown high risk for
progression?4, At many institutions it is commonplace to obtain routine follow up MDCT in
patients on anticoagulation, even when the initial MDCT is negative for acute intracranial
pathology, though the clinical utility of this practice is not well established?®. One recent
prospective study evaluating patients with mild head trauma who were on anticoagulation
found that repeat head CT imaging revealed hemorrhagic changes in only 1.4% of such
patients after negative initial scan2®.

MRI often plays a complementary role to CT and is most indicated in the acute setting for
mTBI when a patient's symptoms and/or neurologic exam are not explained by CT findings.
Compared with CT, MRI is far more sensitive for detection of acute traumatic pathology in
mTBI, particularly for detection of non-hemorrhagic contusion and traumatic axonal injury
(TAI)27-33_ For these reasons, MRI is also indicated within the first 2 weeks of any moderate
or severe TBI for sensitive assessment of the degree of parenchymal injury.

Imaging Subacute/Chronic TBI—Subacute and chronic TBI are best evaluated with
MRI11. 17,34 ‘which outperforms CT in its ability to identify parenchymal atrophy, white
matter injury, and microhemorrhage. Imaging is indicated in patients who experience new,
persistent, or worsening symptoms. NCCT should be performed to evaluate subacute/
chronic TBI if MRI is contraindicated or unavailable.

Vascular Imaging—Intravenous contrast administration is not necessary or useful in the
evaluation of TBI unless arterial or venous injury is suspected. NCCT findings can identify
patients at increased risk for traumatic vascular injuries®®. Patients with skull base fractures,
particularly through the carotid canal, have much higher incidence of arterial injuries. Other
findings that should raise suspicion for arterial injury include epistaxis, LeFort Il and 111
facial fractures, high cervical spine fractures, GCS <8, or TAI3. Either CTA or MRA can be
performed as an initial screening evaluation for arterial injuryll: 17, though CTA has gained
popularity over the past decade with the proliferation of MDCT and the resultant high
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quality, 3-dimensional reformats (3D), rapid imaging of contrast bolus3’. Conventional
catheter angiography may be necessary for the diagnosis and treatment of certain lesions.

Venous injury should be suspected in patients with skull fractures extending across adjacent
dural venous sinuses. A common injury involves an occipital fracture extending to the
underlying transverse sinus (Figure 2). Either CT Venography (CTV) or MR Venography
(MRV) are indicated to evaluate for dural venous sinus thrombosis in such cases 1.

Pediatric imaging—Head trauma is a common imaging indication in children and
recommended imaging studies largely mirror those recommended for adults for given
indications2. Children are more susceptible to harmful effects of ionizing radiation than
adults and every effort should be made to avoid unnecessary examinations, particularly CT.
In balance, however, diagnostic head CT should not be avoided when clinically indicated
because of an overemphasized concern for the relatively small radiation dose associated with
modern scanners. When CT is performed, dedicated pediatric CT protocols should be used
to keep the dose as low as possible (see http://www.imagegently.org for more information).
MRI does not expose patients to ionizing radiation; however, it does present its own
challenges in pediatric patients. Children may require general anesthesia to tolerate MR
examinations, which are much longer and more sensitive to motion than CT. “Rapid” MRI
exams with limited sequences and imaging time reduced to 3-4 minutes38 may help with this
in the future, but further studies are required to ensure diagnostic accuracy is on par with CT
and standard MR imaging.

IMAGING PROTOCOLS FOR TBI

Optimal neuroimaging protocols for specific head injuries vary depending on individual
patient and environmental circumstances. This is particularly true for MR imaging, where
there is a greater diversity in choice of available sequences and imaging parameters. It is
important to always keep the patient's clinical condition in mind; at times, it is necessary to
omit certain sequences in an abbreviated MR examination or substitute CT to shorten the
examination time.

Experts in TBI recently convened as part of the “Advanced Integrated Research on
Psychological Health and Traumatic Brain Injury: Common Data Elements (CDE)” joint
workshop?®. During this meeting, an expert panel proposed standardized CT and MRI
protocols for studying TBI. The panel defined different imaging protocols into a Tier 1
practical clinical imaging protocol and advanced research protocols (Tiers 2 through 4). In
this section we describe the Tier 1 clinical imaging protocols. Description of some elements
of the Tiers 2 to 4 protocols can be found later in the advanced imaging subsections.

Routine CT protocol

CT imaging is typically acquired helically in the axial plane on a MDCT scanner. An axial
slice thickness of 2.5 mm is commonly employed for evaluating the brain parenchyma,
though, thinner reformats (0.625 mm) using a bone kernel is recommended for the detection
of subtle fractures. Helical acquisition allows the generation of reformatted images in
different planes (typically coronal and sagittal), as well as volume rendered 3D reformats,
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which can aid in the detection of subtle intracranial hemorrhage and fractures3® 40, Modern
CT scanners also typically employ dose reduction software, which reduces patient radiation
exposure.

Routine MRI protocol

The recommended clinical protocol (Tier 1) tailored for TBI evaluation (Table 2)
incorporates multiplanar T1-weighted images (T1WI) (3D T1 if available), T2-weighted
images (T2WI) (at 3T, 3D T2 is recommended if available), T2-FLAIR weighted, and T2*-
weighted gradient-recalled echo (GRE) or susceptibility weighted (SWI) sequences, in
addition to standard diffusion weighted imaging (DWI). SWI sequences are rapidly being
added to routine TBI imaging protocols are preferred over GRE due to their increased
sensitivity for blood products 4. Detection, localization and characterization of traumatic
lesions benefit from the incoporation of multiple imaging planes, an advantage of 3D
acquisitions % 27. 29,30, 32 Multiplanar imaging is particularly helpful in detecting small
lesions (e.g., traumatic brainstem injury) which can be missed due to partial volume
averaging effects or an interslice gap 3C.

Attributes of particular sequences for imaging specific pathologies will be covered in detail
in the sections below. Briefly, TIWI is commonly employed to map brain anatomy while
T2WI is sensitive to pathology. Increased water content, as seen in cerebral edema,
manifests as T2 prolongation and increased T2 signal intensity. 3D T1 sequences can be
utilized for quantitative volumetric analysis of the brain (usually in research settings)*2.

FLAIR T2WI increases the conspicuity of lesions adjacent to, and within, the ventricles and
subarachnoid spaces by supressing CSF signal, which is normally bright on T2WI. GRE
images and SWI sequences take advantage of artifacts associated with blood products to
identify hematomas by their distinctive areas of magnetic susceptibility-induced
hypointensity arising from paramagnetic iron.

DWI measures the freedom of molecular motion of water in tissue and is useful in
identifying pathologic lesions including foci of axonal injury and infarction#3: 44. DWI is
best used in conjunction with its associated ADC map which can distinguish between
cytotoxic and vasogenic edema in the acute and subacute phases and is highly sensitive in
the detection of secondary acute ischemic infarction associated with TBI.

Postcontrast TIWI is not recommended as part of routine TBI MRI protocol as it does not
improve sensitivity for TBI lesions®. Postcontrast imaging can be employed as an optional
sequence in certain situations, such as establishing chronicity of injury, subacute ischemia,
or when non-traumatic intracranial pathologies are under consideration°.

IMAGING FINDINGS OF TRAUMATIC BRAIN INJURIES

Intracranial pathology can be subdivided to anatomic location, the most basic distinction
being whether it localizes to the brain parenchyma (intra-axial) or outside the brain tissue
(extra-axial). Vascular injuries, while typically extra-axial, are addressed separately in this
discussion to highlight differences in the imaging workup.
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Extra-axial lesions

Three intracranial, extra-axial spaces—epidural, subdural, and subarachnoid spaces—are
potential sites for posttraumatic pathology, most often hemorrhage. . NCCT is excellent at
detecting acute hemorrhage, which appears hyperdense to the surrounding brain parenchyma
typically measuring between 50 and 70 Hounsfield units. In general, the density of a
hematoma decreases as it ages, which can create challenges for identifying subacute and
chronic hemorrhages that may appear isodense to the surrounding brain parenchyma.

While initially thought to be less sensitive than CT for acute hemorrhage, modern MRI now
outperforms CT in identifying hemorrhage throughout all stages of its evolution, particularly
small, subacute bleeds?® 46. Additionally, due to biochemical changes in hemoglobin over
time that alter T1 and T2 relaxation times in hematoma, the age of hemorrhage can be
estimated with MRI (Table 3)46.

Epidural hematoma—Epidural hematomas (EDH) form as blood collects in the potential
spaces between the inner table of the skull and the dura. EDHs can be arterial or venous in
origin, and may relate to direct bleeding from fractured bone into the epidural space. Arterial
epidural hematomas most commonly arise from laceration of meningeal arteries--typically
the middle meningeal artery in the temporal or temporoparietal region’-52, In adults, an
overlying skull fracture is present in the vast majority of cases. Occasionally (9%), EDHs
can occur from stretching and tearing of meningeal arteries in the absence of fracture. The
latter occurs commonly in children due to transient deformation and depression of the
calvarial vault?’.

EDHs classically appear as a lenticular-shaped hematoma, which can cross dural attachment
sites, but cannot cross cranial sutures (Figure 3). On CT, acute EDHs generally appear
hyperdense. Some hematomas can appear heterogeneous with intrinsic irregular areas of low
density, termed the “swirl sign,” an important imaging finding that corresponds to
extravasation of hyperacute unclotted blood®3. EDHs with this sign tend to rapidly expand
and warrant urgent surgical consultation. Rarely, it may be difficult to differentiate a small
EDH that does not have the classic shape from a subdural hematoma (SDH) on CT. On MR,
the dura mater can often be visualized as a thin line of low signal intensity displaced away
from the inner table of the skull, confirming the diagnosis of an EDH?2°: 30,

Venous EDHs are less common than those of arterial origin®’-52. They typically are caused
by laceration of a dural sinus in conjunction with fracture of the overlying skull52: 54, The
posterior fossa (transverse or sigmoid sinus injury), middle cranial fossa (sphenoparietal
sinus) (Figure 3G-1), and parasagittal region (superior sagittal sinus) are the most common
locations for venous EHD®#. Vienous EDHs, unlike SDHs, are not bound by dural
attachments and will often extend both above and below the tentorium. Posterior fossa
EDHs occur less frequently (2-29%), are more likely to be of venous origin (85%), and are
associated with poorer outcomes than supratentorial lesions#’: 5 56, Differentiation of
arterial and venous EDHs is usually possible with MR and may have some therapeutic and
prognostic significance as venous EDH typically do not progress as rapidly as arterial
EDH®2, Venous EDH may exhibit a more variable shape than those of arterial origin4’- 52,
Invariably, venous EDH are found adjacent to a fracture transgressing a dural venous
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sinus*7: 9556 These injuries have a high rate of associated dural sinus thrombosis or
occlusion®l . When in question, patency of the sinus can usually be established by CTV or
MRV. When evaluating for venous sinus injury, it is important to distinguish external sinus
compression by epidural blood from traumatic venous sinus thrombosis. In the latter, the
dural venous sinus is usually irregular with a central sinus filling defect correlating to the
thrombus.

Subdural hematoma—Within the skull, the brain is relatively mobile and can move
relative to the fixed dural sinuses. Injury to the bridging veins that traverse the subdural
space connecting the brain to the dural sinuses results in the SDH>7-59, While SDHs are
most often found along the supratentorial convexities, they can also occur in the posterior
fossa, along the falx cerebri, and adjacent to the tentorium6% 61, Interhemispheric and
tentorial leaf SDH are common in children, including cases of abuse resulting from violent
shaking (shaken-baby syndrome)®2-65. Although these hematomas are not specific for child
abuse, their presence should lead to close consideration of the possibility.

Most SDHs manifest as a crescentic collection between the brain and the or inner table of
the skull; interhemispheric and tentorial SDHs have a more linear morphology. All SDHs
follow the typical appearance of evolving blood on CT and MR (Figure 4). While large acute
hyperdense SDHs are readily apparent on CT, small subacute SDHSs are often isodense and
can be difficult to identify (Figure 4C). MR has been shown to be considerably more
sensitive than CT for detection of SDH29: 30. 66 and the MR signal characteristics varies
predictably with the age of the lesion (Table 3). SDHs appear much more conspicuous on
MR due to high imaging contrast between the hematoma and signal void of the adjacent
cortical bone (Figure 4E). Fortunately, SDHs not identified with CT almost always measure
only 1 to 2 mm in diameter and are of doubtful clinical significance?®. MR also more clearly
reveals the multicompartmental nature of subacute to chronic SDH, which can help establish
the age of lesions and aid in planning for surgical drainage of these complex lesions?”.

Subarachnoid and Intraventricular Hemorrhage—Subarachnoid hemorrhage (SAH)
is a common finding in TBI. One large European series found evidence of SAH in 40% of
patients with moderate-severe head injury®7: 68 Traumatic SAH is also the most common
isolated finding in cases of mTBI and has been associated with poor outcome scores at 3
months after injury?2. Acute traumatic SAH results from injury to small subarachnoid
vessels or extension of intraparenchymal hemorrhage beyond the pial limiting membrane
and into the subarachnoid space. Traumatic pseudoaneurysms typically do not occur in the
acute setting.

Acute SAH appears as curvilinear hyperdensity within the cortical sulci, sylvian fissures and
basal cisterns on NCCT (Figure 5F). Historically, SAH was considered far more difficult to
detect with conventional MR than with CT89: 70; however, more recent technical
improvements and additional sequences have shown MRI to be sensitive to SAH and hold
some advantages over CT. FLAIR sequences are highly sensitive to SAH (Figure 5C) in both
acute and subacute periods’1-73, whereas CT sensitivity falls sharply after the first few
days’. CSF FLAIR signal hyperintensity is strongly suggestive of hemorrhage after trauma,
although other processes that lead to increased CSF protein/cellularity such as infection and
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leptomeningeal carcinomatosis may have a similar appearance’®. The combination of
FLAIR and SWI sequences gives MRI (Figure 5) a better detection rate for SAH than
NCCT'S,

Intraventricular hemorrhage (1\VH), considered a type of intra-axial injury by some authors,
is addressed here because its pathophysiology and imaging findings largely overlap with
SAH. IVH is also common in patients with head injury, occurring in from 3% to 35% of
cases, depending on the severity of trauma?”: 28:30. 60 Primary IVH may be caused by a
variety of traumatic lesions including TAI, intracerebral hematoma (ICH), and

contusions?”: 28: 30. 60: however, the most prevalent etiology is thought to be the tearing of
subependymal veins by rotational strain3L. Similar rotational forces are thought to cause
callosal TAl and, indeed, one published series identified I\VH in 60% of patients with TAI of
the corpus callosum, but in only 12% of patients without callosal injury3L. Interestingly,
another study found that the presence of 1VH on admission NCCT was the only CT imaging
finding predictive of grade 11 or 11 TAl on subsequent MRI77. IVH appears similar to SAH
with the blood products appearing hyperdense to CSF on CT and hyperintense to CSF on
FLAIR and T1WI with MRI28, A CSF-blood fluid level is often seen layering within the
posterior aspect of the occipital horns (remember that the images are acquired with the
patient in the supine position). Because the subarachnoid and intraventricular CSF spaces
communicate, delayed imaging may demonstrate 1\VH due to recirculation of SAH and vice
versa.

CSF leak—CSF leak is a complication in approximately 1-3% of TBI cases’® and is
typically associated with a basilar skull fracture. These cases usually present with CSF
rhinorrhea (~80%) or otorrhea (~20%) within the first 48 hours after traumatic injury,
though cases can present months to years after the initial insult with meningitis or orthostatic
headaches’8: 79, CSF rhinorrhea or otorrhea should prompt the search for a skull base
fracture on thin section maxillofacial or temporal bone CT11. Common fractures involve of
anterior cranial fossa (especially the frontal sinus or cribriform plates), sella and sphenoid
sinus, and temporal bone’8.

CT cisternography is rarely used for initial evaluation, but can be helpful for problem
solving in patients with multiple skull defects, negative initial CT imaging, or to confirm a
CSF fistula when the diagnosis is unclear. In this setting, intrathecal contrast media is
injected to opacify the CSF spaces. A positive study shows abnormal increased attenuation
within a paranasal sinus, nasal cavity or middle ear secondary to contrast passage through
the skull base defect8?,

Cisternography can also be performed as a nuclear medicine study, most commonly with
In-111 DTPA. Positive studies show accumulation of tracer in the nasal cavity. While
radionucleotide cisternography lacks the anatomic specificity of CT, it can be useful in
certain difficult cases, particularly when combined with endoscopic placement of nasal
pledgets. The pledgets are removed 24 hours after radionucleotide injection and activity
associated with each pledget is counted to evaluate for occult CSF leak 8L,
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MRI can be performed to assess for possible encephalocele or meningoencephalocelell.
Some authors have advocated routinely obtaining MRI when CT shows complete or lobular,
nondependent opacification of a sinus cavity adjacent to a bony defect because brain
parenchymal herniation can be challenging to differentiate from sinonasal secretions on
CT’8. MRI can also show secondary signs of intracranial hypotension resulting from a
chronic CSF leak including diffuse pachymeningeal enhancement, subdural collections,
“sagging” brainstem and prominence of the dural sinuses and pituitary’°.

Intra-axial injury

Intra-axial injuries refer to lesions within the brain parenchyma. Primary traumatic intra-
axial lesions include the cortical contusion, intracerebral hematoma, TAI and brain stem
injury. There are also secondary intra-axial injuries that can occur as a result of brain
swelling and ischemia. While CT and MR are both quite sensitive for identification of extra-
axial traumatic injury, MRI has a dominant role in evaluation of intra-axial pathology, as
non-hemorrhagic and very small lesions can be occult on CT.

Parenchymal Contusion—Parenchymal contusions (Figure 7) occur when the brain
forcibly impacts the irregular surface of the overlying skull, which typically occurs at (coup
injury) or opposite (contrecoup) the site of blunt trauma. Contusions frequently are
multifocal and bilateral, usually involving the superficial grey matter. They typically occur
in the temporal (46%) and frontal (31%) lobes. These injuries tend to occur immediately
adjacent to the petrous bone and posterior to the greater sphenoid wing in the temporal lobe
and just superior to the cribriform plate, orbit roof, planum sphenoidale, and lesser sphenoid
wing in the frontal lobe® 2882, Contusions less often involve the parietal and occipital lobes
(13%) and cerebellum (~10%)28. Contusions frequently contain hemorrhagic foci ranging in
size from punctate cortical surface petechiae to much larger confluent regions of hemorrhage
occupying an entire lobe.

Intracerebral Hematoma—Intracerebral hematomas (ICH) (Figure 8) result from injury
to intraparenchymal arteries or veins secondary to rotational strain or penetrating

trauma?’- 83-85 and are usually located in the fronto-temporal white matter#8 or basal
ganglia83-85, Differentiation from hemorrhagic contusions or TAI can be challenging83-8°;
ICHs collect between relatively intact parenchyma in contrast to hemorrhagic contusions
wherein hemorrhage is within a larger area of injured edematous brain?’. Prognosis of
isolated ICH is generally good®?, but worsens when the lesion coexists with marked mass
effect, TAI, or multiple basal ganglia hemorrhages®3: 84, Temporal lobe hematomas are
especially unpredictable, because even a relatively small lesion can lead to uncal herniation.
When CTA is also performed, the “spot sign”, or active extravasation of contrast into the
hematoma, predicts future expansion of the hematoma and worsens clinical outcome86: 87,

Traumatic Axonal Injury—Traumatic axonal injury (TAI) is one of the most common
and important types of primary injury found in patients with all grades of head trauma. TAI
typically results from rotational strain, and manifests as scattered, often bilateral, small
white matter lesions with or without hemorrhagic components®. When there are greater than

Neurosurg Clin N Am. Author manuscript; available in PMC 2017 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mutch et al.

Page 11

3 foci of radiographically evident TAI involving at least two separate lobes of the brain and
the corpus callosum, the term diffuse axonal injury (DAI) is used.

TAI tends to be multifocal. The severity of injury worsens as involvement of the deep
anatomic structures become affected®8-90, In the Adams Classification for TAI, Grade 1
injuries involve the lobar white matter, particularly the grey-white junction frontal and
temporal lobes (Figure 9A-D). Grade 2 injuries extend to involve the corpus callosum,
particularly the splenium (Figure 9E-H). Grade 3 injuries (Figure 10) involve the
dorsolateral aspect of the upper brainstem?88-90,

TAI lesions are usually ovoid with their long axis oriented in the direction of the involved
axonal tracts. They range in size from 2 to 15 mm--peripheral lesions tending to be smaller
than more central ones. Overall, CT has poor sensitivity for TAI. Only about 10% of TAI
display the classic CT findings of punctate hemorrhage (Figure 9) in the characteristic white
matter loci®L.

MRI has increased sensitivity for TAl compared with CT33:92. 93 Hemorrhagic TAI appear
as foci of increased magnetic susceptibility on GRE and SWI sequences in the characteristic
white matter locations(Figure 9). FLAIR imaging may demonstrate foci of hyperintense
signal for both hemorrhagic and non-hemorrhagic TAI. Acute TAI lesions display reduced
ADC values on DWI (Figure 9), a finding that is equal in sensitivity to FLAIR%Y. MRI may
be also a useful prognostic tool. Several recent studies have shown a strong correlation
between the burden of TAI lesions and worse clinical outcomes33: 95. 96,

Brain Stem Injury—Brainstem injury (BSI) can be divided into primary injuries that
result directly from the initial impact and secondary injuries which develop
subsequently39: 97-99 Primary brainstem injury can be divided into 4 categories. The first
type occurs when severe posterior displacement of the brain forces the dorsolateral upper
brainstem to directly impact the tentorium producing laceration or contusionl®. This
mechanism is thought to be uncommon and, unlike brainstem TAl, it is not necessarily
associated with more diffuse white matter injury.

The other types of BSI are indirect, the most common of which is brainstem TAI57. 101,
Brainstem TAI (Figure 11) is invariably seen in the context of similar axonal lesions in the
supratentorial white matter88-90, A third type of primary BSI is characterized by multifocal
scattered petechial hemorrhages concentrated in the deep central white matter,
hypothalamus, thalamus, and periaqueductal rostral brainstem88-90. 102 These |esions
usually carry a grim prognosis®-20, While both entities share a shear-strain etiology, unlike
brainstem TAI, this entity is not associated with lobar white matter, corpus callosum, or
superior cerebellar peduncle lesions88-90, It is worth noting that distribution of these
petechial hemorrhages differs from the secondary (Duret) hemorrhages described below. The
final type of primary BSI is pontomedullary separation or rent, which is caused by a
hyperextension-induced tear of the ventral brainstem at the pontomedullary

junction88-90. 103,104 This injury may range from an incomplete tear to complete brainstem
avulsion and is typically1%4, but not invariably103 fatal.
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BSI is usually non-hemorrhagic making visualization with CT difficult?8: 30, The bulk of our
knowledge about these entities has been derived from autopsy studies; however, MRI has
allowed evaluation of BSI in non—fatally injured patients3®. MRI studies have shown that
BSI is linked to poor clinical outcomes; dorsal hemorrhagic lesions and the bilateral BSI
were particularly strongly associated with poor outcomes19®. Interestingly, BSI is not
universally associated with poor outcomes, as nearly one third of patients with MRI
evidence for BSI actually had a good clinical outcome. Non-hemorrhagic lesions were the
best predictor for benign clinical coursel9s.

Secondary Injuries

Much of the morbidity and mortality associated with TBI relates to secondary injuries. Mass
effect from hematoma or cerebral swelling in a fixed intracranial volume causes increased
intracranial pressure and can lead to herniation. Herniation refers to the displacement of
brain parenchyma into a different compartment. Subfalcine herniation (Figure 11A) occurs
when the cingulate gyrus is displaced beneath the free edge of the falx cerebri. It can lead to
further complications including distal anterior cerebral artery (ACA) territory infarcts!8 (the
callosomarginal branch runs along the cingulate sulcus) and contralateral hydrocephalus
secondary to obstruction of the foramen of Monro. Uncal herniation (Figure 12) occurs
when downward pressure forces the medial temporal lobes to descend below the tentorial
incisura into the ambient cistern where they compress the brainstem or posterior cerebral
artery (PCA)197. Mass lesions or edema in the posterior fossa can result in upward
herniation of the superior cerebellum through the incisura and compress the superior
cerebellar arteries (SCA). Increased pressure from above can force the cerebellar tonsils
inferiorly into the foramen magnum causing mass effect on the medulla and compression of
the posterior inferior cerebellar arteries (PICA).

Downward transtentorial herniation can lead to BSI secondary to mechanical compression.
Duret hemorrhages (Figure 12B,C) are typically centrally located collections of blood in the
tegmentum of the rostral pons and midbrain associated with a grim

prognosis30: 88-90, 102, 108-110 These secondary brainstem hemorrhages are thought to result
from stretching/tearing of upper brainstem penetrating arteries during sudden downward
transtentorial herniation30: 102,109,110 Fqcal brainstem infarcts may also occur via the same
mechanism30. 102, 111,

Both CT and MR are excellent at evaluating for herniation and hydrocephalus, though MR
performs better in the posterior fossa where CT is limited by beam hardening artifact82.
Signs of herniation include midline shift, effacement of the basilar cisterns and cerebral
sulci, and (often contralateral) ventricular entrapment!12,

Hypoxic-ischemic brain injury typically results from a period of catastrophic cardiac or
vascular compromise. On imaging it is associated with diffuse cerebral swelling and edema.
Classic CT signs include the grey-white reversal sign113(i.e., the white matter appears denser
than the grey matter) and pseudo-subarachnoid hemorrhage! (i.e., the perimesencephalic
and sylvian cisterns appear hyperdense to brain; the falx and tentorium also appear
abnormally hyperdense). On MR, the earliest imaging abnormality is reduced diffusion,
particularly in the cerebral cortex, cerebellar hemispheres and basal gangliall®. Diffuse
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hypoxic-ischemic BSI usually occurs in conjunction with supratentorial ischemic injury.
Brainstem involvement is usually a late event as the brainstem is usually spared until just
prior to death30.

Vascular Injury

Traumatic arterial injury can result from several mechanisms including laceration by fracture
fragments, blunt or penetrating trauma, vascular compression from brain herniation as
mentioned above, and arterial strain?’- 116-118 ntracranial internal carotid artery and
vertebral segments are much less likely to suffer injury than the cervical segments19. Skull
base fractures are among the most common causes of arterial injury—the presence of basilar
fractures on NCCT should always prompt consideration of CTA or MRA for further
evaluation1®. Conventional angiography may be necessary in some cases, particularly when
the lesion is subtle or endovascular therapy is the treatment of choice (e.g., severe
hemorrhage, epistaxis, or carotid-cavernous fistula).

Arterial Dissection—Dissection occurs when damage to the arterial intima allows blood
products to accumulate within the vessel wall (intramural hematoma) which may narrow or
occlude the lumen18, The intracranial internal carotid arteries are most vulnerable to
fracture-related dissections and occlusions adjacent to the anterior clinoid process and clino-
carotid canal3®: 116, 117,120, 121 ' Carotid injury in this region is associated with high
incidence of concurrent traumatic optic nerve injury and vice versa, so injury to one of these
structures should prompt increased attention to the other2’: 35, Injuries of the vertebral
arteries are also frequently encountered, producing a similar spectrum of injuries as seen
with the carotid arteries!16. These most commonly include traumatic dissection, laceration,
and arteriovenous fistulal16.

On CTA and MRA sequences, arterial dissection (Figure 13) can be identified by eccentric
narrowing of the vascular lumen with an overall slight increase in the external diameter of
the artery19. The addition of thin (<3 mm) T1WI with fat-saturation to highlight T1-
shortening (beginning 48 hours after injury) within the subacute intramural hematoma can
be helpful to establish definitive vessel occlusion or dissection, which may obviate the need
for catheter angiography3®. MRI with DWI is also excellent at identifying associated
cerebral infarction related to distal emboli or decreased cerebral perfusion.

Traumatic Pseudoaneurysm—~Pseudoaneurysms occur when a tear in the inner wall of
a vessel is covered by an intact outer adventitial layer3® 116.117,120-122 Thege false
aneurysms can develop gradually over a period of a few weeks to a few years. Symptoms, if
any, are usually related to suprasellar mass effect causing vision changes and cranial
neuropathies, epistaxis, or intermittent ischemic events due to embolization of

clot35: 116,117,120, 121 on NCCT, pseudoaneurysms appear as hyperdense round masses
adjacent to vessels, but they may also have a somewhat irregular morphology (Figure 14).
Appearance of a nonacute pseudoaneurysm on MR may vary, but generally it can be
identified by concentric laminated rings of hemorrhage in various stages of evolution3®. A
patent vessel lumen can usually be recognized by its associated flow void3°. The tendency of
these lesions to present long after trauma can lead to diagnostic confusion; familiarity with
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their imaging appearance is important to facilitate rapid intervention and prevent potentially
catastrophic biopsy of these pseudotumors.

Carotid-Cavernous Fistula—The carotid-cavernous fistula (CCF) is an arterio-venous
fistula (AVF) that results from a full-thickness arterial tear of the ICA located within the
cavernous sinus. This allows high pressure arterial blood direct access into the low pressure
cavernous sinus venous system32 116,118,123 ‘The CCF can be divided into direct and
indirect types based on arterial supply. The direct CCF, as the name implies, features direct
communication between the cavernous ICA and cavernous sinus. In the indirect CCF,
connection between the carotid system and the cavernous sinus usually occurs via small
branches of the ECA or extracavernous ICA. Nearly all direct CCFs occur secondary to
trauma, while indirect CCF are much more likely to be non-traumatic.

The imaging appearance of the CCF depends the amount of flow shunted and the patients
venous collateral anatomy. “High flow” lesions are suggested on CT and MR imaging by
enlargement of the ipsilateral cavernous sinus and surrounding venous structures such as the
superior ophthalmic vein and petrosal sinuses16. On a properly timed CTA, asymmetric
early enhancement of the affected cavernous sinus and its draining veins may also be
noted'24. On MRI, abnormal flow voids connoting rapid flow may be seen within these
enlarged draining veins 118 121 and abnormal flow-related enhancement may be noted on
MRA. Proptosis, extraocular muscle enlargement,stranding of the retro-orbital fat, and
orbital preseptal soft tissue swelling may be identified because of elevated capillary and
venous pressure. Bilateral enlargement of the superior ophthalmic veins is a classic finding
indicating free communication of the fistula through the cavernous plexus of veins116,
However, when the fistula drains predominately via the inferior petrosal sinus, the superior
ophthalmic vein may not be abnormally enlarged. Less common “low flow” CCFs occur
when the arterial source is a small calibler intracavernous branch of the ICA rather the
cavernous ICA itself. Cross-sectional imaging findings may be much less obvious in these
cases and conventional arteriography may be required for definitive diagnosis and potential
endovascular treatment.

Dural Arteriovenous Fistula—Dural arteriovenous fistulas are rarely traumatic in
etiology, though they can occur when an injured artery forms a connection with an adjacent
draining vein or venous sinus. Most case reports in the literature involve a skull fracture that
lacerates the middle meningeal artery and its associated venae comitantes!25 126, These
patients may not develop an EDH as would be expected with middle meningeal artery injury
because the arterial extravasation evacuates through a dural (meningeal artery-to-meningeal
vein) fistula. These injuries may remain asymptomatic or come to attention during workup
for tinnitus months later because of increased flow through the petrosal sinuses and internal
jugular vein. Contrast enhanced CT and conventional MR findings in these cases are usually
limited to venous distension.

Avrterial Spin Labelling (ASL) is a promising, relatively new, advanced MRI technique used
to measure cerebral perfusion. ASL electromagnetically tags arterial blood water proximal
to the brain which is used as a diffusible tracer to quantify blood flow. Typically, the
labelling signal degrades before tagged water molecules can pass through the capillary bed
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into draining veins; however, in an AVF, the capillary bed is bypassed by the fistula
connecting the artery directly to the vein. Therefore, the presence of ASL signal within
venous structures should raise concern for an AVF. Indeed, one recent study found that
inclusion of ASL sequences may improve sensitivity for small AVFs127.

Cerebral Fat Embolism Syndrome (CFES)—Co-morbid long bone fractures are not
infrequent with TBI polytrauma. The exact pathogenesis of cerebral fat emboli is
controversial, but one favored hypothesis is traumatic introduction of bone marrow fat into
the systemic and pulmonary circulations. Neurologic symptoms may include focal
neurological signs or generalized encephalopathy which can range from drowsiness to
comal?8, The imaging manifestations are best appreciated on MRI as patchy or confluent
regions of vasogenic edema involving deep white matter, basal ganglia, corpus callosum,
and cerebellar hemispheres29-131  In addition, due to the embolic phenomenon, cytotoxic
injury with reduced diffusion has been described!32. As a manifestation of CFES, a diffuse
pattern of multiple micro-susceptibility lesions may be observed on GRE or SWI sequences
related to microhemorrhage and/or secondary vascular stasis with increased intravascular
deoxyhemoglobin content and microthrombi formation (Figure 15). The MRI appearance
may mimic that of TAI, which often coexists. Distinguishing between these two
considerations may have both management and prognostic implications!32, Importantly,
while TAI is present immediately after injury, CFES usually occurs in a slightly delayed
fashion 48-72 hours after injury133, and is often associated with the characteristic pulmonary
and cutaneous manifestations of CFES. On imaging, hemorrhagic TAI is usually irregular in
size and distribution, with clustered foci of axonal injury in characteristic locations
(juxtacortical, splenium, dorsal pons and midbrain), while lesions related to CFES are more
symmetric, uniform, and diffuse in appearance, consistent with a mechanism of cardio-
embolic showering. In addition, TAl is relatively uncommon in the cerebellum, whereas it is
a common location for CFES. The role of advanced imaging techniques such as DTI for
characterising CFES is an area of active investigation.

ROLE OF ADVANCED IMAGING TECHNIQUES

Advanced imaging techniques are areas of active research and development and are
currently targeted to two main areas: evaluating mTBI and obtaining prognostic information
for all levels of TBI severity. While promising, these techniques are limited for current
clinical applications3”. Presently, none of these advanced MR techniques are recommended
by the American College of Radiology (ACR) appropriateness guidelines for routine
evaluation of the TBI patient!l. Nevertheless, familiarity with these modalities and their
application is worthwhile as they may benefit subsets of current patients and will likely be
increasingly utilized in the future.

Diffusion Tensor Imaging

The discovery that diffusion of water molecules in cerebral white matter is directionally
dependent (anisotropic), with the favored direction of diffusion parallel to the direction of
axonal tracts in the brain, laid the foundation for diffusion tensor imaging (DTI) in the
brain134. These properties have led to a great deal excitement for DT as a potential
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biomarker for white matter pathology, including TBI13%, DTI builds upon conventional DWI
by adding the ability to determine the 3D directionality and magnitude (tensor) of water
motion. This is accomplished by acquiring at least 6 (but usually many more) non-collinear
diffusion gradient directions. DTI can quantify diffusion using a variety of parameters, the
most common of which are fractional anisotropy (FA), which quantifies the degree of
anisotropy within a voxel, and mean diffusivity (MD), which quantifies the average
magnitude of diffusivity over all sampled directions.

A complete review of the DTI literature related to TBI is beyond the scope of this article—
for greater depth, there are a number of excellent reviews recently published on this
topic135-137, To date, attempts to make generalizable conclusions about DT in TBl in a
single individual have been hindered by heterogeneity in study design with respect to patient
populations, imaging parameters, analysis techniques and imaging time points135. While
most studies of TBI have reported increases in MD and decreases in FA in areas of
injury138-146 stydies of acute/semiacute TBI can also be found in literature that report
affected white matter FA values that are normall4” and/or decreased?? 148 relative to normal
controls. In part, these discrepancies likely reflect the intrinsic heterogeneity of TBI, though
they also highlight the need for larger studies with standardized imaging and analysis
protocols as well as consistent and proper outcome measures!3°.

“Group analyses” of TBI patients have validated DTI as a robust measure of TAI at that
level136. These studies have found abnormal MD and FA frontal and temporal lobe
association areas that correlate with behavioural and cognitive outcome measures at follow-
up?2: 141,149 A recent study of mTBI patients by Yuh and colleagues?? demonstrated that
the prognostic utility of DTI parameters surpassed CT, clinical, demographic, and
socioeconomic variables as predictors of 3 and 6 month outcome at both group and
individual patient levels. Such studies highlight the potential of DTI for diagnostic and
prognostic purposes in individual patients and may soon lead to consensus guidelines for
utilization of DTI parameters in TBI imaging.

Perfusion Imaging

TBI is associated with impaired cerebrovascular autoregulation, increased permeability of
the blood- brain barrier, and vascular injuries, all of which can lead to altered cerebral blood
flow, ischemia and even infarction®0. For these reasons, cerebral perfusion has long been a
target for imaging interrogation. Numerous techniques have been employed in the literature
including single-photon emission computed tomography (SPECT)151-154 positron emission
tomography (PET)5, Xenon-enhanced computed tomography (Xe-CT)1%6, perfusion CT
(CTP)157 and dynamic susceptibility contrast (DSC)18, and as mentioned above, arterial
spin-labelling (ASL)19: 160 perfusion MR. Each of these techniques have relative
advantages and disadvantages. SPECT and DSC perfusion studies only allow qualitative
comparison between regions of the brain3’, while 10, PET, Xe-CT, CTP and ASL are
quantitatively accurate. Xe-CT and 10, PET require specialized and expensive equipment
that is not widely available, and in the case of 150, the extremely short half-life of 150 (2
minutes).
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A large proportion of the current data relating to brain perfusion after TBI is derived from
99mTc-HMPAO SPECT151-154 Xe-CT and CTP imaging studies®®: 157, In these studies,
regional hypoperfusion correlate with injury severity; favorable outcomes are seen in TBI
patients with hyperemia on baseline imaging, while oligemia portends a poor

outcome®6. 157 Of these study types, CTP is the most readily available, however, it requires
repeated imaging over a narrow band of skull and does contribute to increased radiation
dose.

Fewer studies have evaluated the utility of perfusion-weighted MR techniques in TBI. The
most common utilized MR perfusion technique is dynamic susceptibility contrast (DSC)
imaging. Using this technique, Garnett and colleagues'®® measured reduced cerebral blood
volume (CBV) in areas of contusion, as well as in a subset of patients with normal appearing
brain parenchyma. Interestingly, although the sample size in this study was small, reduced
CBYV was noted on DSC MRI, even in those patients with an otherwise normal MRI, and
this correlated with worse clinical outcome®®8. ASL is an alternative MR perfusion
technique that does not require intravenous contrast (see technical description above in the
Vascular Injury section.) In mTBI patients undergoing ASL imaging, decreased regional
cerebral blood flow (CBF) in the thalamus was found to be strongly correlated with
neurocognitive impairment29: 160 While these studies were underpowered to evaluate
prognostic capacity of ASL perfusion in mTBI patients, the findings are enticing. As with
other advanced imaging techniques, more prospective and longitudinal studies are needed to
determine the role of perfusion imaging for TBI evaluation.

Magnetic Resonance Spectroscopy

Magnetic resonance spectroscopy (MRS) allows for quantification of certain tissue
metabolites /7 vivo with standard clinical MR hardware61: 162 Most clinically relevant
MRS applications use signal from the hydrogen proton (*H) because of its natural
abundance within biologic molecules of interest. This technique produces spectra with peaks
corresponding to specific metabolites within a prescribed region of interest or voxel. The
peaks for particular metabolites have characteristic locations along a spectrum (chemical
shift) and their concentrations can be measured as the area under their respective peak.

Spectroscopic analysis can be performed on tissue within a single cubic volume of interest
(single-voxel spectroscopy) or within a multivoxel grid placed over a larger region of interest
(chemical shift imaging or MR spectroscopic imaging). Commonly measured metabolites in
the brain include N-acetyl aspartate (NAA), a marker of neuronal viability; lactate, a marker
of anaerobic glycolysis; choline (Cho), a marker of cellular membrane turnover; Creatinine
(Cr), a molecule involved in cellular energy utilization; myo-inositol (ml), a marker of
membrane turnover and possibly reactive gliosis; and glutamate and glutamine (GIx),
markers of excitatory neurotransmission. Creatinine, often used as a denominator to
normalize the other peaks, should be interpreted with caution in MRS studies as its
concentration can be altered after TBI.

Spectroscopic studies performed shortly after TBI show a consistent imaging pattern
manifested by increased Cho and decreased NAA in regions of the adult brain known to be
most susceptible to shear injury such as the splenium of the corpus callosum and centrum
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semiovale63. 164 These metabolic alterations are thought to reflect TAI, particularly when
they occur in the absence of visible injury on conventional anatomic imaging65-168,
Longitudinal studies in patients with mTBI have shown these changes to be transient with
normalization of NAA, Cho, and GIx peaks!®4. Interestingly, Cho and ml peaks remain
elevated in the chronic stage, which has been attributed to proliferative astrogliosis'®°. For
severe TBI, elevated Cho peaks in the parietal white matter, and elevated GIx peaks in the
occipital gray matter, 7 days after injury have been shown to have prognostic value with
respect to clinical outcomel62. 170, n children, the presence of abnormal lactate, Cho and
NAA are associated with poor long-term neuropsychological outcomes!’1: 172 Evidence
correlating MRS findings and mTBI outcomes are more limited. A recent prospective study
found that centrum semiovale Cr levels positively correlated with decreased performance on
neuropsychiatric metrics assessed 6 months after injuryl’3. Clinical applications for MRS in
TBI are also limited by significant overlap in spectral changes seen in a number of other
brain disorders, lowering its specificity.

Positron Emission Tomography and Single Photon Emission Computed Tomography

PET and SPECT are composed of tracer molecules tagged with radioisotopes and are
typically used to image physiologic processes. Early studies employing PET and SPECT in
TBI primarily focused on perfusion imaging (described above) and metabolic imaging,
primarily with fluorodeoxyglucose (FDG)-PET174, While the current clinical utility for
these techniques in TBI is limited, they have a great deal of potential3’. For example, recent
studies have shown potential for PET radiotracers targeting tau and amyloid plaques!?>: 176,
which are known to occur chronic traumatic encephalopathy, a form of chronic TBI. Like
most areas of advanced imaging of TBI, these studies involve only small patient numbers
and further validation is needed before they can clinically be used routinely.

DISCUSSION

Significant recent advances have been made in the imaging of TBI; still, there is much to
improve. Advanced techniques such as DTI, PET and fMRI hold a great deal of potential,
and with more clinical validation and larger studies they will likely move from primarily
research modalities to routine clinical use. Several specific injuries show particular promise
for future innovations. Among these, mTBI and chronic traumatic encephalopathy (CTE) are
of interest both because of their high prevalence and their lack of findings on conventional
imaging. The ability to glean prognostic information from imaging studies is another
promising area of active research. As new neuro-therapeutic options for TBI are introduced,
neuroimaging will likely guide which patients will benefit from these agents and also help
follow their response to therapy.
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KEY POINTS

Multi-detector CT remains the preferred first line imaging study for
moderate and severe traumatic brain injury as it can quickly identify
patients who require urgent neurosurgical intervention.

MRI is significantly more sensitive than CT for detection of
pathoanatomic lesions in mild TBI.

MRI is more sensitive than CT for many types of traumatic injuries and
plays a complementary role. It is most indicated in the acute setting for
mild TBI when a patient's symptoms and/or neurologic exam are not
explained by CT findings.

Emerging advanced neuroimaging techniques may improve the
sensitivity for identifying mild TBI as well as offer prognostic
information for all grades of injury.
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Figure 1. Evaluation of neonatal traumatic brain injury with ultrasound and radiographs
AP skull radiograph (A) and coronal ultrasound images (B,C) in a newborn reveal a

traumatic injury suffered during a difficult forceps delivery. Skull radiograph (A) reveals a
fracture of the parietal calvarium (arrowhead) as well as scalp soft tissue swelling
compatible with a subgaleal hematoma (asterisk). High frequency (10 MHz) ultrasound of
the scalp (B) with a linear transducer shows the extracranial subgaleal hematoma in better
detail (asterisk) and again demonstrates the fracture (arrowhead). By positioning a lower
frequency (6 MHz) vector transducer over a fontanel, images of the brain parenchyma and
superior extra-axial spaces are obtained (C). These reveal a biconvex extra-axial collection
(arrow) along the right parietal convexity, consistent with an epidural hematoma. While
ultrasound and radiographs generally do not play a role in the evaluation of TBI, they can be
useful for problem solving in limited pediatric imaging scenarios.
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Figure 2. Occipital fracture complicated by transverse sinus injury
42-year-old man presents after fall with impact to the back of the head. Noncontrast head CT

viewed at bone window technique (A,B) reveals a nondisplaced, linear right occipital
fracture (arrows) adjacent to the expected location of the right transverse sinus. Therefore, a
CT venogram was subsequently performed to evaluate for venous sinus injury. Note the
thrombus, manifested as unopacified flow within the right transverse sinus (C, arrows) that
extends into the right sigmoid sinus and the right jugular vein (D, white arrow.) The normal
left jugular vein (D, black arrow) is shown for comparison.
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Figure 3. CT and MR appearance of epidural hematoma
Noncontrast CT (A,B) performed on a 26-year-old man who was “found down” with altered

mental status. Note the classic biconvex hyperdense epidural hematoma with an overlying
nondisplaced calvarial fracture (arrows). Axial T2WI (C) from a “rapid” MR protocol in a
different patient (3-month-old accidentally dropped on her head) reveals a right parietal
biconvex low signal epidural collection. Note the position of the dura, seen as the thin black
line deep to the collection (arrows); this allows confident determination that the collection is
located in the epidural space. Sagittal (D) and axial (E) reformatted images from a
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noncontrast CT performed in a different patient (13-year-old male after a skateboard
accident) show a heterogeneous epidural hematoma in the occipital region. Areas of lower
density within the hematoma likely represent hyperacute unclotted blood concerning for
active bleeding and predictive of continued expansion of the hematoma. This is confirmed
on the CTA of the head performed minutes later (F) where dense contrast material
extravasates (F, arrow) into the area of low density on the earlier noncontrast study (E,
arrow). The sagittal reformatted images (D) best demonstrate how the hematoma crosses the
plane of the tentorium cerebelli (arrow) into the posterior fossa, characteristic of epidural
hematomas (unlike subdural hematomas) as they are not constrained by dural boundaries. In
contrast to arterial epidural hematomas, venous epidural hematomas bleed under lower
pressure and are therefore less likely to increase in size. Noncontrast CT (G), axial FLAIR
(H) and sagittal TIWI (1) performed on a 52-year-old victim of assault reveal a right
sphenoparietal venous epidural hematoma (arrows). CT on the day of the injury (G) shows
the characteristic well-defined, crescentic, high-density extra-axial collection (white arrow)
along the anterior margin of the middle cranial fossa. On MRI performed 2 days later (H,1),
the same venous epidural hematoma (arrow) appears isointense to adjacent anterior temporal
contusion on FLAIR (H) and hyperintenseTIWI (1), consistent with intracellular
methemoglobin blood products and it has not increased in size. In cases of trauma, multiple
pathologic entities often are seen in the same examination. Notably, foci of subarachnoid
hemorrhage (white arrowhead) and temporal lobe contusions (black asterisk) are much more
visible on MRI (H) than CT.

In contrast to arterial epidural hematomas, venous epidural hematomas bleed under lower
pressures and are less likely to expand. Noncontrast CT (G), axial FLAIR (H) and sagittal
T1WI (1) performed on a 52-year-old victim of assault reveal a right sphenoparietal venous
epidural hematoma (arrows). CT on the day of the injury (G) shows a characteristic lobular
high-density extra-axial collection (white arrow) along the anterior margin of the middle
cranial fossa. On MRI performed 2 days later (H,1), the same venous epidural hematoma is
seen adjacent to an anterior temporal contusion (H (I). In cases of trauma, multiple
pathologic entities often are seen in the same examination. Notably, linear foci of
subarachnoid hemorrhage (white arrowhead) and temporal lobe contusion (asterisk) are
much more visible on MRI (H) than CT (G).
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Figure 4. CT and MR appearance of subdural hematomas
Noncontrast CT (A,B) performed on a 90-year-old female after fall with left parietal scalp

laceration reveals hyperdense blood along the left convexity (A, closed arrows), left
posterior falx cerebri (A, open arrow), and tentorium cerebelli (B, open arrow). Note how
the subdural hematomas do not cross the dural sinuses to the other side of the falx or
tentorium. Noncontrast CT performed on an 82-year-old man after falling shows a right
convexity subacute subdural hematoma that is isodense to the adjacent cortex (C, arrows).
Post-contrast imaging is generally not required for evaluation of a subdural hematoma;
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however, it was obtained in this case. The post-contrast CT (D, arrows) images demonstrate
peripheral enhancement of the collection without evidence of active extravasation, thus
reinforcing a subacute injury. Axial FLAIR MR image (E) from a 69-year-old man after
head trauma exemplifies the high contrast difference on MR between the FLAIR
hyperintense subdural hematoma (arrow) and the adjacent hypointense calvarium. Axial
noncontrast CT (F) from a different patient, a 73-year-old man with left-sided weakness,
shows the appearance of a mixed-density, “acute-on-chronic” subdural hematoma along the
right convexity and falx cerebri. Note the dependent layering of the acute, denser blood
products within the chronic, hypodense collection; this is often referred to as the “hematocrit
sign” (arrow).
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Figure 5. CT and MR appearance of subarachnoid hemorrhage
MRI (A-E) performed on a 58-year-old man who presented 3 days after a fall with altered

mental status. Subacute subarachnoid hemorrhage appears hyperintense to brain on T1WI
(A) and hypointense on T2WI (B). Subarachnoid hemorrhage does not suppress like normal
CSF on FLAIR imaging (C) and it appears markedly hypointense on SWI (D). The linear
area of reduced diffusion in the cortex adjacent to the subarachnoid hemorrhage likely
represents adjacent cerebral contusion (E). This is a good example showing the appearance
of early subacute subarachnoid blood products within the central sulcus on multiple pulse
sequences (arrows). Noncontrast CT (F) from a 70-year-old male after syncope and fall with
head injury shows the classic appearance of acute subarachnoid hemorrhage in the right
sylvian fissure (arrow). Noncontrast CT (G) and FLAIR (H) images obtained the same day
in a 33-year-old female after a motor vehicle crash. The trace interpeduncular subarachnoid
hemorrhage (arrow) is invisible on CT (G), but is readily apparent on MR (H), highlighting
the greater sensitivity of MR to blood products.
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Figure 6. Imaging evaluation of patients with CSF leaks
Coronal reformatted images from a noncontrast CT (A,C) and CT cisternograms (B,D)

performed in 2 different patients with posttraumatic CSF leaks. The first patient (A,B) is a
55-year-old female with a history of remote trauma and meningitis. Note the opacified right
sphenoid sinus with a large bony defect between the lateral wall of the right sphenoid sinus
and the middle cranial fossa (A, arrow). CT cisternography was performed (B), confirming
abnormal leakage of CSF contrast from the middle cranial fossa into the sphenoid sinus. The
second patient (C,D) is a 33-year-old female with CSF rhinorrhea (confirmed with positive
Bo-Transferrin test) after facial trauma. Noncontrast CT (C) reveals subtle unilateral
opacification of the left olfactory recess concerning for a possible cephalocele, but it did not
show a definitive bony abnormality in that region. The patient returned two weeks later and
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a CT cisternogram was performed (D) revealing abnormal passage of CSF contrast (arrows)
through the left cribiform plate through the left olfactory recess and into the nasal cavity.
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Figure 7. CT and MR appearance of cerebral and cerebellar contusion
Noncontrast CT (A-C) and FLAIR and susceptibility-weighted MR (D-G) images obtained

on a 59-year-old woman after a fall that occurred 5 days earlier. CT images show a
nondisplaced left occipital fracture (C, arrow) with an underlying hemorrhagic contusion in
the left cerebellar hemisphere (B, closed arrow) compatible with coup injury. There are also
large, bifrontal, hemorrhagic contusions (A, closed arrows) and a small left anterior temporal
hemorrhagic contusion (B, open arrow), compatible with contrecoup injuries. These lesions
have a predictable appearance on MR with low signal on SWI (F, closed arrows; G, arrows)
and a large area of surrounding edema on FLAIR images (D,E). Also note the increased
prominence of the left tentorial subdural hematoma (open arrow) on MR SWI (F) compared
to CT (A).
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Figure 8. CT and MR appearance of intracerebral hematoma
Noncontrast CT (A) of 61-year-old male after head trauma reveals a large, hyperdense, acute

left parietal hematoma with surrounding edema that has decompressed into the adjacent left
lateral ventricle (intraventricular hemorrhage). MRI performed 11 days later (B-D) shows
decreased edema with residual T2 hyperintense blood products (likely corresponding to “late
subacute” extracellular methemoglobin). Increased T2 signal intensity (C) and reduced
diffusion (D) in the splenium of the corpus callosum (arrows) is likely a result of Wallerian
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degeneration of the axons leading away from the left parietal injury, and not traumatic
axonal injury of the splenium.
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Figure 9. CT and MR appearance of traumatic axonal injury
Initial noncontrast CT (A) of a 24-year-old female after a helmeted bicycle accident with

brief loss of consciousness shows right periorbital soft tissue swelling, but is otherwise
normal. MRI (including T2*-weighted MPGR (B), DWI (C) and ADC map (D) obtained the
following day shows scattered foci of reduced diffusion and increased susceptibility,
compatible with traumatic axonal injuries. Example lesions include a focus of reduced
diffusion (C, arrow) with low ADC value (D, arrow) and foci of increased susceptibility (B,
arrow) in the left temporal stem subcortical white matter. A different patient presented after
an assault (E-H). This patient's noncontrast CT shows multiple areas of hemorrhagic axonal
shearing injury involving the splenium of the corpus callosum (E, arrow). This area shows
reduced diffusion (G, arrow), low ADC value (H, arrow) and increased susceptibility on
MPGR (F, arrow) on MRI performed the same day. The coronal MPGR image (F) also
reveals numerous additional white matter shear injuries (low signal) compatible with diffuse
axonal injury.
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Figure 10. MR appearance of Grade 3 diffuse axonal injury
MPGR (A,B), DWI (C), and ADC map MR images of a 23-year-old man with head trauma

after a motorcycle accident. MPGR images reveal foci of susceptibility in the subcortical
white matter of the parietal (open arrow, A) and temporal lobes (closed arrow, B) as well as
infratentorial injury to the bilateral superior cerebellar peduncles (closed arrows, A) and
midbrain and cerebral peduncle (open arrow, B) secondary to traumatic axonal injury. There
are also extra-axial foci of susceptibility along the falx compatible with a subdural
hematoma (A,B). DWI (C) and ADC map (D) from the same patient reveal marked reduced

Neurosurg Clin N Am. Author manuscript; available in PMC 2017 October 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Mutch et al.

Page 43

diffusion in the genu and splenium (closed arrows) of the corpus callosum also consistent
with a combination of Wallerian and axonal injury. Note how the entire right frontal lobe
white matter shows abnormal reduced diffusion (open arrow in C,D), with a more focal
insult to the anterior subinsular region.
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Figure 11. CT and MR appearance of brainstem injury with diffuse axonal injury
Axial noncontrast CT (A) and T2*-weighted MPGR MR (B,C) images of 27-year-old man

reveal posttraumatic brainstem injury. Hemorrhagic axonal injury in the midbrain
tegmentum appears as rounded hyperdensity on CT (A, arrow) and as a focal area of
susceptibility on MPGR sequence (B, arrow). Caudally, an axial MPGR image through the
pons (C) reveals multiple additional foci of susceptibility in the dorsal pons that were not
apparent on CT. Numerous additional foci of abnormal susceptibility (B,C) are present in
the bilateral temporal supratentorial and infratentorial white matter consistent with diffuse
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axonal injury. Also note traumatic injuries including a right tentorial subdural hematoma
(white arrowheads) and a left anterior temporal contusion (black arrowheads), which are
better appreciated on MR (C) than CT (A).
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Figure 12. Secondary traumatic brain injuries in patients with TBI
Axial noncontrast CT images (A-C) from an 80-year-old female reveal left convexity

holohemispheric and parafalcine subdural hematomas. Secondary complications resulting
from mass effect from the hematomas include left to right midline shift (arrow shows
position of the septum pelucidum) with subfalcine herniation (A), left uncal and downward
transtentorial herniation (B,C), trapping of the temporal horn (asterisk) of the right lateral
ventricle secondary to obstruction of the foramen of Monro (B,C), and a Duret hemorrhage
in the midbrain (B) and pons (C). Images from a different patient show secondary
complications in a 74-year-old female after TBI. The preoperative noncontrast CT (D)
images demonstrate mass effect from a right holohemispheric subdural hematoma resulting
in right uncal herniation and trapping of the temporal horn of the left lateral ventricle. The
right temporal horn is nearly midline in location (asterisk. The post-operative noncontrast
CT obtained later that evening (E) reveals a decompressive craniectomy, ventricular drain
placement, and a new large hypodensity involving the territory of the right posterior cerebral
artery (PCA) vascular territory, consistent with infarction. Diffusion weighted MRI (F)
obtained 4 days after initial injury confirms the right PCA territory infarct, secondary to
compression of the proximal PCA by the previously herniated right uncus.
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Figure 13. Traumatic vascular dissection of the supraclinoid internal carotid artery
CTA (A) performed the day after injury shows asymmetric narrowing and luminal

irregularity of the left internal carotid artery (ICA) (arrow) just beyond the anterior clinoid
process concerning for traumatic dissection. Note the air-hemorrhage level within the left
sphenoid sinus (A) which should raise suspicion anterior skull base fracture (not shown) and
potential injury to the adjacent carotid artery. Dissection of the left supraclinoid ICA was
confirmed the same day on digital subtraction angiography (B), which again revealed an
irregular, narrowed lumen (arrow). Time of flight MR angiogram (C) performed 3 days after
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injury shows a narrowed irregular lumen of the left supraclinoid ICA (arrow). TIWI (D)
from the same examination reveals subtle T1-shortening (arrow) in the left ICA wall,
consistent with early subacute methemoglobin blood products within a dissecting intramural
hematoma. Noncontrast CT (E) and diffusion weighted MRI (F) obtained 2 and 3 days after
injury, respectively, show that the patient's dissection was complicated by an acute left
middle cerebral artery territory embolic infarction.
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Figure 14. Postraumatic pseudoaneurysm
This 43-year-old man presented with headache and visual symptoms 3 months after

suffering facial fractures in a motor vehicle accident. Noncontrast CT reveals a large
hyperdense mass (arrows) within the anterior skull base (A) eroding the sphenoid bone, sella
and the orbits (arrow) (B). Sagittal reformatted CT angiography images performed the same
day show the central area of the mass enhancing (asterisk) to the same extent as the adjacent
intracranial arteries (C). In addition, there is an apparent narrow-necked connection (arrow)
between the enhancing portion and the left cavernous internal carotid artery (D), consistent
with a pseudoaneurysm. Note that the central low density (A, asterisk) within the higher
density, thrombosed portion of the pseudoaneurysm correlates with the central
nonthrombosed, enhancing area (E, arrow) on the postcontrast images. 3D reformatted
images of the circle of Willis (F) highlight the relationship of the pseudoaneurysm
(asterisk); note that only the nonthrombosed portion is visualized) to the left internal carotid
artery (arrow). Catheter angiography images following injection of the left internal carotid
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artery show the appearance of the pseudoaneurysm (asterisk) before (G) and after (H)
treatment with endovascular coil embolization.
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Figure 15. Cerebral Fat Embolism Syndrome (CFES) as a mimic of DAI:
65 year old woman with progressive lethargy and coma in setting of multiple bone infarcts

and cerebral fat embolism syndrome confirmed on autopsy. Axial FLAIR (A, B) and
diffusion (C, D) weighted images demonstrate confluent FLAIR hyperintense white matter
signal abnormality with relatively little diffusion signal abnormality, which is isolated to the
splenium of the corpus callosum. Axial susceptibility-weighted imaging (E-H) reveal
innumerable foci of susceptibility artifact throughout the infratentorial and supratentorial
brain consistent with a pattern of cardio-embolic showering with resultant micro-
hemorrhages. In comparison, axial DWI (I, J) from a brain MRI performed on a 42 year old
man 7 days after a motor vehicle collision shows clustered, confluent foci of reduced
diffusion most prominent in the right juxta-cortical frontal lobe and splenium of the corpus
callosum related to DAI. T2* weighted gradient echo sequences (K, L) reveal asymmetric
clustered foci of susceptibility artifact in the right greater than left juxtacortical frontal lobe
white matter (arrow in K) and dorsal pontomedullary junction near the left superior
cerebellar peduncle (arrow in L). Compared with CFES, susceptibility artifact secondary to
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DAl tends to be more sparse, clustered, and irregular in distribution. In addition, CFES more
commonly affects the cerebellum.
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Glasgow Coma Scale

Table 1

BEHAVIOR

Eye opening response

Best verbal response

Best motor response

Total score:

RESPONSE

Spontaneously

To speech

To pain

No response

Oriented to time, place, and person
Confused

Inappropriate words
incomprehensible sounds

No response

Obeys commands

Moves to localized pain

Flexion withdrawal from pain
Abnormal flexion (decorticate)
Abnormal extension (decerebrate)

No response

Best response
Comatose patient

Totally unresponsive

SCORE

P N W A~ OO R, N W O, N W

15
8 or less
3

From Teasdale G, Jennett B. Assessment of coma and impaired consciousness. A practical scale. Lancet. 1974 Jul 13;2(7872):81-4; with

permission.
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Recommended MR Protocol for TBI

Table 2

Page 54

Field Strength

Preferred Sequences

Alternatives Sequences

15T | 3T
Sequence Orientation | Imaging time (min) | Sequence Orientation | Imaging time (min)
3D T1W Sagittal 8 3D T1wW Sagittal 4
T2W FSE Axial 3 3D T2w Sagittal 4
T2W FLAIR | Axial 3 T2W FLAIR | Axial 3
DWI EPI Axial 2 DWI EPI Axial 2
3D SWI Axial 8 3D SWiI Axial 6
Total: 24 Total: 19
. . .
TIW SE Sagittal 3 TOW ESE t Axial 3
. 5 .
oD GREI Axial 3 2D GRE Axial 3

From Haacke EM, Duhaime AC, Gean AD, et al. Common data elements in radiologic imaging of traumatic brain injury. Journal of magnetic
resonance imaging : JMRI 2010;32(3):516-543; with permission.

*
Option if 3D T1W is not available

fOption if 3D T2W is not available

’tOption if 3D SWI1 is not available
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Table 3

Appearance of Aging Blood on MR Sequences

Time frame  Molecular Species  Celluar compartment § T2WI signal '™

T1WI signal

Hyperacute <24h Oxyhemoglobin Intracellular Isointense Iso-/Hyperintense
Acute 1-3d Deoxyhemoglobin  Intracellular Iso-/Hypointense  Hypointense
Early Subacute  3-7d Methemoglobin Intracellular Hyperintense Hypointense
Late Subacute  7-14d Methemoglobin Extracellular Hyperintense Hyperintense
Chronic >14d

Rim Hemosiderin Intracellular Hypointense Hypointense

Center Hemichromes Extracellular Isointense Hyperintense

Adapted from W G Bradley J. MR appearance of hemorrhage in the brain. Radiology 1993;189(1):15-26; with permission.

§Compared to the signal intensity of normal brain parenchyma.
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