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Foreword


Traumatic brain injury is a leading cause of death and dis
ability in the United States. The mortality and morbidity 
associated with traumatic brain injury have declined. 
Improved patient outcomes have resulted from improve
ments in emergency department diagnosis which leads to 
effective emergent treatment. CT is usually the initial imag
ing study performed on a patient with traumatic brain injury. 
Medical imaging helps to define the acute injury and, if 
necessary, to guide acute surgical intervention. It has also 
contributed to our understanding of the nature and patho
physiology of these injuries. 

Overall, the use of CT in the emergency department 
increased more than threefold between 1996 and 2007; 
however when adjustments are made for variables such as 
severity of injury there may be little change in the utilization 
rate of cranial CT. Increased CTusage has likely resulted from 
the increased 24 hour availability of CT in emergency depart
ments. Along with the increased use of emergent CT, has 
come a greater emphasis on accurate and rapid imaging 
interpretation. The role of the radiologist has become much 
more central to the health care delivery team. Radiologists 
who maynot be specialty trained in emergency imaging or in 
neuroimaging are being increasingly called upon to provide a 
high level of contemporaneous imaging interpretation. The 
need to provide coordinated imaging assessment to the 
emergency department patient has never been greater. This 
book is an important and timely contribution to the field. 

It is noteworthy that Dr. Anzai and Dr. Fink have compiled 
the latest information on traumatic brain injury in compre
hensive volume. Both these neuroradiologists are well 
known for their many important contributions to the imag
ing literature. They have also included contributions from 
authors who have extensive experience in the imaging of 
traumatic brain injury. 

The authors and their collaborators do not confine them
selves to the imaging aspects of traumatic brain injury. 

Epidemiology and decision rules are discussed in separate 
chapters. The special considerations of pediatric head trauma 
are explored. Outside the brain, but vital to the comprehen
sive care of the brain injured patient, are chapters detailing 
cerebrovascular injuries, skull base injuries, maxillofacial 
injuries, and orbital injuries. It is appropriate that the book 
concludes with a chapter about advanced imaging. Magnetic 
resonance techniques including diffusion tensor imaging, 
spectroscopy, susceptibility imaging, and functional imaging 
are illustrated. There are also brief discussions of magneto
encephalography and positron emission tomography. These 
advanced techniques have deepened our understanding of 
traumatic brain injury in selected patient cohorts. This chap
ter may serve as a preview to the next clinically relevant new 
imaging techniques to be applied to the care of traumatic 
brain injuries. 

This book provides the radiologist with an important 
resource for the interpretation of images of the brain, face, 
and neck of the brain injured patient. To the clinician caring 
for the brain injured patient, it provides helpful guidelines for 
the ordering of imaging studies and insight into how the 
pathophysiology of injury is depicted by imaging. Those 
researchers studying traumatic brain injurywill gain a better 
understanding of how the application of imaging guides 
therapy. To all the imagers, clinicians, and researchers inter
ested in neurotrauma, I hope that you will enjoy having such 
a valuable resource. 

Wayne S. Kubal, MD 
President 

American Society of Emergency Radiology 
Professor of Medical Imaging 

University of Arizona 
Tucson, Arizona 

ix 





Preface


Traumatic Brain Injury (TBI) is a leading cause of mortality 
and morbidity among youth in the United States. Patients 
with TBI are managed byamultidisciplinar ygroup of medical 
professions, includingEmergency Medicine, Trauma Surgery, 
Neurosurgery, Neurology, and Rehabilitation Medicine. Sig
nificant advancements in the management of TBI patients 
have been made in the last several years. Despite marked 
improvement of clinical care, however, many patients still 
live with disabilities and suffer the sequelae of TBI, which 
may significantly impact their quality of life. 

Nearly all of the materials in this book came from Harbor-
view Medical Center where we have the tremendous plea
sure and privilege to work as neuroradiology faculty. Harbor-
view Medicine Center is an essential entity of UWMedicine, 
and is the only Level I adult and pediatric trauma center in the 
state of Washington. Harborview also serves as a regional 
trauma center for Alaska, Idaho and Montana. Harborview 
Medical Center is a county hospital (owned by King County, 
Washington) and is governed by the University of Washing
ton board of trustees. Annually, it provides over $200 million 
in charity care and serves as the one of the most prestigious 
institutions fighting against health disparity. This textbook 
draws upon our extensive experience at the Level I trauma 
center at Harborview Medical Center. 

This textbook is designed to target a large audience, 
including radiology residents and fellows, as well as neuror
adiologists in various clinical settings. It will also appeal to 
general radiologists that interpret imaging studies for trau

ma patients and other medical subspecialties, such as Emer
gency Medicine, Neurosurgery, and Neurology. This book 
was designed to provide an “image rich” textbook aligned 
with the recent emphasis on the case-based learning style. It 
is intended to cover a large population of TBI case materials 
beyond traumatic brain injury, including penetrating injury, 
pediatric TBI, extracranial injuries such as maxillofacial inju
ry, orbital injury, and skull base injury. Written by experts in 
the field, this textbook contains over 250 high quality images 
with numerous pearls and summary boxes for easy and quick 
reference in the clinical setting. 

Without question, imaging plays a significant role in the 
management of TBI patients. CT still serves as primary imag
ing study to triage TBI patients who need emergent surgery 
from those who can be safely observed in the acute trauma 
setting. Brain MR is well known to demonstrate more TBI 
lesions than CT. Brain MR imaging has been utilized increas
ingly in TBI patients as a problem solving tool as well as a 
means to predict outcome of patients with severe TBI. Some 
challenges remain, such as being able to accurately detect 
those patients with mild forms of TBI who are suffering from 
prolonged post-traumatic symptoms where CT or conven
tional brain MR reveals no abnormality. Advanced MR imag
ing and physiologic imaging tools are expected to play a 
larger role in the future to address this issue. 

We hope readers find this book to be a valuable resource 
for the neuroimaging of the acutely injured patient, whether 
read cover to cover, or referenced when questions arise. 
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Epidemiology of Traumatic Brain Injuries in the United States 

1 Epidemiology of Traumatic Brain Injuries in the United

States 
Bahman S. Roudsari and Yoshimi Anzai 

1.1 Overall Incidence 
Traumatic brain injury (TBI) is one of the leading causes of in-
jury-related mortality and morbidity worldwide.1–3 In the 
United States, more than 1.7 million people sustain a TBI each 
year.2 Of those, 1.4 million are treated and released from the 
emergency department (ED), more than 270,000 are hospital
ized, and more than 53,000 die as a result of their injury.1–3 In 
Europe, 235 per 100,000 individuals sustain TBI annually.4 The 
World Health Organization estimates that by the year 2020, 
more than 10 million people will incur TBI annually world-
wide.5 Between 2002 and 2006, an average of 100 million ED 
visits and 37 million admissions were reported each year, of 
which 3 and 5% were TBI related, respectively. During the same 
period, 30% of injury-related deaths in the United States were 
attributable to TBIs.5 

Although no recent studies have evaluated the incidence of 
TBIs, Faul and Langlois demonstrated an increasing trend in the 
incidence of TBI-related ED visits and hospital admissions in the 
United States from 2002 through 2006.5,6 The incidence of TBI-
related ED visits increased from 401 to 468 per 100,000, and 
the hospitalization rate increased from 86 to 94 per 100,000.5,6 

1.1.1 Children 
For the pediatric population, TBIs are of special importance be
cause of their high incidence compared with other disabling 
diseases as well as their lifetime consequences.7 In the United 
States, each year, more than 600,000 emergency department 
visits, 60,000 hospitalizations, and 6000 fatalities in patients 
aged 0 to 20 years are attributed to TBIs. 5,8,9 ▶ Fig. 1.1 summa
rizes the TBI-related ED visits, hospitalizations, and deaths from 
2002 to 2006 according to age group based on the study per
formed by Faul and colleagues.5 

1.1.2 Older Adults 
Whereas recent studies suggest that the incidence of TBIs in 
children and young adults has decreased as a result of the im
plementation of injury-prevention programs, the opposite is 
true for older adults.10 The aging of the population, the growing 
number of senior drivers, multidrug use by seniors, and the risk 
of drug-related falls are among the factors contributing to the 
increasing incidence of TBIs in the older adult population.11,12 

Besides being at higher risk for TBIs compared with younger pa
tients, older adults are more susceptible to detrimental conse
quences of TBI, such as longer hospital stays, a higher rate of in
tensive care unit admissions, higher mortality rates, and poorer 
functional status at discharge after a moderate to severe TBI.13–17 

1.1.3 War Veterans 
It is well known that military personnel are susceptible to TBI, 
but since the September 11, 2001, attacks, the types of TBIs 

among soldiers have changed. A large number of U.S. soldiers in 
the Afghanistan and Iraq Wars have been exposed to new gen
erations of explosives.18 Because of advances in body-armor 
technology, faster evacuations from the scene of injury, and im
provements in surgical care, the “at-scene” fatality rate has de
creased, but the number of soldiers surviving disastrous TBIs 
while sustaining substantial disabilities has increased.18–21 Be
cause of the high frequency of TBIs in recent wars, they are con
sidered the “signature injury of modern militar y operations.”
The Departments of Defense and Veterans Affairs have adopted 
special strategies to screen for TBIs, especially for veterans of 
the Afghanistan and Iraq Wars.18,22 

1.2 Risk Factors 
Among adults in the United States, alcohol is the most impor
tant modifiable risk factor for injuries, including TBIs.23 The in
cidence of alcohol-related injuries has not decreased signifi
cantly in the past two decades, although alcohol-related driver 
fatalities remained relatively unchanged between 1999 and 
2006, as reported by Roudsari et al.23 

In recent years, the use of mobile devices has become an in
creasingly significant contributor to road-traffic crashes result
ing in TBI.24 A large study conducted in the United States and 
Europe revealed that among drivers 18 to 64 years of age, the 
prevalence of talking on a cell phone or using a mobile device 
for texting and e-mail while driving at least once in the past 30 
days ranged from 21% in the United Kingdom to 69% in the 

–

–

2002–

Fig. 1.1 Estimated average annual rates of traumatic brain injury
related emergency department (ED) visits, hospitalizations, and deaths 
by age group using the U.S. population in 2000 as the baseline for rate 
calculation, United States, 2002 2006. (Used with permission from 
Faul MXL, Wald MM, Coronado VG. Traumatic Brain Injury in the United 
States, Emergency Department Visits, Hospitalizations and Deaths 

2006. Atlanta, GA: Centers for Disease Control and Prevention, 
National Center for Injury Prevention and Control; 2010.) 
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United States. Distracted driving has become one of the most 
significant risk factors for TBI. Similarly, the use of mobile devi
ces contributes to an increased incidence of pedestrian inju-
ries.25 When pedestrians use the Internet on a mobile device, 
their behaviors become significantly higher risk. 
In the United States, the three major nonmodifiable risk fac

tors for TBIs are age, sex, and race or ethnicity. Overall, children 
younger than 5 years are at the highest risk of TBI, followed by 
adolescents (i.e., 15 to 19 years) and adults 75 years and older.5 

Older adults (both men and women) are at higher risk for TBI-
related mortality.5 Similar to other types of injuries, men are at 
greater risk for TBI than women; in fact, about 60% of all TBIs 
are suffered by males.5 ▶ Fig. 1.2 illustrates TBI-related ED visits 

–

Fig. 1.2 Unadjusted emergency department (ED) visits (a), hospital
ization (b), and mortality rates (c) per 100,000 for traumatic brain 
injuries in the United States, 2002 2006, categorized based on age 
group and sex using the U.S. population in 2000 as the baseline for the 
rate calculations. 

(▶ Fig. 1.2a), hospitalization (▶ Fig. 1.2b), and deaths (▶ Fig. 1.2c) 
based on age group and sex in the United States between 2002 
and 2006.5 

From 2002 through 2006, African Americans had the highest 
unadjusted ED visit and hospitalization rates compared with 
whites and American Indians, Alaska Natives, and Asians 
(▶ Fig. 1.3) but slightly lower TBI-related mortality rates (16.7 
in 100,000) than whites (18.2 in 100,000). American Indians, 
Alaska Natives, and Asians had the lowest TBI-related mortality 
rates (10.1 in 100,000).5 

–

Fig. 1.3 Unadjusted emergency department (ED) visits (a), hospital
ization (b), and mortality rates (c) for traumatic brain injury in the 
United States, 2002 2006, categorized based on age group and race 
or ethnicity using the U.S. population in 2000 as the baseline for the 
rate calculations. 
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1.3 Underlying Causes of 
Traumatic Brain Injury 
The underlying cause of TBIs depends largely on the age group 
involved. For children and older adults, falls are the most com
mon mechanism of TBI. For young and middle-aged adults, mo-
tor-vehicle or motorcycle collisions and assault are more prom-
inent.5 Concussion, or so-called mild TBI (mTBI), is the most 
common cause of TBI among young athletes. Concussion proves 
increasingly complex to deal with and may not be “mild” as the 
name implies.26 This topic is discussed in detail in Chapter 12. 

1.4 Short- and Long-Term Conse
quences of Traumatic Brain Injury 
1.4.1 Mortality Rate 
Most studies that have evaluated the effectiveness of preventive 
strategies for TBI have considered the mortality rate the main 
outcome of interest.27 Mortality is easy to measure and has a 
minimal chance of misclassification; therefore, it is an appeal
ing target for most injury-prevention programs. Studies con
ducted by the Centers for Disease Control and Prevention have 
demonstrated that between 1989 and 2007, the TBI-related 
mortality rate declined from 21.9 in 100,000 to 17.8 in 
100,000.2,28 However, not all age groups have experienced the 
same declining trend in mortality rates. Coronado and col
leagues found that between 1997 and 2007, the mortality rate 
for TBIs decreased significantly among patients 0 to 44 years 
old but increased significantly among patients 75 and older.2 

Recent analyses have shown men to be three times more likely 
to die of TBI-related causes (28.8 in 100,000) than women (9.1 
in 100,000).2 

1.4.2 Children 
Multiple studies have discussed the neuropsychological conse
quences of TBIs among children.29–36 Previous studies suggested 
that reorganization of the brain after a TBI can minimize the 
short- and long-term consequences in a child’s “flexible” brain. 
However, new findings indicate that childhood injury could 
have more detrimental consequences than previously expected, 
not only because of damage to the available brain tissue, but 
also because of disruption of developmental milestones, which 
could interrupt the process of acquiring new skills at a develop
mentally appropriate rate.27,29,37–39 Pediatric neuropsychologi
cal impairments after a TBI can be categorized into two major 
categories: educational impairments and social or behavioral 
impairments.35,40,41 Studies have estimated that up to one third 
of children might require support into their adolescence and 
adulthood because of social and educational impairments.29 

A number of studies have demonstrated that the severity of 
injury is likely the most important factor in predicting future 
functional impairment.31,37,42,43 The association between the se
verity of injury and functional impairments among mTBI pa
tients remains open to debate. Although the vast majority of 
mTBI patients recover from injury, 15 to 20% suffer from 
reduced intellectual capabilities, attention disorder, memory 

impairment, linguistic problems, and academic failure in the 
postinjury years.30,36,37,42,44,45 Fewer longitudinal studies have 
expanded our knowledge in regard to the long-term conse
quences of TBI on child development. Rivara and colleagues fol
lowed up on 729 pediatric patients with moderate to severe 
TBIs for 2 years.27 They found that “the quality of life for chil
dren with moderate or severe TBI was lower at all follow-up 
times compared with baseline, but there was some improve
ment during the first 2 years after injury.”27 

Anderson and colleagues conducted one of the few long-term 
follow-up studies of TBI patients.29 They found that after 10 
years, the relationship between injury severity and cognitive 
impairment was most significant in the acute postinjury phase 
and much less evident 10 years later. Reports have conflicting 
conclusions about whether younger age at occurrence of the 
trauma is associated with poorer outcomes.29,43,46 

1.4.3 Older Adults and Falls 
Several studies have demonstrated higher mortality rates, 
longer hospital stays, and poorer functional outcomes in 
older adults compared with younger patients suffering from 
TBI.14,47–50 Older patients also need more intense rehabilita
tion to recover their functional status and prevent permanent 
disability after injury.50 Previous studies identif ied several 
risk factors for poor outcomes among older post-TBI patients, 

to age,14,47,50including but not limited male sex, minority 
status,51 injury severity, comorbidities, and taking anticoagu
lation medication at the time of TBI.49 

1.4.4 Other Long-Term Consequences 
Quality of Life 
Although objective measures such as length of hospital or in
tensive care unit stay and hospital expenses are easy to meas
ure, they do not reflect the actual burden of TBIs on patients 
and their families. One factor often ignored in outcome studies 
is the quality of life after a TBI.52–54 Pagulayan and colleagues 
evaluated the quality of life of TBI patients at 1 month, 3 years, 
and 5 years after TBI by using the Quality of Life (QoL) Question-
naire.54 They concluded that although the physical components 
of QoL improved over time, the psychosocial domains remained 
lower than expected for TBI victims.54 

In China, Hu et al followed up on 312 patients with moderate 
to severe TBI and used the Health-Related Quality of Life 
(HRQoL) Questionnaire to measure their quality of life com
pared with a control group of 381 patients without a history of 
TBI admitted at the same institution.55 They found that despite 
rapid improvement in the HRQoL during the first 6 months 
after injury, TBI patients had significantly lower scores for all 
domains compared with their non-TBI counterparts. Severity of 
injury, female sex, and older age were among the main factors 
associated with poor quality of life in this study.55 

Dementia 
Although some studies have suggested an association between 
Alzheimer disease and TBI,56,57 the mechanism for such an 
association is not well understood. In about 30% of TBI
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–2010. 

Fig. 1.4 Average number of computed tomo
grams (CT) of the head performed per patient 
during each hospitalization for each age category 
at Harborview Medical Center, Seattle, Washing
ton, 1996

related fatalities, β-amyloid plaques, one of the pathological 
features of Alzheimer disease, were found.57 It remains con
troversial whether TBI leads to Alzheimer disease. Not all 
dementia patients have a history of TBI, but survivors of TBI 
invariably develop dementia later in life. The combination of 
TBI and underlying brain changes associated with aging may 
facilitate development of cognitive disorders.58,59 It has been 
suggested that maintaining or increasing cognitive reserve 
may help to prevent or delay the clinical manifestation of de
menting disorders among TBI patients. 

Depression and Other Psychiatric Disorders 
Numerous studies report a higher prevalence of depression 
among TBI victims. The reported 1-year prevalence of depres
sion varies from 12 to 50%.60–62 Bombardier and colleagues 
reported that 53% of hospitalized trauma patients at a level I 
trauma center had major depressive disorder.60 In addition, 
TBIs, both directly and indirectly through depression, have been 
associated with suicide.63 

Costs 
Unfortunately, despite the importance of high TBI-related mor
bidity and mortality rates, limited studies have focused on the 
financial burden of TBIs for patients, their families, and society 
as a whole.2,64–67 Whereas mortality rates and the cost of hospi
tal care are easy to examine, the indirect costs, including loss of 
productivity for patients and their families and short- and long-
term disabilities, are difficult to measure. It is estimated that in 
the United States three to five million individuals are suffering 
from long-term consequences of TBIs.68–70 

To date, the study by Finkelstein and colleagues is the most 
comprehensive evaluation of the socioeconomic burden of TBIs; 
they estimated the annual cost of TBIs, including direct (medical 
and rehabilitation) and indirect (including loss of productivity) 
costs, to exceed $60 billion (in $U.S., year 2000).65 However, 
these estimates do not include the growing number of war-re-
lated TBIs from the Iraq and Afghanistan Wars. In addition, their 
estimates do not include those who did not seek medical care. 
Sosin and colleagues have estimated that approximately one 
fourth of all TBI victims do not seek any medical care; as a re
sult, the short- and long-term consequences of these injuries 
are not well understood.71 

1.5 Use of Imaging in the Manage
ment of Traumatic Brain Injury 
Computed tomography (CT) is the imaging modality of choice 
for the management of acute TBIs. Although several studies 
have criticized the escalating trend in the use of CT in the 
United States, information regarding its use for trauma patients 
is scarce. Using data from a level I trauma center in the United 
States, Roudsari et al demonstrated a slight increase in the use 
of head CTs between 1996 and 2006.72 Using data from the only 
level I trauma center in Northwest United States, the same 
group of researchers observed little change in the use of head 
CTs between 1996 and 2010 after adjustment for confounding 
variables such as age, sex, mechanism and severity of injury, 
and length of stay in the hospital and intensive care unit stay 
(▶ Fig. 1.4).73 Unfortunately, no multicenter study has been per
formed to evaluate variability in the use of imaging for trauma 
patients in the United States. 
The association between repeat head CTs and outcome in pa

tients with TBI has been the focus of debate. Thorson and col
leagues reported that repeat head CT after mTBI and positive 
first head CT revealed progression of injury in 30% of patients 
before clinical deterioration of neurologic symptoms helped in 
the early identif ication of patients requiring craniotomy.74 An
other study comprising 1019 consecutive TBI patients at a level 
I trauma center reported that worsening findings on the sched
uled repeat head CT for patients with an abnormal first CT more 
likely result in neurosurgical intervention compared with a sta
ble scheduled second head CT.59 

On the other hand, some investigators have reported that 
routine repeat head CT is not indicated for mTBI patients, even 
those whose initial head CTwas positive for mTBI. Three factors 
independently predicted a worse repeat head CT: age 65 years 
or older, Glasgow Coma Scale score lower than 15, and multiple 
traumatic intracranial lesions noted on initial head CT.75 

Magnetic resonance imaging (MRI) is not commonly used in 
the acute management of TBIs; however, MRI has critical value 
in the diagnosis and management of injuries that cannot be suf
ficiently evaluated by CT, such as diffuse axonal injuries. Un
fortunately, no study has evaluated the evolving role of MRI in 
the setting of acute TBI. Extensive research is ongoing to detect 
imaging biomarkers for mTBI in terms of which patients remain 
symptomatic after mTBI and concussion. Many studies are 
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currently based on the group comparison studies featuring 
diffusion tensor imaging, magnetic resonance perfusion, and 
resting-state functional imaging studies, but these topics are 
beyond the scope of this chapter and are discussed in detail in 
Chapter 12. 
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2 Evidence-Based Imaging and Prediction Rules: Who

Should Get Imaging for Mild Traumatic Brain Injury?

Mahmud Mossa-Basha 

2.1 Introduction 
It is estimated that more than 1.3 million people are treated for 
mild traumatic brain injury (mTBI) in emergency departments 
(EDs) in the United States each year.1 Although most patients 
with mTBI can be sent home after a brief period of observation, 
a small proportion will show neurologic deterioration and may 
require hospitalization or, rarely, neurosurgical intervention. It 
has been reported that 10 to 15% of patients with mTBI whose 
Glasgow Coma Scale (GCS) scores of 15 will have acute abnor
malities on noncontrast head computed tomography (CT), but 
only 1% of this group will have lesions that require interven-
tion.1–5 Between 5 and 15% of mTBI patients will have persis
tent disability 1 year after the initial injury, including persistent 
headaches, cognitive impairments, and difficulties with com
plex tasks.6,7 Some patients with mTBI will not be able to return 
to routine activities and work for prolonged periods, taxing the 
U.S. economy an estimated 17 billion dollars yearly.8 In patients 
with clinically important brain injury, CT imaging can provide 
an efficient and accurate diagnostic tool such that neurosurgical 
intervention can prevent adverse outcomes from intracranial 
hemorrhage, cerebral herniation, or hydrocephalus. 
Overuse of CT in the evaluation of mTBI exposes the patient 

and the health care system to unnecessary costs, incurring $750 
million in charges.9 More than one million head CT scans are 
performed in the United States in the setting of mTBI, most sec
ondary to falls or motor-vehicle accidents, and approximately 
90 to 95% of these examinations are negative.1,8–11 In recent 
years, there has been a fivefold increase in the use of head CT in 
the setting of mTBI, without an increase in the diagnosis of life-
threatening conditions or the rates of hospital admissions.12,13 

A part of imaging overuse in the setting of mTBI is related to 
medical legal concerns, exemplified by the fact that states that 
have passed tort reform laws have the lowest ED CT imaging 
use rates for mTBI. 
In addition to the health care costs, unnecessary head CT im

poses ionizing radiation on the head, which is a serious con
cern, especially for pediatric trauma patients. Although the 
brain is not a radiosensitive organ and the radiation dose of a 
routine head CT is relatively low, approximately 2 millisieverts 
(similar to a chest radiograph), judicious use of CT scans is 
nevertheless essential. The cancer-related risk of ionizing radia
tion is age and gender specific, but it is estimated that there is 
one radiation-related cancer per 4360 to 14,680 head CT scans 
in adult patients, depending on age and sex.14 

There is variability in the nomenclature used to describe 
mTBI, as well as the defining criteria and classification. Terms 
such as minor TBI, mild TBI, concussion, and low-risk TBI are 
used interchangeably. Most are classified as minimal or minor 
to mild; some define minimal injuries as having suffered no loss 
of consciousness or post-traumatic amnesia (LOC or PTA) and 
typically not requiring hospitalization. There are many defini
tions of mTBI, with minor variations, although most incorporate 
a history of LOC, amnesia, disorientati on, or transient focal 

neurologic signs or seizure in the setting of blunt traumatic 
or acceleration/deceleration injury, with a GCS score of 13 to 
15.8,11,15,16 Some have advocated placement of patients with 
GCS scores of 13 into the “moderate” TBI group because of 
the significant number of injuries requiring neurosurgical in-
tervention17–19; however, in most classification schemes, 
these patients are still included in the mTBI category. The 
New Orleans Criteria (NOC) defines mTBI as loss of conscious
ness after trauma in a neurologically intact patient with GCS 
score of 15.2 Some have advocated inclusion of patients with
out LOC or PTA, considering that in this setting, if other risk 
factors for traumatic brain injury are present, intracranial ab
normalities can be found at a similar rate to that in patients 
without LOC or PTA.20 

The GCS was initially developed by Teasdale and Jeannette to 
reliably evaluate comatose patients with head injury and was 
meant to serve as a simple assessment tool by relatively inex
perienced clinicians to serially and reliably evaluate comatose 
patients.21–23 The scale was not developed to evaluate mTBI, 
although it has proven useful in moderate and severe TBI as
sessment and to guide the need for neurosurgical intervention. 
There is growing sentiment that TBI classifications based on 
GCS scores are limited, with grouping of heterogeneous trauma 
patient populations with very different prognoses into broad 
categories. One prospective study found that despite having GCS 
scores of 13 to 15, patients with intracranial injuries on imaging 
performed similarly to patients with moderate TBI on neuropsy
chological testing.19 The Veterans Affairs and Department of De
fense definition of mTBI includes normal structural imaging 
(i.e., head CT), thus classifying patients with imaging abnormal
ity into moderate TBI. In the setting of mTBI, single-time-point 
GCS scores are of limited clinical value because they are not ac
curate for intracranial injury or prognosis. Rather, serial GCS 
score evaluation provides more prognostic information.6 

2.2 Who Requires CT Imaging? 
The difficulty facing clinicians is determining the apparently 
well-appearing, neurologically intact patients who may have 
underlying intracranial injury that will require neurosurgical 
intervention. A secondary and more elusive goal is to identif y 
patients with risk for postconcussive symptoms. There is con
siderable heterogeneity in opinions regarding indications for 
ordering CT heads in the setting of mTBI. Some advocate order
ing CT head examinations for all patients with mTBI, regardless 
of clinical presentation,16,24,25 whereas others26–29 advocate 
more judicious use of CT. CT ordering practices have varied sig
nificantly between institutions, as well as between clinicians 
from the same institution. The development of a clinical deci-
sion-making tool, using clinical history and physical examina
tion, to identify blunt trauma patients with essentially no risk 
of intracranial injury on imaging has been a priority among ED 
physicians.6,7,30 Such a tool would allow significant reductions 
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in health care costs while also reducing patient exposure to ra
diation exposure. It is also important to ensure that any set of 
imaging decision rules is sensitive enough and has a high nega
tive predictive value not to miss any cases of intracranial injury 
that would require neurosurgical intervention or lead to signifi
cant disability. It is important that any guidelines that are de
veloped for CT ordering mTBI be easy to use for clinicians and 
easy to remember. It is also important that education of clini
cians to the benefits of the rules be thorough and efficient, indi
cating the advantages of limiting overuse of CT in the ED, as 
well as the reliability and sensitivity of the implemented diag
nostic algorithm for clinically significant intracranial injury. 
Typically, guidelines that are less complex and incorporate con
crete definitions are easy to follow and have strong supporting 
evidence have higher rates of compliance. 
Four clinical decision-making criteria have been developed to 

guide CT imaging in the setting of mTBI, aimed at including all 
cases of clinically significant intracranial imaging while also re
ducing unnecessary CT imaging. These include the Canadian CT 
Head Rules (CCHR), the New Orleans Imaging Criteria (NOC), 
the National Emergency X-Radiography Utilization Study II 
(NEXUS II), and the American College of Emergency Physicians 
(ACEP)/Centers for Disease Control and Prevention (CDC) Clini
cal Policy Recommendations. 

2.2.1 Canadian CT Head Rules Criteria 
The CCHR Criteria were developed from the initial evaluation of 
3121 adult mTBI patients who had been treated in the ED of 10 
major Canadian hospitals.11 Inclusion criteria were age greater 
than 16, blunt head trauma resulting in witnessed LOC, the 
presence of amnesia or witnessed disorientation, initial ED GCS 
score of 13 or greater, and injury within 24 hours at the time of 
evaluation in the ED. Of the patients evaluated, 8% had clinically 
significant intracranial injury as determined by CT imaging (i.e., 
injuries that would require hospitalization and neurologic 
follow-up), and 1% required neurosurgical intervention. An ad
ditional 4% were also found to have clinically unimportant in
tracranial injuries, specifically focal subarachnoid hemorrhages 
or cerebral contusions measuring less than 5mm in neurologi
cally intact patients. 
Based on this evaluation, a clinical decision rule was devel

oped that included five high-risk factors for neurosurgical 
intervention: 
● GCS lower than 15 at 2 hours after the initial injury 
● Suspected open or depressed skull fracture 
● Any sign of basal skull fracture 
○ “Raccoon” eyes 
○ Hemotympanum 
○ Cerebrospinal fluid otorrhea/rhinorrhea 
○ Battle’s sign 

● Vomiting at least twice 
● Age 65 years or older 

If any of these factors are present, there is a high likelihood of 
need for neurosurgical intervention. In addition, two medium-
risk criteria were identif ied that portended clinically important 
intracranial injury without the need for neurosurgical interven
tion. These included dangerous mechanism of injury (e.g., 
pedestrian struck by a motor vehicle, a fall from greater than 3 

feet or five stairs, being ejected from a motor vehicle) and am
nesia after impact for longer than 30 minutes. The high-risk 
criteria had a sensitivity of 100%, identifying all 44 cases that 
required neurosurgical intervention, as well as a specificity of 
68.7%. The CT imaging rate was 32%. When the high- and me-
dium-risk criteria were considered, the sensitivity and specific
ity were 98.7% and 49.6%, respectively, with a CT imaging rate 
of 54%. Cranial CT imaging was considered mandatory in pa
tients who fulfilled the high-risk criteria and was recom
mended in medium-risk patients. One important feature of the 
criteria is that they considered certain intracranial injuries as 
being not clinically important, specifically, a solitary contusion 
smaller than 5mm, localized subarachnoid hemorrhage less 
than 1mm thick, subdural hematoma measuring less than 
4mm, pneumocephalus, and closed depressed skull fracture 
not involving the inner table. Minor head injury is defined as 
witnessed LOC, definite amnesia, or witnessed disorientation in 
patients with a GCS score of 13 to 15. 
Stiell et al31 applied their CCHR prospectively at 12 different 

academic and community radiology practices in Canada and 
evaluated changes in ordering ED CT head imaging ordering be
fore and after implementation of these rules. Six institutions 
were randomized into “intervention” sites, at which the CCHR 
were implemented, whereas six others served as “control” sites, 
in which there was no implementation or education of these 
rules. Between the two groups, in the evaluation of a total of 
4531 patients, no cases were included in which clinically signif
icant intracranial injuries were not imaged; however, the CT or
dering rate increased at both the control and intervention sites 
between before and after implementation of the rules. At the 
intervention sites, the rate of use increased from 62.8 to 76.2% 
[a difference of 13.3% with 95% confidence interval (CI) of 9.7 to 
17%), whereas the control sites showed an increase of 67.5 to 
74.1% in use (a difference of 6.7%, with 95% CI of 2.6 to 10.8%).31 

This study again confirmed that the CCHRs have high sensitivity 
for clinically important intracranial injury, but implementation 
of these rules did not reduce, but rather increased, CT imaging 
use relative to control and baseline use. According to the 
authors, this result may have been secondary to inadequate ed
ucation before rule implementation, an inability of the ED 
physicians to recall the rules, abnormally low use rates at the 
participating institutions before intervention, and a lack of 
compliance on the part of the ED physicians to implement the 
rules for a myriad of reasons.31 Other reasons for this discrep
ancy could be the differences in health care systems between 
Canada and the United States and the lesser availability of CT 
scanners in Canada (only 30% of urgent care settings had CT 
scanners at the time) affecting utilization.32 According to other 
trials, implementation of the CCHR can potentially decrease CT 
use in the ED by up to 37%.5,33 U.S. health care savings estimates 
with appropriate implementation of this rule range from 120 to 
400 million dollars annually.33,34 

2.2.2 New Orleans Imaging Criteria 
Haydel et al.2 established and validated the NOC to clinically 
evaluate for the need of head CT examination in the setting 
of mTBI by initially prospectively evaluating the clinical infor
mation of 520 consecutive patients who visited the ED having 
mTBI and a GCS score of 15 and received CT imaging. The 
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definition of mTBI was blunt head trauma with resultant LOC, The presence of any of these criteria was 98.3% sensitive, cor-
normal findings on brief neurologic examination, and a GCS rectly identifying 901 of the patients. This criteria system also 
score of 15. Inclusion criteria were patients older than 3 years identif ied 12.7% of the patients as very low risk based on the 
of age who went to the ED within 24 hours of injury. From this absence of any of the preceding listed risk factors. Specificity 
group, 56 patients had CT findings of acute intracranial injury, was 13.7%. Among patients with minor head injury, 330 pa-
and each had one or more of the following clinical findings: tients were found to have intracranial abnormalit y, of which 
● Headache 314 were identified, for a sensitivit y of 95.2%, negative predic
● Vomiting tive value of 99.1%, and specificity of 17.3%. Of the 16 patients 
● Seizure missed (1.7% of intracranial injury cases) by the NEXUS II crite
● Age over 60 years ria, one required neurosurgical intervention, specifically intra
● Drug or alcohol intoxication cranial pressure monitoring. Unlike the CCHR and NOC, NEXUS 
● Short-term memory deficit II and ACEP/CDC guidelines (discussed as follows) provide an 
● Physical evidence of trauma above the clavicles evaluation tool for patients who had not suffered LOC or post

traumatic amnesia. 
These clinical parameters represent the NOCriteria, and the 
presence of any of these indicates the need for CT imaging ac
cording to these criteria. In the second phase of their trial, 909 2.2.4 ACEP/CDC Guidelines 
patients were prospectively evaluated using these guidelines. The ACEP/CDC produced a new set of guidelines for CT imag-
Fifty-seven cases of intracranial injury were found, for which ing in the setting of mTBI in adults in 2008 to update their 
the NOC showed 100% sensitivity. These criteria established CT prior guidelines from 2002.6 The guidelines were based on 
imaging guidelines in the setting of mTBI but, more impor published CT ordering rules in the setting of blunt trauma 
tantly, validated that if none of their seven clinical factors was and a number of well-designed outcome trials. The primary 
present, they believed the patient would not have intracranial change that was made from the 2002 guidelines was inclu
injury and could be safely sent home. sion of patients with risk factors but without LOC or post-
Whereas the NOC and the CCHR have indicated that age traumatic amnesia into the definition of mTBI, allowing for 

greater than 60 and 65 years, respectively, is a risk factor for in consideration of this patient population for CT imaging. This 
tracranial injury, others have disputed this factor. Riccardi et was changed because of interval studies that had been per
al35 retrospectively evaluated older patients (i.e., older than 65 formed indicating that LOC and posttraumatic amnesia are 
years) with mTBI for the incidence of clinically significant intra- not sufficient to identif y all patients with acute intracranial 
cranial injury, as well as the need for neurosurgical inter- injury.3,20 Level A Recommendations of the guidelines indi
vention. When evaluating a total of 2149 patients, all of whom cate that for patients with LOC or posttraumatic amnesia, a 
received CT for mTBI, 2.18% had acute intracranial abnormal noncontrast CT should be ordered if one or more of the fol
ities, whereas only 0.14% required neurosurgical intervention. lowing are present: 
Patients between 65 and 79 years of age had acute abnormality ● Headache 
on CT in 0.66% of cases, with a significant increase in patients ● Vomiting 
older than 80 years, with a 3.33% rate of acute pathology. The ● Age older than 60 years 
rate of acute CT findings also increased in the setting of antico ● Drug or alcohol intoxication 
agulation, most prominently in those treated with double anti ● Short-term memor y deficits 
platelet agents. The group advocated that universal CT imaging ● Physical evidence of trauma above the clavicle 
of patients younger than 80 years in the setting of mTBI was ● Post-traumatic seizure 
not necessary but should be considered in mTBI patients receiv ● GCS score below 15 
ing anticoagulation therapy. ● Focal neurologic deficit 

● Coagulopathy 

2.2.3 NEXUS II Criteria 
Level B Recommendations of the guidelines indicate that for pa-

In the development of the NEXUS II criteria, 13,728 patients tients without LOC/PTA, a noncontrast head CT should be per-
who underwent CT imaging in the setting of acute blunt head formed if one or more of the following are present: 
injury at 21 participating institutions were prospectively eval ● Focal neurologic deficit 
uated.36 Of these patients, 917 had clinically important intracra ● Vomiting 
nial injury. Eight criteria were found that were independently ● Severe headache 
and highly associated with intracranial abnormalities that re ● Age 65 years or older 
quired CT imaging: ● Physical signs of a basilar skull fracture 
● Evidence of significant skull fracture ● GCS score lower than 15 
● Scalp hematoma ● Coagulopathy 
● Neurologic deficit ● Dangerous mechanism of injury6 (e.g., ejection from a motor 
● Altered level of alertness vehicle, pedestrian being struck, a fall from a height greater 
● Abnormal behavior than 3 feet or five stairs) 
● Coagulopathy 
● Persistent vomiting For consideration of this policy, the following are the inclusion 
● Age 65 years or older criteria: nonpenetrating trauma to the head, presentation to 
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the ED within 24 hours of injury, GCS score of 14 or 15 at initial 
evaluation in the ED, and age older than 16 years. 

2.3 Comparison of the mTBI CT 
Imaging Criteria 
The CCHR and NOC have been extensively validated, both inter
nally and externally.1,2,5,31,33,37–39 Stiel et al1 compared their 
CCHR with the NOC for head CT prospectively in nine EDs 
across Canada in a group of 1822 mTBI patients with GCS scores 
of 15. Both the CCHR and NOC were 100% sensitive in determin
ing the need for head CT in patients who eventually required 
neurosurgical intervention, as well as in patients with clinically 
important intracranial injury; the investigators found that the 
CCHR criteria were more specific for both types of injuries. The 
CCHRs also resulted in fewer orders for CT imaging (52.1% vs. 
88.0%). Prospective comparison of the CCHRs and the NOC in a 
cohort of 3181 patients in the Netherlands indicated that NOC 
were more sensitive than the CCHR for all intracranial injury 
and clinically important neurocranial trauma (97.7 and 99.4% 
vs. 83.4 and 87.2%), but both were able to detect all cases that 
required neurosurgical intervention.5 The CCHR were able to 
reduce CT imaging by 37%, compared with 3% for the NOC. Mel-
nick et al33 showed that CCHR had the potential to decrease CT 
imaging in the setting of mTBI by 35% compared with 10% for 
the NOC. The NOC, however, had higher compliance by the ED 
physicians relative to the CCHR (90.5% vs. 64.7%). In a prospec
tive observational cohort evaluation of 431 mTBI patients in a 
U.S. ED, Papa et al38 found comparable sensitivity of the two 
guidelines (CCHR and NOC) for any intracranial injury, signifi
cant intracranial injury, and cases requiring neurosurgical inter
vention, but they found the CCHR to be more specific in all 
three outcomes relative to the NOC. Evaluation of the two rules 
in Tunisian ED between 2008 and 2011 found that compared 
with the NOC, the CCHR were more sensitive and specific for 
cases requiring neurosurgical intervention, as well as significant 
intracranial injury.37 

A limitation of the CCHR is that it is relatively cumbersome 
and complex, making compliance by ED physicians more diffi
cult. In addition, it requires monitoring the patient for 2 hours 
in the ED, increasing congestion within busy EDs. Some clini
cians, including some of the ED physicians at the institutions 
that were used to validate the CCHR, have objected to the cate
gorization of some intracranial injuries as being not significant 
and not considered in the criteria. The CCHRs prove to be the 
imaging guideline that consistently can reduce imaging use the 
most, indicated by its higher specificity compared head-to-head 
with the other guidelines. The NOC guidelines require that all 
patients with any sign of injury above the clavicles be imaged, 
including abrasions and lacerations. Although the NOC in
creased the sensitivit y and negative predictive value and low
ered the imaging threshold of the guideline, this requirement 
reduces the specificity and ability to limit imaging. 
Both the NOC and CCHR must be applied within the limits of 

their inclusion criteria; specifically, to be considered, patients 
must have had LOC or PTA and must not have been receiving 
anticoagulants. It has been demonstrated that LOC and amne
sia are not necessary for traumatic intracranial abnormality 
to be present.3,34 Smits et al34 compared mTBI patients who 

presented with a risk factor for intracranial injury: 1708 with 
and 754 without LOC or amnesia; they found that there were 
comparable odds ratios for CT abnormalit ies between pa
tients with known risk factors for intracranial injury with or 
without LOC or PTA. There was an equivalent need for neuro 
surgical intervention between the two groups as well. The 
group advocated that LOC and PTA be considered as risk fac
tors for intracranial injury, but not as prerequisites for mTBI. 
The NEXUS II provides evaluation criteria that do not include 
LOC or amnesia as part of the definition of mTBI, and it thus 
allows for inclusion of these patients. The ACEP/CDC decided 
to modify their guidelines on imaging in the setting of mTBI 
in 2008 to include patients who had not suffered LOC or PTA 
as well. 
As indicated, a number of guidelines dictate indications for 

CT imaging in the setting of blunt head injury, with extensive 
internal and external validation. Each set of rules has its 
strengths and weaknesses, and these must be considered when 
implementing these criteria. Based on these rules, however, it is 
clear that adult patients who have suffered acute blunt head 
trauma but did not experience LOC or PTA and do not have 
risk factors for intracranial injury do not require CT imaging 
in the ED. 

2.4 Who Requires Magnetic 
Resonance Imaging? 
No guidelines currently indicate that magnetic resonance imag
ing (MRI) should be performed in patients arriving in the ED 
with mTBI, as indicated and confirmed by the ACEP/CDC recom
mendations published in 2008.40 Whereas conventional MRI is 
more sensitive than CT for small focal traumatic intracranial le
sions, such as cerebral contusions, axonal shear injury, and ex-
tra-axial hematomas, at this point there is no consensus on the 
clinical relevance of these lesions and whether routine detec
tion of these lesions will result in improved prognosis or re
duced likelihood of long-term neuropsychological abnormal
ities or postconcussive symptoms.41 Variable relationships have 
been indicated between focal traumatic lesions on MRI and 
long-term outcomes in the literature.41–46 One study showed no 
difference in mTBI patients with or without MRI brain lesions 
on the Rivermead Postconcussion Symptoms questionnaire or 
in ability to return to work 6 months after the injury.42 In two 
reports, Scheid et al43,44 found no correlation burden of diffuse 
axonal hemorrhagic lesions and long-term functional outcomes 
or specific or global cognitive deficits. On the other hand, when 
evaluating 135 adult mTBI patients, using both CT and MRI, Yuh 
et al46 found that 27 of 98 patients who had no acute abnormal
ity on CT had intracranial injury on MRI, including hemorrhagic 
axonal injuries, brain contusions, and extra-axial hematomas. 
CT findings of subarachnoid hemorrhage and MRI findings of 
brain contusions of four or more hemorrhagic axonal shear in
juries portended poorer outcomes on extended Glasgow out
come scale evaluation at 3 months post injury.46 Diffusion ten
sor imaging and functional MRI techniques have also been ex
plored in mTBI, and although these are very promising modal
ities, there currently is no clinical indication for their use in the 
setting of trauma or consensus on their applicability to out
comes for individual patients. 
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Conventional MRI is typically the modality of choice in evalu
ating patients with persistent symptoms in the subacute or 
chronic setting of mTBI. MRI is more likely to indicate the se
quelae of prior injury than CT, although a negative conventional 
MRI does not preclude the presence of symptoms or abnormal
ities that are not detected. 
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3 Neuroimaging of Traumatic Brain Injury 
Yoshimi Anzai 

3.1 Introduction 
Traumatic brain injury (TBI) is a major public health and socio
economic problem in the United States and throughout the 
world. The U.S. Centers for Disease Control and Prevention esti
mates that approximately 1.7 million Americans sustain a TBI 
annually, resulting in 1.3 million visits to the emergency de
partment, 275,000 hospitalizations, and more than 50,000 
deaths related to TBI annually.1 Clearly, TBI is a leading cause of 
death among young adults in the United States. These numbers 
underestimate the actual magnitude of TBI because the statis
tics are unknown for those who do not seek medical care or 
who have no access to care. Moreover, long-term disability as a 
result of TBI is being increasingly recognized as a public health 
issue. It is estimated that at least 5.3 million Americans (up 
to 2% of the U.S. population) suffer from long-term or lifelong 
disability as a result of TBI.2 

The common causes of TBI are falls, motor-vehicle crashes, 
bike accidents, sports-related injuries, assault and battery, and 
most recently blast injuries among soldiers returning from the 
Iraq and Afghanistan wars.3 In Seattle, a city of motorcycle and 
bicycle enthusiasts, accidents are frequent and occasionally 
fatal among youth, despite mandatory bicycle-helmet-use laws 
in King County and Washington State.4 

The vast majority of sports-related TBIs are so-called mild 
traumatic brain injury (mTBI), or concussion.5 Concussion 
presents unique features of TBI in which emotional and be
havioral psychological symptoms persist in some of the 
victims. Conventional imaging does not usually demonstrate 
abnormality, and advanced imaging has been tested with var
iable results. This topic is discussed in detail in Chapter 11 of 
this book. 
Traditionally, The Glasgow Coma Scale (GCS) has classified 

TBI as mild (GCS 13–15), moderate (GCS 9–12), or severe 
(GCS 8 or lower). The GCS was developed in 1974 by Bryant 
Jennett, a neurosurgeon at the University of Glasgow.6 The 
GCS is a simple, reproducible clinical assessment tool of the 
state of consciousness of a patient and has been used widely 
in first aid, emergency medical services, and intensive care 
unit settings for the last 16 years.7,8 Three components of 
GCS score include eye response (4 points), verbal response (5 
points), and motor response (6 points) (▶ Table 3.1). It is use
ful for estimating the prognosis for TBI patients; however, it 
does not provide mechanistic or pathophysiological informa
tion related to TBI. It is well known that clinical and imaging 
findings vary widely among patients classified for the same 
GCS score and that these patients often require different 
clinical management.9 Moreover, the accuracy of the GCS The Glasgow Outcome Scale (GOS), on the other hand, fo-
score is often reduced by early sedation and intubation of TBI cuses on how head injury affects the functional status of life. 
patients.10 Each patient is assigned to one of five possible outcomes: 
One of the major downsides of GCS score is the limited utility death, persistent vegetative state, severe disability, moderate 

of GCS for mTBI. GCS was not intended to address the level of disability, and good recovery. Extended GOS further divides 
injury or consciousness for patients with mTBI. the outcomes into eight categories (▶ Table 3.2).11 

Spontaneously 4 

3 

2 

Never I 

6 

5 

4 

3 

2 

1 

5 

4 

3 

2 

1 

Table 3.1 Glasgow Coma Scale: coma score (E +M+V) = 3 to 15. 

Eye opening (E) 

To verbal stimuli 

To pain 

Best motor response (M) 

Obeys commands 

Localizes pain 

Flexion withdrawal 

Flexion abnormal 

Extension abnormal 

No response 

Best verbal response (V) 

Orientated and converses 

Disoriented and converses 

Inappropriate words 

Incomprehensible words 

No response 

1 Death D 

2 VS 

3 

4 

5 

6 

7 

8 

Table 3.2 Extended Glasgow Outcome Scale (GOSE). 

Vegetative state 

Lower severe disabilit y SD 

Upper severe disabilit y SD + 

Lower moderate disabilit y MD 

Upper moderate disabilit y MD + 

Lower good recovery GR 

Upper good recovery GR + 

Use of the structured interview is recommended to facilitate consistency 
in ratings. 
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3.2 Imaging Workups for 
Traumatic Brain Injury 
In the acute traumatic phase, computed tomography (CT) scan 
remains the first line of diagnostic imaging to evaluate the se
verity of TBI and the extent of the injury, which helps in triaging 
patients who need surgical intervention from those who can 
safely be observed clinically.12 Unconscious or obtunded pa
tients who arrived in the emergency room need an immediate 
head CT to assess the presence of intracranial hemorrhage, cer
ebral edema, and/ or herniation. A large expanding hematoma 
or hematoma with active extravasation needs to be evacuated 
to control hemorrhage in a timely fashion. Normal head CT al
lows patients to be discharged from the ED unless clinical signs 
and symptoms suggest more serious injury. 
The CT scan is also the best imaging modality to evaluate frac

tures in the skull or skull base. The location of such fractures 
potentially necessitates further imaging workup for vascular in
jury, such as traumatic dissection or venous thrombosis or oc
clusion. Chapter 7, Blunt Cerebrovascular Injury, covers this 
type of injury, and Chapter 9, Skull Base Trauma, covers the 
anatomy of the skull base and fractures therein. Chapter 10, 
Maxillofacial Trauma, and Chapter 11, Traumatic Orbital Injury, 
discuss these types of injuries in detail. 
Little discussion has taken place as to which severe and mod

erate TBI patients require head CT at arrival: A question is, which 
patients with mTBI should receive head CT in the ED and which 
patients can safely avoid CT scan? A CT scan involves ionizing 
radiation. Even though brain is not a particularly radiosensitive 
organ, judicious use of head CT is essential, in particular, in the 
pediatric patient population. In addition, the cost associated with 
CT scan for minor head trauma should be weighed against the 
benefits of CT. Several prediction rules and guidelines have been 
developed and validated to address this question.13–15 The pre
diction rules for head CT indication for mTBI are covered exten
sively in Chapter 22, Evidence-Based Imaging and Prediction 
Rules. It was reported that approximately 10 to 35% of head CT 
scans performed for minor head trauma in an urban level I trau
ma center did not meet the guidelines for an mTBI.16 

Another common clinical question is whether or not to re
peat head CT for patients with TBI. In an era of cost containment 
and judicious use of CT for radiation concern, this is a relevant 
question with conflicting evidence in literature. Meta-analysis 
of mTBI patients revealed that the routine follow-up head CT is 
not indicated unless patients present with clinical deteriora-
tion.17 A prospective study enrolling all types of TBI patients 
addressing the impact of management by the repeat head CT 
between a “clinically indicated” group and “routine follow-up”
without clinical deterioration showed that approximately 
20% of patients who underwent repeat head CT for clinical 
deterioration resulted in changes in the case management; 
these changes were seen in more severely injured and young
er patients. This study did not support the routine use of 
repeat head CT without clinical deterioration.18 However, a 
recent study on repeat CT for 360 mTBI patients with abnor
mality on the initial head CT reported that approximately 
30% of patients had injury progression even though clinical 
symptoms and signs remained stable in the first 8 hours.19 

Those patients had a higher injury severity score, intubation, 

and higher mortality rates. The presence of a mass effect on 
the initial CT was independently associated with worsening 
CT findings. 
Despite its higher sensitivity in detecting TBI lesions, mag

netic resonance imaging (MRI) of the brain is not routinely used 
clinically for acute TBI, and its routine use is not supported in 
the literature,20 in part because of relatively limited access to 
MRI and difficulty in monitoring patients with severe injury in
side the scanner. Several studies reported that brain MRI 
showed more TBI lesions compared with the CT study at the 
time of the patient’s arrival,21 but the study also indicated that 
there was no significant impact on the management of patients 
with TBI in the acute trauma setting.22 It has been reported that 
for about 30% of patients with mTBI with a negative head CT, 
brain MRI shows evidence of TBI. Most CT-negative, but MR-
positive brain injuries are axonal injuries [diffuse axonal injury 
(DAI) and traumatic axonal injury (TAI)]. 
The workshop organized by the National Institute of Neu

rological Disorders and Stroke, with support from the Brain 
Injury Association of America, the Defense and Veterans Brain 
Injury Center, and the National Institute of Disability and 
Rehabilitation Research, outlined the problems related to the 
current TBI classification based on GCS and stated that “more 
widespread use of acute MRI will be important to provide ad
ditional detail necessary for accurate pathoanatomic classifi
cation, particularly of the TAI/DAI spectrum. Efforts should 
be coordinated to identif y and eliminate barriers to the 
implementation of acute MRI for TBI clinical trials and to 
standardize and validate MRI grading system.9 

Various magnetic resonance (MR) sequences have been inves
tigated, including T2-weighted images, fluid-attenuated inver
sion recovery (FLAIR), gradient echo (GRE) images, susceptibil-
ity-weighted images (SWI), diffusion-weighted images (DWI), 
diffusion tensor images (DTI), and MR spectroscopy. A study of 
56 mTBI patients revealed that SWI showed the largest number 
of lesions, followed by GRE images, FLAIR, and T2-weighted im-
ages.23 Another study confirmed that SWI images revealed 30% 
more mTBI lesions compared with CT scans.24 

Microhemorrhages, which are sometimes seen in TBI pa
tients, may evolve over time. A study comparing 1.5 T and 3 T 
GRE images demonstrated 50% more lesions detected on 3 T 
compared with 1.5 T and a negative correlation between the 
number of lesions and the time interval from trauma in 1.5 T 
study but not in the 3 T study.25 

3.3 Prediction of Clinical 
Outcomes 
The degree of TBI can be better categorized based on the mor
phologic abnormality on CT scan. Attempts have been made to 
incorporate CT findings to predict the clinical outcomes of TBI 
patients. Maas et al developed the prognostic model based on 
2269 moderate to severe TBI patients from multicenter clinical 
trials to predict the 6-month outcome using the information 
available at patient admission (i.e., the Marshall CT score). The 
model discriminated well in the development population [area 
under the receiver (AUR) operating characteristic curve (0.78–
0.80)], as well as in the two external validity studies [area under 
the curve (AUC), 0.83–0.89] from Europe and North America. 
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Score 

Normal 0 

Compressed 1 

Absent 2 

= 0 

1 

Present 0 

Absent 1 

Absent 0 

Present 1 

–1182. 

Table 3.3 Rotterdam score of head CT: Predicting the probability of 
mortality in patients with TBI based on CT findings. 

Prediction Value 

Basal Cisterns 

Midline Shift 

No shift of shift < 5mm 

Shift > 5mm 

Epidural mass lesion 

Intraventricular blood or tSAH 

Sun Score + 1 

The scores range from 1 (mildest) to 6 (most severe). The actual 
mortality corresponding to the Rotterdam CT Score for the total score 1, 
2, 3, 4, 5, and 6 is 0%, 6.8%, 16%, 26%, 53%, and 61%, respectively. 
Data from Maas AI, Hukkelhoven CW, Marshall LF, Steyerberg EW. 
Prediction of outcome in traumatic brain injury with computed 
tomographic characteristics: a comparison between the computed 
tomographic classification and combinations of computed tomographic 
predictors. Neurosurger y. 2005;57(6):1173

The CT findings used in the Marshall CT score include the pres
ence or absence of a mass (hematoma) lesion, a midline shift of 
more than 5mm, a compressed or absent cistern, and evacuated 
mass lesions. This evaluation was modified to develop the 
Rotterdam CT score,26 which includes compression of the basi
lar cistern, midline shift greater than 5mm, traumatic subar
achnoid or intraventricular hemorrhage, and the presence of 
different types of mass lesions (▶ Table 3.3). Using this simple 
CT-based Rotterdam score, 6-month mortality was predicted 
(AUC 0.77) more accurately than using the Marshall score (AUR 
0.67).26 

A small study investigating the predictive values of CT, T2
weighted images, FLAIR, and SWI showed that the volume of T2 
and FLAIR abnormality most consistently discriminates be
tween good and poor outcomes groups as measured by Eye 
Opening (E)-GCS, whereas SWI was the most sensitive imaging 
study for showing parenchymal hemorrhage, although it failed 
to discriminate outcomes.27 More recently, a multicenter study 
enrolling 135 mTBI patients demonstrated that 27% of mTBI pa
tients with negative CTs had abnormality on MRI. This Trans
forming Research and Clinical Knowledge (TRACK) TBI study 
revealed that subarachnoid hemorrhage (SAH) is a predictor for 
poor outcomes after adjusting for demographics, clinical pre
sentation, and socioeconomic status. More than one contusion 
on MR [odds ratio (OR) = 4.5] and more than four foci of hemor
rhagic TAI (OR = 3.2) are independent predictors for a poor 
prognosis after adjusting for head CT, demographics, and clini
cal and socioeconomic factors.28 

Extensive research using advanced MRI has been ongoing to 
address which mTBI patients suffer from neuropsychological 
deficits and need to refrain from activity to avoid a second 
impact injury. The current state of mTBI imaging research is dis
cussed in detail in Chapter 12. 

3.4 Imaging Findings of Primary 
Traumatic Brain Injury Lesions 
In this chapter, the pathoanatomic description of TBI was made 
in accordance with the Head Injury Reporting and Data System 
(HIRADS) in collaboration with the American College of Radiol
ogy (ACR) Head Injury Institute. The HIRADS was created to 
standardize the terminology used to describe the CT or MR 
findings of traumatic brain injury and to gather data for investi
gation of natural history, effectiveness of intervention, and pre
diction of clinical outcomes across various institutions in the 
country. 
The pathoanatomic classifications of TBI described in this 

chapter are as follows: 
● Skull Fracture 
● Epidural Hematoma (EDH) 
● Subdural Hematoma (SDH) 
● Subarachnoid Hemorrhage (SAH) 
● Contusion 
● Intracerebral hemorrhage 
● Intraventricular hemorrhage 
● Diffuse axonal injury (DAI) and Traumatic axonal injury (TAI) 
● Brainstem injury 
● Pituitary/hypothalamic injury 
● Thalamus and Deep gray matter injury 

3.4.1 Skull Fracture 
A sign of skull fracture, such as scalp laceration or hematoma, is 
one of the indications for head CT. Skull radiography should not 
be performed because as it does not reveal any underlying brain 
injury. Limited sensitivit y may lead to false assurance and is po
tentially dangerous. Lack of skull fracture does not exclude 
underling brain injury. One study showed that mTBI patients 
(GCS 14 or 15) of skull fractures had a fivefold higher risk of re
quiring neurosurger y compared with patients without skull 
fracture.29 

Skull fracture is classified as either open or closed. Open frac
ture describes a fracture with an overlying skin defect, and may 
be frankly visible. The following are the types of skull fractures 
that commonly seen (▶ Fig. 3.1): 
● Linear: A break from the outer to the inner table in a straight 
line or branching pattern without displacement of bone. Line
ar fracture itself has no significant clinical consequences un
less it is associated with epidural hematoma (often associated 
with middle meningeal artery injury) or venous sinus injury 
or thrombosis (often transverse sinus). 

● Depressed: Usually results from blunt head injury by an ob
ject (e.g., rock, hammer, baseball bat, or assault). Depressed 
fractures are often accompanied by severe TBI and a high risk 
of increasing intracranial pressure. Compound depressed 
fracture exposes the cranial content to extracranial space, 
bearing the risk of infection and contamination. Depressed 
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Fig. 3.1 Various skull fractures. (a) Linear frac
ture, (b) depressed fracture, (c) comminuted 
fracture, (d) diastatic fracture, (e) diastatic 
fracture involving the right occipitomastoid su
ture. Three-dimensional volumetric image pro
vides an excellent overview of fracture 
configuration and alignment, which helps surgi
cal planning. 

skull fractures are usually treated surgically to remove pres- The TBI lesions are classified into primary and secondar y. Pri
sure on the brain from fragmented bone pieces. mary lesions refer to immediate parenchymal injury occuring 

● Comminuted: Fracture into three or more pieces. Commin at the time of injury. The primary injury includes EDH, SDH, 
uted fractures are often associated with depressed fractures, SAH/intraventricular hemorrhage (IVH), TAI/DAI, contusions, 
where the pieces of fragments are displaced inward. and hematoma. Direct injury to the cerebral vasculature is 

● Diastatic: Fractures involving one or more sutures, resulting also a type of primary lesion. Secondary lesions are poten
in widening of fractured suture rather than break of bone. tially avoidable brain damages that occur at variable time 
Diastatic fractures are common in infants and young children after injury. The secondary injury include, but not limited to, 
(i.e., younger than 3 years) because sutures are not yet fused. cerebral swelling (edema), brain herniation, hydrocephalus, 
When seen in adults, diastatic fractures commonly occur in ischemia, infarction, CSF leak, and encephalomalacia. A brain-
the lambdoid sutures. One of the complications for children stem injury can be a primar y or secondary injury (discussed 
with skull fracture is leptomeningeal cyst, which is a cerebro later). 
spinal fluid (CSF) collection caused by a dural tear, resulting 
in diastasis of suture and development of cyst in between. It 
is called a growing skull fracture (▶ Fig. 3.1b). 

3.4.2 Epidural Hematoma 
● Greenstick fractures: Incomplete fractures. Broken bones are An EDH is a collection of blood between the inner table of the 
not completely separated but rather bend or deform as if skull and dura matter (▶ Fig. 3.2). In normal circumstances, no 
bending a greenstick. This is also more common in children. epidural space is present because of the firm attachment of the 
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Fig. 3.2 Epidural hematoma. (a) Illustration 
demonstrating the epidural space between inner 
table of calvarium and dural matter. (b) Right 
temporal skull fracture with biconvex epidural 
hematoma. (c) Right temporoparietal epidural 
hematoma (red arrow

outer dural layer to the inner table of skull. EDH is often associ
ated with injury to the middle meningeal artery and its 
branches and thus is most common in the temporoparietal 
location (75%) (▶ Fig. 3.3). 
The expanding hematoma strips dura from the skull but is 

usually confined to the epidural space and does not cross the 
suture line (coronal or lambdoid suture) in adults. EDH often, 
but not always, has a biconvex shape. Venous EDH, on the other 
hand, results from bleeding from the meningeal or diploic 
veins or the dural sinuses. Venous EDH, although rare, is most 
commonly seen in the vertex, posterior fossa, or anterior aspect 
of the middle cranial fossa (as a result of bleeding from the 
sphenoparietal sinus). EDH from the sphenoparietal sinus in 
the anterior middle cranial fossa is usually limited by the sphe
notemporal suture laterally and orbital suture medially; it has a 
benign natural history and rarely requires surgical interven-
tion.30 Although EDH usually does not cross the suture, that is 
not the case for vertex venous EDH; near the vertex, perios
teum forms the outer layer of the superior sagittal sinus, and it 
is thus less firmly attached to the sagittal suture, often crossing 
the midline (The Fundamentals of Diagnostic Radiology by Brant 
and Helms54 (head injury classification) (▶ Fig. 3.3). 
Acute EDH is generally hyperdense, although EDH containing 

a hypodense area represents unclotted blood, indicating an ac
tively extravasating unclotted blood within the clotted hyper-
dense blood (the Swirl sign). This is an ominous sign in the 
acute trauma setting (▶ Fig. 3.4).31 

Another unique feature of EDH is crossing the tentorium 
(▶ Fig. 3.5), unlike SDH. One of the common complications re
lated to the posterior fossa venous EDH is venous sinus throm
bosis or venous sinus injury. CT venogram is a quick and defini
tive imaging test to address this clinical situation (▶ Fig. 3.6). 
Often EDH is associated with more favorable outcomes com

pared with subdural hematoma or subarachnoid hemorrhage. 

As seen in the Rotterdam Score (▶ Table 3.3), the presence of 
EDH lowers the score compared with the score when EDH is 
not present. 

3.4.3 Subdural Hematoma 
An SDH is a collection of blood between the inner dural layer 
and arachnoid and is the result of stretching or tearing of 
cortical veins traversing the subdural space. SDH is often 
seen after acceleration and deceleration motor-vehicle acci
dent or after a fall. As the brain atrophies, and potential sub
dural space increases, the chance of stretching and tearing 
cortical vein increases. SDH is usually crescent-shaped and 
crosses the suture line, and it usually extends along a much 
larger space than EDH. SDH is often seen along the tentorium 
and dural reflection. 
Similar to EDH, the presence of a hypodense area within an 

acute SDH indicates active bleeding (the swirl sign) (▶ Fig. 3.7). 
Some SDH appears isodense to brain parenchyma. This so-
called isodense SDH is seen in patients with disseminated intra
vascular coagulation, severe anemia, or trauma with arachnoid 
tear resulting in CSF leaking into SDH (▶ Fig. 3.8). The presence 
of hematocrit level within SDH can be seen in patients with re-
bleeding, coagulopathy, or anticoagulation. Occasionally, SDH is 
bilateral. Smaller SDHs may not be readily visible on the initial 
CT because of the tamponade effect. A smaller contralateral 
SDH will rapidly become apparent after the evacuation of a 
larger hematoma (▶ Fig. 3.9). Diffuse swelling of underlying 
brain parenchyma is not uncommon in SDH, in such cases, 
called a complicated SDH. Even a small SDH can therefore lead 
to a more than expected mass effect or midline shift. A compli
cated SDH associated with underlying brain injury has a 89% 
mortality rate compared with a 20% rate for a simple SDH with
out brain injury. 
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Fig. 3.3 Venous epidural hematoma. (a) T1
weighted sagittal image shows vertex venous 
epidural hematoma displacing the superior sag
ittal sinus inferiorly (short ). (b) Coronal 
Gradient echo image shows vertex venous 
epidural hematoma crossing midline over sagittal 
suture but does not cross the coronal suture (

). (c) Coronal FLAIR image shows no 
underling brain injury. 

Fig. 3.4 Epidural hemorrhage (EDH) with active 
extravasation. (a) Active extravasation of EDH 
with Swirl sign containing the area of hypodensity 
within the left temporal EDH. (b) Computed 
tomography performed post evacuation shows 
area of infarction in the left occipital lobe and 
thalamus resulting from compression of the left 
posterior cerebral artery. 

3.4.4 Subarachnoid Hemorrhage 
An SAH is a collection of blood between the arachnoid and pia 
mater (▶ Fig. 3.10). Subarachnoid blood extends between the 
cortical sulci, basilar cistern, sylvian fissures, and interpeduncu
lar cistern. The hemorrhage is usually from the thin layers of 
the cortical veins passing through the subarachnoid space. 
Traumatic SAH (tSAH) is frequently seen in patients with skull 
fracture or brain contusion or is associated with axonal injury. 

Often tSAH is seen adjacent to the area of direct impact or 
contralateral to the site of direct injury. Convexity tSAH is also 
common among patients after a motor-vehicle collision, often 
related to TAI. (IVH often results from shearing injury involving 
the corpus callosum.) Interpeduncular cistern is a common 
location of pooling of SAH evident on the head CT, as is the 
atrium of the lateral ventricle for IVH. CT and MRI, in particular 
using FLAIR or SWI images, are both sensitive in detecting 
SAH.32 
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Fig. 3.5 Venous epidural hemorrhage (EDH) in the posterior fossa. Venous EDH extending from supratentoria (a) to infratentorial space (b). This is 
clearly seen on coronal reformatted image (c). 

Fig. 3.6 Epidural hematoma (EDH) in the poste
rior fossa with venous sinus thrombosis. (a) Right 
occipital fracture with posterior fossa EDH with 
punctate pneumocephalus. (b) Computed to
mography venogram demonstrates displacement 
of right transverse sinus. (c) Slightly inferiorly, 
intraluminal thrombus is present (long arrow
(d) Sagittal reformatted image shows extension 
of thrombus into the jugular vein (short 
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Fig. 3.7 Subdural hemorrhage (SDH) with Swirl 
sign. (a) Illustration demonstrates the presence of 
SDH underneath the dura matter, which does not 
cross the midline. (b) Left SDH extending along 
the left tentorium with marked midline shift and 
uncal herniation. Note the ballooning of the left 
temporal horn. (c) A large left holohemispheric 
SDH containing the area of hypodensity, indicat
ing active bleeding. Marked compression of the 
left lateral ventricle and dilatation of the right 
lateral ventricle, consistent with hydrocephalus. 

Fig. 3.8 Isodense subdural hemorrhage (SDH). Some SDH is difficult to 
perceive because of its isodense nature. The patient had profound 
anemia, which explains the relatively low-densit y hematoma. 

Although in the past tSAH was considered insignificant, re
cent studies, including the European Brain Injury Consortium, 
have indicated that the presence of tSAH predicts poor out
comes for TBI patients. Forty-one percent of patients without 
traumatic SAH achieved a level of good recovery, compared 
with only 15% of patients with tSAH. Patients with tSAH exhib
ited lower GCS scores at admission. tSAH is more common in 
older patients than in younger patients. After adjusting for GCS 
score at admission and patient age, the presence of tSAH re
mained a significant predictor for unfavorable outcomes (OR, 
2.49; 95% CI, 1.74–3.55; p < 0.001). 
Another large study conducted in an effort to develop a 

prognostic model (6-month GOS) based on admission charac
teristics comprised clinical and imaging data from the Inter
national Mission for Prognosis and Analysis of Clinical Trials 
in TBI (IMPACT) project, including patients with moderate to 
severe TBI.33 This study revealed that age, motor score, and 
pupillary reactivity were significant predictors; prediction 
was further improved by adding CT findings of tSAH, mass le
sion, or signs of increased intracranial pressure. The model 
also improved by adding secondar y insults, such as hypoxia 
and hypotension. 
Hydrocephalus is a late complication of SAH and develops in 

15 to 20% of patients with SAH, presumably because of blood 
interfering with CSF circulation in the acute phase or a reduc
tion in CSF absorption in the chronic stage. Incidence increases 
with associated IVH. There are substantial variations in the size 
of the body of lateral ventricles. Enlargement of the temporal 
horns of the lateral ventricles and third ventricles and efface
ment of cortical sulci are findings strongly supportive of hydro
cephalus (▶ Fig. 3.11). The presence of transependymal CSF 
flow, a rim of low density along the subepedyma (or high inten
sity on T2 weighted MR) indicates acute hydrocephalus. 
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Fig. 3.9 Bilateral subdural hemorrhage (SDH). (a) 
Initial computed tomography (CT) shows left 
holohemispheric SDH (long arrow) with mild 
midline shift. The patient underwent evacuation 
of left SDH. (b) Postevacuation CT reveals 
development of a large right SDH (
with a hypodense area of unclotted blood (Swirl 
sign). Right SDH was not apparent on the 
preoperative CT. This results in major midline 
shift. 

Fig. 3.10 Traumatic subarachnoic hemorrhage 
(tSAH). (a) Illustration demonstrating subarach
noid space between the arachnoid membrane 
and pia matter. (b) tSAH in the right sylvian 
fissure ( ) and interpedincular cistern (

). The patient also has a right frontal 
contusion and left subdural hematoma (short 

). (c) tSAH in the right sylvian fissure. 

Another later complication of SAH is cerebral siderosis, which 
is deposition of hemosiderin in the leptomeninges.34 Cerebral 
siderosis is readily diagnosed on T2-weighted images, where 
dark T2 signal extends along the surface of the brainstem, cere
bellum, or inferior cerebral hemisphere or spinal cord 
(▶ Fig. 3.12). Patients show various cranial nerve symptoms, in
cluding hearing loss, ataxia, anosmia, and upper motor neuron 
signs. Hypointensity may extend to involve the cranial nerves I, 
II, and VIII or upper cervical spinal cord. Atrophy of vermis and 
cerebellum is also not uncommon. 

3.4.5 Contusion 
The two broad categories of forces resulting in primary brain 
parenchymal injury are direct impact force and inertial (accel
eration and deceleration, rotational) forces. Direct impact force 

results in cerebral contusion, skull fracture, epidural hematoma, 
and inertial forces result in DAI (discussed later) and intracere
bral hematoma. Contusion involves primarily the cortex of the 
brain because of deformational forces and may extend to sub
cortical region. These injuries are most often distributed in the 
expected anatomic locations (▶ Fig. 3.13). 
The following are the common locations of traumatic contu

sion where the brain rubs against the rough surface of the skull 
and skull base. These include the anterior temporal lobes 
against the greater wing of sphenoid bone or anterior clinoid 
process, the anterior frontal base against the cribriform plate 
or planum sphenoidale, and the inferior posterior temporal 
lobe against the petrous ridge (▶ Fig. 3.14). Less frequent but 
worth mentioning is the lateral midbrain, where the brainstem 
is contused against the tentorium cerebelli (▶ Fig. 3.15). Contu
sions are often hemorrhagic and appear as a mottled area of 
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Fig. 3.11 Post-subarachnoic hemorrhage (SAH) 
hydrocephalus. (a) The patient in Fig. 3.10 has 
a severe headache and nausea 2 months after the 
head injury. Computed tomography (CT) scan 
demonstrates marked dilatation of the temporal 
horns of lateral ventricle bilaterally. (b) Dilatation 
of the body of lateral ventricles with mild 
effacement of the cortical sulci as well as mild 

cerebrospinal fluid flow (
consistent with acute hydrocephalus. 

Fig. 3.12 Superficial siderosis. (a) Patient after severe traumatic brain injury 2 years ago developed bilateral hearing loss and ataxia. Proton-densit y 
image demonstrates a dark signal outlining the arachnid membrane, consistent with the deposition of hemosiderin. (b) Gradient-echo image at the 

of the medulla also demonstrates superficial deposition of hemosiderin outlining the surface of medulla and cranial nerves. (c) Superficial 
can also be seen at the leve of the upper cervical spinal cord. 

Fig. 3.13 Most common locations of brain con
tusions. (a) Contusions are most commonly in the 
base of the frontal lobes, anterior temporal lobes, 
inferior posterior temporal lobes, and less fre
quently occipital lobes and posterior frontopar
ietal convexity. (b) The anterior temporal lobes 
and inferior frontal lobes (red) are most com
monly affected by contusion. 
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Fig. 3.14 Various contusions. (a) Patient status after a fall demonstrating contusion along the greater wing of sphenoid in the inferior frontal lobes 
as well as anterior temporal lobes ( ). (b) Large contusions in the base of the frontal lobes with adjacent edema ( ). Note the 

accompanying left SDH ( ) and right SAH along the sylvian fissures and suprasellar cistern ( ). (c) Right temporal contusion with 
mixed-density hemorrhage adjacent to the subgaleal hematoma ( ). A small SDH along the right tentorium ( ) is also present. (d) Different 
patient with posterior right temporal contusion ( ) with small SDH ( ). Note the mass effect and compression on the midbrain ( as well 
as enlargement of contralateral (left) lateral ventricle ( ). (e) Patient with large right parietal subgaleal hematoma with small contusion along 
the left sphenoid wing (

heterogeneous hyperdensity on CT; the lesion is characterized 
by mixed blood and injured brain tissue. Nonhemorrhagic con
tusions may not be readily visible on the initial head CT, 
although in a few days, the surrounding edema becomes more 
prominent (▶ Fig. 3.16). It is important to differentiate contu
sion from intracerebral hematoma associated with TBI, which is 
a large collection of blood. Intracerebral hematoma is due to 
rupture of parenchymal blood vessels, often caused by rotation
al force rather than by direct impact. 
Patients with contusions are less likely to lose consciousness 

compared with those with DAI. Once contusion and surround
ing edema causes mass significant effect and compression of 
adjacent brain tissue, surgical evacuation is often indicated. 
Follow up imaging study in the chronic stage often reveals 
area of encephalomalacia or related Wallerian degeneration. 

3.4.6 Diffuse (Traumatic) Axonal Injury 
DAI or TAI is referred to as shearing injury or microhemorrhage. 
Those axonal injury lesions are small (smaller than 5mm), scat
tered white matter lesions, and they can be hemorrhagic or 
nonhemorrhagic. Some use the term DAI to describe more than 
three axonal injury lesions. Axonal injury is often due to rota
tional deceleration forces and ensuring shear-strain deforma
tion at the interface between tissues of different densities 
and is thus common in the subcortical gray and white matter 
junction. As a result, axonal injury is most common in the 
frontal subcortical white matter, corona radiate, corpus callos
um, internal capsule, and dorsal brainstem (▶ Fig. 3.17). Long-
tract fibers are more prone to axonal injury, such as medial 
longitudinal fasciculus, medial lemniscus, superior cerebellar 
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Fig. 3.16 Delayed edema with contusion. (a) Patient after motorcycle collision has a right frontal comminuted fracture with large area of right frontal 
contusion (white arrow) and posterior left temporal contusion (black arrow), with additional intraventricular hemorrhage in the fourth ventricle. (b) 
Computed tomography (CT) scans 12 hours after the initial CT demonstrates increasing edema surrounding the right fontal contusion as well as 
effacement of cortical sulci and small left subdural hemorrhage. (c) CT scan 24 hours after the initial CT demonstrate progression of edema 
surrounding contusion in the left frontal lobe as well as the left posterior inferior temporal lobe. 

Fig. 3.15 Brainstem contusion. After a fall, the patient underwent brain magnetic resonance imaging. Fluid-attenuated inversion recovery (FLAIR) 
shows presence of traumatic subarachnoid hemorrhage (SAH) over the bilateral frontoparieta convexity, left greater than right, with a small left 
subdural hemorrhage (a). T2 weighted images of lower slices shows focal contusion in the left medial temporal lobe and the left lateral midbrain (b) 
and left lateral pons (c). This is most likely contusion of brainstem up against the tentorium cerebelli. 

peduncle, and corticospinal (pyramidal) tracts. High-force de
celeration and rotational force are responsible for DAIs and thus 
are most common in patients who have sustained a high speed 
motor-vehicle accident. 
Although DAI was once believed to occur only in fatal cases 

of TBI, DAI has also been seen in moderate and mTBI patients. 
Some consider DAI to be a misnomer because shearing injury 
is not necessarily diffuse but rather multifocal, thus favoring 
the term traumatic axonal injury, or TAI. As imaging techni
ques advance, DAI or TAI is being more frequently detected 

and diagnosed currently compared with the past.35 MRI, in 
particular with GRE images, is far superior in revealing DAI 
or TAI lesions compared with CT (▶ Fig. 3.18). Moreover, SWI 
is reported to be 6 times more sensitive for detecting micro-
hemorrhage associated with shearing injury compared with 
GRE images.36 

At a pathological level, rapid acceleration and rotational 
deformation forces cause mechanical injury of the sites of dif
ferent tissue density. The initial injury after stretch occurs at 
the nodes of Ranvier, which is a short interval between the 
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Fig. 3.17 Diffuse axonal injury (DAI). (a) Computed tomography scan of a patient after a high-speed motor-vehicle collision shows multiple small foci 
of hemorrhagic shearing injury along the right subcortical white matter ( ). (b) Additional axonal injury in the right subcortical white matter 

as well as left fornix ( ), one of the common locations for DAI. Note the small right subdural hemorrhage ( ). (c) Image at the 
midbrain of the same patient shows a focal DAI involving the left dorsolateral midbrain (

processes of oligodendrocytes (▶ Fig. 3.19). This type of injury 
results in a defect in the axonal membrane, leading to an im
pairment of axonal transport. Subsequent swelling of the axon 
creates discrete bulb formation that accumulates transported 
proteins, causing further influx of calcium and iron, as well as 
glutamate dysregulation, which initiates the secondary cascade 
of cell damage. When the axon continues to swell, eventually it 
becomes disconnected and pulls back toward the cell body. This 
forms a so-called retraction bulb, which is a pathological hall
mark of axonal injury. 
Axonal injury results in interference with axonal transport—

the movement of mitochondria, lipid, protein, and synaptic 
vesicles from cell body to the axonal tips—which is an essential 
mechanism of cytoskeletal integrity and survival of neuron. This 
is one of the plausible mechanisms for the development of neu
rodegenerative disease after TBI. 
Nonhemorrhagic shearing injury lesions are difficult to visu

alize on CT and are better seen on FLAIR or DWI (▶ Fig. 3.20). 
The combination of DWI and SWI is the most sensitive imaging 
technique available for detection of axonal injury (▶ Fig. 3.21). 
Occasionally, convergent-type axonal injury lesions near the 
periventricular white matter radiating from the ventricular sur
face are noted on SWI images. Some investigators have reported 
that these convergent-type axonal injury lesions are often dif
fusion negative and may represent diffuse vascular injury in
volving the medullary veins, resulting in a serpiginous area of 
convergent signal drop-off on SWI, likely representing venous 
congestion.37 This convergent type of shearing injury is often 
associated with a poor prognosis. 

3.4.7 Intracerebral Hematoma 
Intracerebral hematoma is a collection of blood (more than 
5mm) resulting from the disruption of parenchymal blood 
vessels, with minimum surrounding edema (▶ Fig. 3.22). Its 
pathology differs from that of contusion because it represents 

hemorrhage into relatively normal brain tissue. Intracerebral 
hematomas are often seen in the frontotemporal white matter 
and occasionally in the basal ganglia or other subcortical gray 
matter. 
Although patients with intracerebral hematoma may re

main lucid, mass effect from hematoma may increase in a few 
days, which potentially causes delayed neurologic symptoms. 
Intracerebral hematomas seen in the basal ganglia or thala
mus are due to disruption of small perforating vessels. Hem
orrhage in the subcortical gray matter is considered severe 
head injury and associated with a poor prognosis. 

3.4.8 Brainstem Injury 
Brainstem injury is divided into primary injury and secondary 
injury. The most common primary brainstem injury is DAI and 
in the dorsolateral aspect of midbrain and pons. Superior cere
bellar peduncle and medial lemnisci are most susceptible to 
DAI (▶ Fig. 3.23). A secondary brainstem injury is called Duret 
hemorrhage, which is an intracerebral hemorrhage resulting 
from descending transtentorial herniation.38 The generally ac
cepted theory for Duret hemorrhage is that the brainstem is 
pushed inferiorly, stretching perforating arteries, whereas the 
basilar artery is relatively immobile along the clivus. The brain-
stem is pushed side-by-side, stretching the mesencephalon and 
upper pons in an anterior-posterior direction, which further 
stretches the perforating arterial branches from the basilar 
artery (▶ Fig. 3.24). Duret hemorrhage is usually near midline 
in the midbrain tegmentum or pons. Some authorities, how
ever, debate whether the Duret hemorrhage could be venous in 
origin, secondary to venous thrombosis and hemorrhage. Duret 
hemorrhage is considered an ominous prognostic sign. 
Another secondary brainstem injury occurs in the setting 

of uncal herniation resulting from the presence of a large 
intracerebral hematoma or subdural fluid collection. Uncal 
herniation forces the midbrain to shift and rotate so that the 
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Fig. 3.18 Diffuse axonal injury (DAI) computed 
tomography (CT) vs. gradient echo (GRE). (a) 
Patient status post motor-vehicle collision 
underwent CT and magnetic resonance 
on the same day. Many of the DAI lesions on GRE 
images are difficult to detect on noncontrast CT. 
(b) Numerous foci of DAI in the left frontal 
subcortical white matter is difficult to appreciate 
on non-contrast head CT. 

Fig. 3.19 Illustration of diffuse axona injury. (a) 
Normal illustration of neuron consists of neuron
cell body, axon, which is a nerve fiber, and axonal 
terminal. Electric impulses from the cell body are 
conducted through the axon. Axons are sur
rounded by myelin sheath, which is composed of 
oligodendrocytes in the central nervous system. 
Gaps in the myelin sheath are called nodes of 
Ranvier and allow rapid mode of electrical 
impulse propagation. (b) Axonal injury often 
takes place at the nodes of Ranvier by the 
stretching and rotational forces. Subsequent 
swelling of axon creates discrete bulb formation 
accumulating transported protein. This is called 
retraction bulb, a pathological hallmark of axonal 
injury. 
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Fig. 3.20 Diffuse axonal injury (DAI). Status post 
motor-vehicle collision. Low Glasgow Coma Scale 
despite only small left subdural hemorrhage 

) and right frontal contusion (
Images through corpus callosum (a) and internal 
capsule (b) are unremarkable. (c) Diffusion-
weighted images demonstrate restricted diffu
sion along bilateral corticospinal tract (

) and splenium of the corpus callosum, 
indicating DAI. 

contralateral cerebral peduncle is forced against the contrala
teral tentorial incisum (▶ Fig. 3.25). If this happens, hemiparesis 
is ipsilateral to the side of injury or hematoma.39,40 This phe
nomenon is called Kernohan-Woltman notch syndrome. 

3.4.9 Pituitary or Hypothalamic Injury 
It has been recognized that after a moderate to severe TBI 
patients suffer from varying degrees of pituitary hormone 
dysfunction.41 In particular, growth hormone dysfunction 
(poor sleep and low energy) has been speculated to contrib
ute to some of the post-traumatic symptoms, including social 
isolation and limited executive function.42,43 Another study 
found the pituitary and gonadal dysfunction among severe 
TBI adult victims.44 A study investigating soldiers after blast 

injury revealed that patients with anterior pituitary dysfunc
tion had a higher incidence of facial and skull fractures as 
well as cognitive function abnormalit y.45 Professional boxers 
and other contact-sports athletes showed more cerebellar 
and vermian atrophy, pituitary and hippocampal atrophy, the 
presence of cavum septum pellucidum, and dilated perivas
cular spaces. 
Meta-analysis of adulthood TBI study, however, failed to 

demonstrate the difference in hypothalamic-pituitar y-adrenal 
axis dysregulation between trauma patients and nontrauma 
patients.46 However, subgroup analyses showed increased corti
sol suppression after the low-dose dexamethasone suppression 
test in trauma patients compared with nontrauma subjects. A 
larger study is necessary to provide a higher level of concrete 
evidence. 
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Fig. 3.21 Diffuse axonal injury computed to
mography versus susceptibility-weighted imag
ing. CT images of a patient with head injury show 
a focus of hemorrhagic shearing injury in the 
right inferior frontal white matter (
(a,b). SWI images (c,d) demonstrate many more 
foci of shearing injury in the right frontal 
subcortical white matter (

3.4.10 Thalamus and Deep Gray Matter 
Injury 
It has been suggested that TBI findings are seen not only in sub
cortical white matter, but also in deep gray matter structures, 
such as the thalamus (▶ Fig. 3.26). Several recent group com
parison studies suggest that the thalamus could harbor signifi
cant traumatic injury, as evidenced by reduced cerebral blood 
flow, mean kurtosis values, and increased iron deposition.47–49 

Another study analyzing apparent diffusion coefficient (ADC) 
values of superficial and deep gray matter found that superficial 
and deep white matter revealed significantly higher ADC values 
in the deep gray matter among patients with unfavorable 
outcomes.50 

Secondary TBI lesions, including cisternal compression, 
midline shift, and mass effect or herniation, as well as cerebral 
edema and loss of autoregulation, are discussed in Chapter 4, 

Pathophysiology of Traumatic Brain Injury and Impact on 
Management. 

3.4.11 Chronic Sequelae of Traumatic 
Brain Injury 
Over the past several decades, medical and surgical care of TBI 
has dramatically improved, resulting in a large number of 
patients with long-term sequelae of TBI. The vast majority of 
people suffering from moderate to severe TBI have chronic 
neurobehavioral sequelae, including cognitive deficits, person
ality changes, and dementia. Certain cognitive domains are typ
ically impaired after TBI, such as executive function, attention, 
short-term memory and learning, processing information, and 
language.51 Personality changes often seen among TBI victims 
are apathy, impulsivity, irritability, and affective instability. 
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Fig. 3.22 Cerebral hematoma. (a) A computed tomographic image of a patient status post fall shows a focal homogeneous density hematoma in the 
left occipital lobe with minimum surrounding edema. (b) T1-weighted axial image shows a small right sudural hemorrhage extending along the right 
tentorium ( ), as well as subacute hematoma. (c) Minimum surrounding edema of left occipital hematoma on fluid-attenuated inversion recovery 
(FLAIR) image (c). 

Fig. 3.23 Brainstem axonal injury. (a) Computed tomographic image of a patient who had a motor-vehicle collision demonstrates a punctate area of 
hemorrhagic shearing injury in the left dorsolateral pons with accompanying right subdural hemorrhage and right frontal depressed fracture. Axial 
gradient-echo image of the midbrain (b) and pons (c) demonstrates additional foci of shearing injury ( ) involving the brainstem, including 
the right cerebral peduncle, superior cerebellar peduncle, left dorsolateral pons, and right periaqueductal gray matter. Note the contusion involving 
the medial right temporal lobe and inferior right frontal lobe as well (

The brain damage caused by TBI may be diffuse or multifocal. 
Certain brain regions are thought to be responsible for the high 
rate of neuropsychiatric illness. These vulnerable and responsi
ble regions include the frontal cortex and subfrontal white mat
ter, the deeper midline structures including the basal ganglia, 
the rostral brainstem, and the mesial temporal lobes, including 
the hippocampi (▶ Fig. 3.27). Social and behavioral problems 
after TBI can be explained to some extent by the regional vul
nerability. Recently, some suggest that injury to thalamocortical 
fibers may account for the loss of executive function among 
mTBI patients.47,48 

TBI lesions to the dorsolateral prefrontal cortex and its circui
try impair executive functions, such as working memory, deci
sion making, and problem solving. Injury to the orbitofrontal 
cortex impairs social behaviors and the capacity to self-monitor 
and self-correct within a social context. Damage to the anterior 
cingulate and related circuitry impairs motivated and reward-
related behaviors and anger control. Damage to medial tempo
ral regions impairs aspects of memory and the smooth integra
tion of emotional memory with current experience. 
In addition to neuropsychiatric illness, interests and attention 

over the relationship of TBI and dementia have grown. Some 
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Fig. 3.24 Brainstem Duret hemorrhage. (a) Initial 
head computed tomogram of a young patient 
after a pedestrian injury by a car demonstrates 
left frontal subdural hemorrhage and diffuse 
effacement of basilar cistern. Note that the 
midbrain is compressed side-by-side and has an 
elongated appearance accompanying the efface
ment of ambient cistern. Image farther down at 
the leve of the pons demonstrates a focal right 
paramedian hemorrhage, consistent with Duret 
hemorrhage. (d,e) T2-weighed axial images of 
the same patient again demonstrate elongated 
midbrain and a focal hemorrhage in the pons 
with left frontal contusion and edema. (f) 
Illustration demonstrates inferior displacement of 
brainstem ( ) causing stretching of perfo
rating arteries leading to brainstem hemorrhage. 

indicated that moderate and severe TBI increased risk of de
mentia between twofold and fourfold. Many individuals with 
moderate to severe TBI who have significant impairments in 
memory and executive function meet the Diagnostic and Statis
tical Manual of Mental Disorders-IV definition of dementia. In 
addition, patients with chronic traumatic encephalopathy often 
have metabolic abnormality and aggregation of tau protein 
and beta-amyloid, features that suggest neurodegenerative 
disease.51,52 

Debate continues about whether exposure to a TBI increases 
the risk of a progressive neurodegenerative dementing disorder 
such as Alzheimer disease later in life. At present, convincing 

evidence has not been found to establish the causality that TBI, 
in particular mTBI, is a risk factor for Alzheimer disease. It is 
speculated that early clinical onset of Alzheimer disease among 
TBI survivors relative to noninjured controls is due primarily re
duced cognitive reserve.53 

3.5 Pearls 
1. TBI is a major public health problem with significant morbid

ity and substantial societal costs. The classification based on 
GCS does not provide mechanistic or pathophysiological in
formation of brain injury and is limited for assessment for 
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Fig. 3.25 Severe uncal herniation and Kernohan-Woltman notch syndrome. A man working in construction fell 46 feet from the ladder and a few days 
later had confusion and obtundation. A set of computed tomographic images (a d) show mixed density right subdural hemorrhage (SDH) with diffuse 
traumatic subarachnoic hemorrhage (tSAH) as well as severe midline shift and uncal herniation toward left. Dilatation of left lateral ventricle indicates 
entrapment of the left lateral ventricle likely as a result of compression at the foramen of Monro. Diffusion-weighted image show areas of restricted 
diffusion in the bilateral occipital lobes and medial thalamus, consistent with bilateral posterior cerebral artery distribution infarction (e,f) (

mTBI. In the acute trauma setting, CT scan remains the first 
line of imaging study that helps in triaging patients who 
need emergent intervention from those who can safely ob
serve. Objective assessment of the severity of injury based 
on CT findings predicts the probability of mortality among 
TBI patients. 

2. Although Brain MR often shows more TBI lesions than CT, 
the wide clinical adaptation of MR at the acute trauma 
setting is limited in part due to logistics related to access, 

required safety process, and higher costs. Given the increas
ing awareness of biological effects of ionizing radiation from 
CT, more widespread use of MR among TBI patients is be
coming important to accurately assess the extent of injury 
and presence of DAI/TAI spectrum. 

3. There is some debate as to whether or not to repeat head CT 
routinely for patients with TBI. Routine follow up head CT 
is more justifiable for patients with severe injury that are 
sedated or unconscious. 
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Fig. 3.25 ) Fluid-attenuated inversion recovery (FLAIR) images at the midbrain demonstrate shift and rotation of midbrain from right uncal 
herniation. As a result, left midbrain (contralateral side of SDH) shows increased FLAIR signal as a result of compression against the left tentoria
(g,h). Illustration demonstrates mass e ect from a hematoma displacing the uncus hematoma down through the tentorium (uncal herniation) and 
cingulate gyrus underneath the falx (parafalcian herniation) (i). 

Fig. 3.26 Diffuse axonal injury involving the 
corpus callosum and thalamus. (a) Computed 
tomographic (CT) image of a high-speed motor-
vehicle collision victim shows intraventricular 
hemorrhage with a punctate area of shearing 
injury in the medial left thalamus. Gradient-echo 
image clearly shows presence of shearing injury 
in the left thalamus as well as right putamen 

), not definitely seen on CT. (b) Slightly 
higher slice of the same patient shows hemor
rhagic shearing injury involving the splenium of 
the corpus callosum as well as the left internal 
capsule (
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Fig. 3.27 Chronic traumatic encephalopathy. (a) Initial computed tomographic (CT) images of a patient after a motor-vehicle collision demonstrate 
right subdural hemorrhage ( ), traumatic subarachnoid hemorrhage in the bilateral sylvian fissures and basal cistern ( as well as 
contusion involving the frontal lobes bilaterally. (b) (continued

4. Radiologists should be familiar with imaging features of all 5. Patients with poor neurological status despite relatively ne
pathoanatomic types of TBI. Keep in mind that TBI is often gative head CT may benefit from brain MR for accurate as-
associated with vascular damage (i.e. dissection or venous si sessment of traumatic injury in brainstem, deep gray nuclei, 
nus thrombosis/injury). Secondary injury related to cerebral as well as DAI/TAI spectrum. 
edema or brain herniation and vascular compression could 
result in ischemic infarction. 
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Fig. 3.27 ) (c,d) Eleven months later, the patient was experiencing frequent falls, loss of executive function, and increasing irritabilit y. Mag
netic resonance images show extensive encephalomalacia in the bilateral frontal lobes, anterior temporal lobe, and left frontal convexity and di
brain volume loss with ex vacuo dilatation of lateral ventricles. 
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4 Pathophysiology of Traumatic Brain Injury and Impact on

Management 
Kathleen R. Fink 

4.1 Introduction 
The damage wrought by traumatic brain injury (TBI) is a dy
namic process that occurs during many stages, only some of 
which can be mitigated by medical or surgical intervention. 
Injury begins at the time of trauma (or even before if the risk 
factors for injury, such as intoxication, are considered) and con
tinues as the body reacts to the initial injury. This statement ap
plies not only to damage resulting from the TBI itself but also to 
the sequelae of systemic injury, such as hypotension resulting 
from hemodynamic shock. This chapter focuses on the mecha
nism of tissue damage after TBI, including both the primary ef
fects of trauma on the brain and the secondary injuries that can 
result from the body’s response to injury. Although preventative 
measures, such as wearing protective headgear, can lessen the 
severity of the primary injury, once the injury has occurred, 
there is little medical treatment can do to alter or reverse the 
effects. 
Medical or surgical treatment does play a role in diminishing 

secondary injury. Secondary injury is damage caused by the 
body’s response to the primary insult; that is, the primary in
jury may be a skull fracture with accumulation of an epidural 
hematoma. The secondary injury results from mass effect of the 
hemorrhage, with compression on important structures. Secon
dary injury also can result from inflammatory mediators that 
alter metabolism. 
Systemic factors also contribute to secondary injury after TBI. 

These factors include hypoxia, hypothermia, hypotension, and 
hypercoagulable state.1 The Brain Trauma Foundation has spe
cific guidelines for addressing the management of these fac-
tors,2 some of which are directly applicable to neuroimaging. 
This chapter discusses the mechanism of primary injury to 

alert radiologists to important imaging findings that may 
suggest associated injuries or lead to secondar y injury. Addi
tionally, this chapter details imaging findings of secondary 
brain injury, including edema, infarction, and brain hernia
tion. The concept of cerebral autoregulation is introduced. Fi
nally, physiologic monitoring devices used in the intensive 
care unit for the care of these patients are discussed, with 
imaging correlates. 

4.2 Primary Brain Injury 
The effect of primary injury to the brain depends on the nature 
of the trauma, including the mechanism of injury and the force 
and direction of impact. Systemic factors, including hypoxia, 
shock, coagulopathy, and effects of drugs or alcohol, can impact 
how the primary injury develops. 
Injury resulting from a direct blow to the head results from 

mechanical forces on the skull, underlying vascular structures, 
and brain parenchyma. Mechanical force to the skull may cause 
deformation of the calvarium, sometimes resulting in fracture. 
Compression or tearing of blood vessel walls underlying the 

force of impact can result in hemorrhage.3 The location of the 
injured vessels will result in the specific pattern of brain in
jury, including extra-a xial or intra-axial hemorrhage. The 
underlying brain parenchyma may sustain a contusion or lac
eration. Additional structures underlying the impact zone 
may also be damaged. 
Brain contusions occur on the surface of the brain and result 

from injury to small vessels and neural tissue (▶ Fig. 4.1). Con
tusions may be produced by mechanical compression of tissue 
beneath an area of skull depression caused by mechanical force 
or by sudden negative pressure when the calvarium snaps back 
into place.3 Factors such as whether the head is moving at the 
time of impact and whether the head is supported (such as 
against the ground) at impact affect the pattern of contusions. 
Although the calvarium provides a good primary defense 

against blunt trauma to the head, in some cases, the calvarium 

). 

Fig. 4.1 Computed tomography showing sequelae of right frontal 
impact (red arrow) with fractures of the inner and outer table of the 
frontal sinus, underlying parenchymal contusions (black arrow), and 
contrecoup contusions (white arrow
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may also be a means of damage to the brain, such as occurs in 
the case of contrecoup injury. With sudden deceleration (such 
as when the skull hits the floor), the inertia of the brain results 
in a secondary impact of the brain against the opposite inner 
table of the skull, which can result in hemorrhage of the under
lying brain parenchyma and contrecoup contusions (▶ Fig. 4.1). 
Gliding contusions result when the brain strikes the rigid falx 
cerebri. 
Contusions occur as a result of bleeding within the brain pa

renchyma. The term laceration may be used if the overlying pial 
membrane is disrupted. Initially, damaged blood vessels result 
in bleeding into the tissue. Local mass effect or vessel thrombo
sis can then result in ischemic necrosis.3 Inflammation results 
as the body responds to the injured tissue, inciting a leukocytic 
and lymphocytic response and also an inflammatory cytokine 
response. Damaged tissue may undergo apoptosis or necrosis.4 

With time, the body removes the damaged tissue, leaving reac
tive gliosis. The imaging appearance and characteristic loca
tions of brain contusions are discussed further in Chapter 3, 
Neuroimaging of Traumatic Brain Injury. 
At a cellular level, the mechanism of brain parenchymal in

jury is due to excitotoxicity, mediated via excessive release of 
excitatory neurotransmitters, including glutamate.4,5 Extrac
ellular glutamate binds N-methyl-d-aspartate and AMPA re
ceptors and allows sodium and calcium influxes into the cell. 
Calcium influx then results in activation of calcium-depend-
ent enzymes, resulting in further cell damage.4 Mitochondrial 
dysfunction also plays a role.6 

Damage to extra-axial blood vessels also results in TBI. Lacer
ation to the meningeal arteries can result in an epidural hema
toma, and laceration to the middle meningeal artery in particu
lar can result in rapid accumulation of epidural hematoma with 
associated mass effect on the underlying brain. Less commonly, 
epidural hematomas result from injury to the venous sinuses. 
Subdural hematomas are caused by laceration of bridging 

veins from the brain surface to the dura. As a result of direct 
bleeding, subdural hematomas also can occur in conjunction 
with adjacent cerebral contusions or lacerations7,8 or as a result 
of laceration of a cortical artery or branch.8–10 Unlike patients 
with epidural hematomas, those with subdural hematomas 
commonly sustain associated injuries to the underlying brain 
parenchyma, which may explain why they experience less fa
vorable outcomes despite early decompressive surgery.7 

Critical structures within the cranial vault may be damaged 
by a direct impact, for example, the cochlea (▶ Fig. 4.2a,b). In 
some cases, the primary injury may spare the brain, but the in
jury may put the brain at risk for further injury. For example, as 
discussed in Chapter 10, Maxillofacial Trauma, a frontal sinus 
fracture extending through an inner table may increase the risk 
for subsequent brain infection. An arterial injury may result in a 
rapidly expanding hematoma, compressing surrounding brain 
structures, or in downstream infarction (▶ Fig. 4.2c–e). Injury 
to the transverse sinus may result in epidural hematoma 
(▶ Fig. 4.2f,g) and risk subsequent venous sinus thrombosis and 
venous infarction. Thus, it is important to consider not only 
what structures are damaged but also how that injury may put 
the patient at risk for subsequent complications. 
In some cases, there is a rotational component of force 

applied to the brain. Shear, tensile, and compressive strains 
on the brain tissue may result in axonal injury. This torsional 

component can disrupt the fine structures of the brain, result
ing in diffuse axonal injury.3 Damage to axons is a complex 
process that depends on the type and duration of mechanical 
trauma and may occur by different mechanisms.11 The imaging 
manifestations of diffuse axonal injury may be minor, especially 
as seen by CT, with the extent of injury evident only by histo
logic review. The imaging findings of diffuse axonal injury are 
discussed in Chapter 3, Neuroimaging of Traumatic Brain Injury. 

4.3 Secondary Brain Injury 
Secondary brain injury occurs after the primary insult as a re
sult of the physiologic response of the brain to injury. The pri
mary culprits behind secondary brain injury are mass effect, 
brain swelling, and ischemia. 
Brain swelling after TBI occurs as a result of cellular edema 

and is associated with elevated intracranial pressure (ICP).12 

The onset of cerebral edema is variable and may occur late. Cer
tain populations, for example, children, appear more suscepti
ble to severe cerebral edema after TBI.13 If severe, cerebral ede
ma can result in brain herniation and put the patient at risk for 
the attendant complications (discussed later in this chapter). CT 
findings of cerebral edema include small ventricles and subar
achnoid spaces, including compression or effaced perimesence
phalic (basilar) cisterns (▶ Fig. 4.3).13 

Brain herniation occurs when mass effect from either a focal 
mass lesion, such as a hematoma, or generalized increased 
brain volume, as in the case of cerebral edema, pushes the brain 
against and around the dural structures that are in place nor
mally to hold the brain in position. Depending on the location 
of the additional mass, the pattern of herniation will vary. 

4.3.1 Subfalcine Herniation 
Subfalcine herniation occurs with mass effect from a frontal or 
parietal lesion and is commonly associated with acute subdural 
hematoma. Subfalcine herniation occurs when the cingulate gy
rus is pushed beneath the rigid falx cerebri (▶ Fig. 4.4). Subfal
cine herniation is best measured by assessing for midline shift 
on the axial image. A line should be drawn from the anterior to 
the posterior leaves of the falx. The distance between this line 
and the septum pellucidum is a reliable measure of midline 
shift. Although the falx is a rigid structure, the falx will deflect, 
given enough pressure (▶ Fig. 4.4). When severe, or when the 
location of mass is more inferior, midline shift may be best 
measured at the level of the third ventricle. 
Subfalcine herniation is common and may be well tolerated 

by patients in whom mass effect has developed over time, such 
as in the case of brain tumor. When acute, subfalcine herniation 
can have significant complications and require emergent surgi
cal decompression. Signs of significant herniation include en
trapment of the lateral ventricles. This usually first affects the 
contralateral side and occurs when there is compression of the 
foramen of Monro, thereby blocking egress of cerebrospinal flu
id (CSF) into the third ventricle. There is subsequent enlarge
ment of the entrapped lateral ventricle, which may be best seen 
by evaluating the size of the temporal horns and comparing to 
the size of the sulci (▶ Fig. 4.4). 
Vascular complications of subfalcine herniation also occur 

when there is compression of the ipsilateral anterior cerebral 
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Fig. 4.2 Direct mechanical trauma in three patients. Coronal (a) and axial (b) computed tomography (CT) of the left temporal bone showing fracture 
line traversing the cochlea (black arrow) with pneumolabyrinth (black arrowhead) axial CT angiogram (c) shows right internal carotid artery 
pseudoaneur ysm (white arrow) related to severe displaced skull-base fracture (not shown), resulting in infarcts [diffusion-weighted imaging magnetic 

imaging (MRI)] (d). High-flow carotid-cavernous fistula developed within 1 week (e) (black arrow). Sagittal (f) and coronal (g) CT shows 
posterior fossa epidural hematoma (EDH) resulting from surgically proven sigmoid and transverse sinus laceration. Overlying skull fracture is not 
shown. Note the relationship of the EDH (black arrow) to the expected location of the transverse sinus (normal contralateral sinus marked with white 

). (g). 

artery between the herniating brain and the falx cerebri. If not 
relieved, this type of herniation may result in infarct (▶ Fig. 4.5). 
Even without a frank large vessel territory infarct, the presence 
of midline shift has been associated with a decreased cerebral 
metabolic rate of oxygen.14 

4.3.2 Downward Tentorial Herniation 
Tentorial herniation occurs when there is downward pressure 
on the brain against the tentorium cerebelli, ultimately re
sulting in downward displacement of the brain through the 
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Fig. 4.4 Subfalcine herniation resulting from 
acute subdural hematoma. Normal computed 
tomographic imaging (CT) (a) demonstrates 
midline septum pellucidum, with line drawn from 
the anterior to the posterior attachment of the 
falx cerebri. Subfalcine herniation on axial CT (b), 
showing midline shift (red lines). Coronal reformat 
(c) demonstrates leftward herniation under the 
deflected falx cerebri. Note the mass effect 
the foramina of Monro (white arrow) and dilation 
of the temporal horns of the lateral ventricles 

), out of proportion to sulci, indicat
ing obstructive hydrocephalus. 

Fig. 4.3 Cerebral edema. Axial computed to
mography in a 4-year-old child shows diffuse 
effacement of the sulci and basilar cisterns (a) 

), consistent with cerebral edema. 
Note the traumatic convexal subarachnoid hem
orrhage (b) (

tentorial incisura. If the mass effect is predominantly temporal, placement of the uncus alone may indicate impending uncal 
the first structure to herniate will be the uncus, a medially di- herniation, when severe, the uncus is clearly medially deviated 
rected bulge of tissue along the mesial temporal lobe (▶ Fig. 4.6). and effaces the lateral margin of the suprasellar cistern 
To assess for uncal herniation, evaluate the position of the un- (▶ Fig. 4.6). Clinically, uncal herniation may be marked by 

cus with respect to the suprasellar cistern. Whereas medial dilatation of the ipsilateral pupil (“blown pupil”), caused by 
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Fig. 4.5 Anterior cerebral artery infarct that is due to subfalcine herniation. Computed tomography (CT) at presentation (a) demonstrates acute left 
subdural hematoma with significant subfalcine herniation. The patient was immediately taken to surgery and decompressed but developed left 
anterior cerebral artery infarct evident on diffusion-weighted imaging (b) and fluid-attenuated inversion recovery (FLAIR) (c) sequence. 

Fig. 4.6 Uncal herniation resulting from acute 
subdural hemorrhage. Normal computed to
mography (CT) (a) demonstrates the normal 
configuration of the uncus ( ) and ambient 
cistern ( ). Note that the suprasellar 
cistern is patent (*). Uncal herniation on CT (b) 
manifests as medial displacement of the uncus 

), effacement of the ambient cisterns 
), and suprasellar cisterns. Note en

largement of the contralateral temporal horn of 
the lateral ventricle, consistent with entrapment. 

compression of the ipsilateral third nerve against the free edge compressed against the opposite side of the tentorium. If se-
of the tentorium. vere, transtentorial herniation will cause compression of the 
Central transtentorial herniation occurs as the result of midbrain in the transverse dimension. 16 

more central or more severe mass effect (▶ Fig. 4.7); it may With sufficient mass effect, the entire brainstem may be 
follow subfalcine herniation.15 For central transtentorial her- pushed downward, causing traction on the structures and fiber 
niation, one or both parahippocampal gyri may slip inferiorly tracts of the brainstem. Traction on the perforating arteries 
past the tentorial margin. To assess for central transtentorial arising from the basilar artery may result in tearing of these 
herniation, evaluate the ambient cistern, the CSF space sur- vessels with development of Duret hemorrhages in the mid-
rounding the midbrain. Young patients in general will have brain and upper pons (▶ Fig. 4.8).17 This type of hemorrhage is 
more brain parenchyma and smaller CSF spaces than older a sign of grave prognosis. 
adults, but even in children there should be some CSF evident Tentorial herniation may also result in vascular complica
surroun ding the brainstem. When mild, cisterns may only be tions. The posterior cerebral artery can be compressed between 
compressed (i.e. narrowed), but with progressive herniation, the herniating brain and the tentorium.15 If not relieved, poste
basilar cisterns become completed effaced (i.e., absent) rior cerebral artery territory infarct will develop (▶ Fig. 4.8 and 
(▶ Fig. 4.7). ▶ Fig. 4.9). Uncal and transtentorial herniation may rarely result 
Significant tentorial herniation can cause compression of the in noncommunicating hydrocephalus through compression of 

adjacent midbrain, which may be deviated away from the side the cerebral spinal drainage pathways, including the cerebral 
of herniation.16 The contralateral cerebral peduncle will be aqueduct and basilar subarachnoid cisterns. 
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Fig. 4.7 Transtentoria herniation due to acute subdural hematoma (SDH) with hyperacute components. Normal coronal computed tomography (a) 
demonstrates normal position of the parahippocampal gyrus above tentorium cerebelli ( ). With large acute and hyperacute SDH (b), there is 
medial and downward shifting of the right parahippocampal gyrus (white arrow over the free edge of the tentorium (white arrowhead). Axial image 
(c) demonstrates complete effacement of the basilar cisterns with narrowing of the midbrain in the transverse dimension (black arrowheads

Fig. 4.8 Duret hemorrhage. Computed tomography at initial consultation (a) demonstrates large right subdural hematoma with severe subfalcine 
herniation. Transtentoria herniation was also present. After surgical decompression (b), hemorrhage in the central pons developed (white arrow
consistent with Duret hemorrhage. Note also the developing right posterior cerebral artery territory infarction (black arrow), also a complication of 
transtentorial herniation. 

4.3.3 Upward Tentorial Herniation hematoma. There is resultant herniation of the cerebellar ver
mis and cerebellar hemispheres through the tentorial incisura. 

Brain tissue may also herniate superiorly through the tentorial Upward tentorial herniation appears on imaging as effacement 
incisura. This kind of herniation occurs when there is mass ef of the quadrigeminal plate cistern (▶ Fig. 4.10).18 Sagittal im
fect in the posterior fossa, either from cerebellar mass lesion, ages may best demonstrate the cerebellar tissue herniating 
such as hematoma, tumor, or infarct, or because of extra-axial superiorly. When severe, obstructive hydrocephalus may occur. 

40 



Pathophysiology of Traumatic Brain Injury and Impact on Management 

arrowhead
arrowheads

infarct. 

(

▶

Fig. 4.9 Posterior cerebral artery (PCA) infarct due to transtentorial herniation. Computed tomography (CT) at presentation (a) demonstrates acute 
left subdural hematoma with transtentorial hernation ( ). CT angiography obtained to exclude blunt cerebrovascular injury (b) demonstrates 
mass effect on the posterior cerebral arteries as they course around the midbrain ( ). MRI three days later (c) demonstrates acute left PCA 

Fig. 4.10 Upward transtentorial herniation. Nor
mal computed tomography CT (a) shows the 
expected configuration of the quadrigeminal 
plate cistern (white arrow) and tentorial incisura 
black arrowheads). Note the normal cerebellar 
folia medially. In upward transtentorial herniation 
(b), the quadrigeminal plate cistern is com
pressed (white arrow), and the midbrain tectum is 
mildly compressed. The cerebellar folia are 
edematous and pressing up though the tentorial 
incisura (black arrowheads). Upward tentorial 
herniation in this case is due to the posterior 
fossa epidural hematoma shown in Fig. 4.2d. 

4.3.4 Tonsillar Herniation 
Tonsillar herniation occurs with mass effect in the posterior fos
sa, resulting in downward displacement of the cerebellar tonsils 
through the foramen. As with upward tentorial herniation, ton
sillar herniation may result from posterior fossa mass/hemato-
ma, edema, or extra-axial hematoma. On axial images, tonsillar 
herniation is evident as crowding of the foramen magnum. Sag
ittal images are extremely helpful in confirming this finding. A 
line drawn from the basion (tip of the clivus) to the opisthion 
(inferior margin of the occipital bone) demarcates the foramen 
magnum. Normally, the cerebellar tonsils lie above or up to 
5mm below this line but may end more inferiorly in children.19 

The differential diagnosis of tonsillar herniation includes cer
ebellar tonsillar ectopia, a condition referring to the cerebellar 
tonsils terminating below the foramen magnum in the absence 
of mass effect. This condition can be incidental or occur in 
the setting of a Chiari I malformation.20 Thus, if tonsils are low 

lying, careful assessment for associated mass lesion causing this 
herniation acutely is required. 

4.3.5 Cerebral Ischemia 
Global cerebral ischemia occurs after TBI as a result of systemic 
hypotension or hypoxemia; ensuring adequate cerebral perfu
sion to meet the metabolic demands of the brain is a central 
tenet of caring for patients with TBI. Systemic hypotension may 
be caused by shock from other injuries and has been shown to 
worsen the outcome from severe TBI.21 The Brain Trauma Foun
dation recommends avoiding systolic blood pressure < 90 mm 
Hg,22 although higher blood pressure targets may be indicated.23 

Although the Brain Trauma Foundation guidelines also rec
ommend avoiding hypoxia (partial pressure arterial oxygen, or 
PaO2, lower than 60 mm Hg or oxygen saturation lower than 
90%),22 supratherapeutic oxygenation has also been associated 
with a greater number of in-hospital deaths.24 The effects of 
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Fig. 4.11 Cerebral anoxia. At presentation (a), computed tomography shows equivocal loss of gray-white differentiation and cerebral edema, 
manifested as sulcal effacement and small ventricles. Fifteen hours later (b,c), repeat scan confirms cerebral anoxia, with development of basal ganglia 
infarctions (black arrow). Note pseudosubarachnoid hemorrhage ( ) resulting from increased conspicuity of the pia arachnoid due to 
decreasing density of the adjacent brain parenchyma. 

hypoxemia may not be easily rectified simply by maintaining 
arterial oxygenation and may be due on a cellular level to 
impaired mitochondrial function.6 Optimizing cerebral oxygen
ation to match cerebral metabolic needs in brain-injured pa
tients remains an area of ongoing research. 
Global cerebral anoxia can become evident by imaging. On 

CT, cerebral anoxia manifests as brain edema, with effacement 
of sulci and basilar cisterns and loss of gray-white differentia
tion (▶ Fig. 4.11).25 Infarcts may develop in the basal ganglia 
and watershed distributions.25 The reversal sign is sometimes 
seen in severe anoxic or ischemic brain injury, particularly in 
children, and refers to relatively decreased attenuation of cere
bral cortex on CT compared to the normal attenuation cerebel
lum, thalami, and brainstem.26 On magnetic resonance imaging 
(MRI), global cerebral anoxia manifests as increased diffusion-
weighted imaging signal in the basal ganglia or cortex,27 with 
subsequent development of increased T2/fluid-attenuated in
version recovery (FLAIR) signal in these structures. Often global 
anoxia is a diffuse process that manifests with bilaterally sym
metric findings that may be difficult to recognize. 
Cerebral ischemia after TBI may also occur as focal vessel ter

ritory infarctions. As described already, vessel infarcts can occur 
as part of brain herniation syndromes, including anterior cere
bral artery territory infarctions secondary to direct arterial 
compression during subfalcine herniation and posterior cere
bral artery territor y infarctions secondary to transtentorial her
niation. Vessel territory infarctions may also occur secondary to 
direct vascular injury, as in the case of blunt cerebrovascular in
jury, discussed in Chapter 7, or as the result of fat embolism in 
the setting of long-bone fractures. 

4.3.6 Hydrocephalus 
Hydrocephalus occasionally occurs acutely after TBI or more 
commonly in a delayed fashion. Acute obstructive hydrocepha

lus is uncommon after TBI and is associated with intraventricu
lar hemorrhage28,29 and basilar traumatic subarachnoid hemor
rhage (SAH).3 In these cases, hydrocephalus likely results from 
obstruction of the CSF outflow pathways by hematoma.30 Mass 
effect on the CSF outflow pathway can also cause acute hydro
cephalus and may occur in the setting of brain herniation, such 
as with obstruction of the basilar cisterns with transtentorial 
herniation or obstruction and entrapment of a single lateral 
ventricle in the setting of subfalcine herniation. Posterior fossa 
mass lesions, such as epidural hematoma or cerebellar hemor
rhage, may result in acute obstructive hydrocephalus attribut
able to focal mass effect on the fourth ventricle. 
Chronic communicating hydrocephalus also occurs after 

trauma, particularly in the setting of SAH or intraventricular 
hemorrhage. Although the exact pathophysiology of the devel
opment of chronic communicating hydrocephalus is still uncer
tain, fibrosis in the subarachnoid spaces has been proposed, as 
has proliferation of arachnoid cap cells.30 Regardless, the end 
result seems to be impaired resorption of CSF. The development 
of post-traumatic hydrocephalus is associated with worse clini
cal outcome,31,32 and surgical shunting may be indicated. 
Ventricular dilatation also develops after TBI as a result of 

cerebral atrophy, and it can be difficult to differentiate this from 
true hydrocephalus. Ventricular dilatation develops commonly 
in the first 3 to 6 months after TBI, reported in 30 to 50% or 
more of patients with severe TBI.31–33 Hydrocephalus requiring 
shunting is much less common, reported in around 5% of all pa
tients and 18 to 45% of patients with ventriculomegaly32–34 but 
may be higher,31 as the indications for shunting remain under 
debate. 
Ventricular enlargement can be detected by comparing ven

tricular size at presentation with subsequent scans (▶ Fig. 4.12). 
Signs of hydrocephalus include enlargement of the temporal 
horns of the lateral ventricles, a distended appearance of the 
frontal horns of the lateral ventricles, with normal or effaced 
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Fig. 4.12 Atrophy after severe traumatic brain 
injury. Computed tomography at presentation (a) 
and 6 weeks later (b) in a patient with severe 
traumatic brain injury demonstrates interval 
sulcal widening and ventricular dilatation. There 
is no periventricular edema. Additionally, note 
gliosis at the site of the right frontal parenchymal 
contusions (white arrow) and sequelae of de
compressive surgery. The patient did not exhibit 
clinical signs of hydrocephalus. 

Fig. 4.13 Delayed traumatic intracerebral hem
orrhage. Computed tomography (CT) at presen
tation (a) demonstrates acute bilateral subdural 
hematoma, subarachnoid hemorrhage, and left 
frontal contusion ( ). Repeat CT four hours 
later (b) demonstrates an interval increase in the 
size of the frontal contusion ( ), also termed 

cerebral sulci.33 Although not always present, periventricular 
lucency, suggesting periventricular edema or transependymal 
flow of CSF, supports the diagnosis of hydrocephalus.31,33 Con
versely, in cases of cerebral atrophy, commensurate dilatation 
of the sulci and fissures should also be present. 

4.3.7 Delayed Traumatic Intracerebral 
Hematoma 
Delayed traumatic intracerebral hematoma refers to a post
traumatic hemorrhage that may not be evident on initial imag
ing or to progressive enlargement of a hemorrhage evident on 
initial imaging. The classic example is blossoming of cerebral 
contusions (▶ Fig. 4.13),35 although delayed appearance of epi
dural hematomas also occurs.36 Development of delayed hem
orrhages occurs more frequently in patients with coagulopathy 
at presentation, such as abnormal PT, PTT, or platelet count.37 

It is important to obtain repeat imaging in patients with neu
rologic deterioration because this may demonstrate progression 
of bleeding or another finding that requires surgical interven-
tion.38 In the absence of neurologic decline, routine repeat com
puted tomography (CT) scan in the evaluation of minimal or 

mild head injury is likely not indicated,38,39 although the evi
dence is less clear in patients with severe TBI.38,40 

4.3.8 Loss of Autoregulation 
Cerebral autoregulation is the physiologic process by which the 
body maintains adequate cerebral blood flow to support cere
bral perfusion despite changes in cerebral perfusion pressure, 
defined as difference between mean arterial pressure and ICP. 
Autoregulation also prevents excessive cerebral blood flow dur
ing arterial hypertension, which could lead to elevated ICP re
lated to increased cerebral blood volume. The optimum strategy 
to support cerebral perfusion in TBI patients depends in part on 
whether cerebral autoregulation is intact or impaired. 
In the absence of autoregulation, the cerebrovascular system is 

unable to compensate for changes in blood pressure. In patients 
with impaired autoregulation, maintaining constant adequate 
cerebral perfusion pressure may be vital to reducing secondary 
injury. For example, if autoregulation is impaired and cerebral 
perfusion pressure falls, cerebral blood flow will also decrease, 
potentially causing ischemia. Conversely, a sudden increase in cer
ebral perfusion pressure may lead to rapidly rising cerebral blood 
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Fig. 4.14 Severe traumatic brain injury in a patient with refractory elevation of intracranial pressure. Computed tomography (CT; inset) demonstrates 
cerebral edema and subarachnoid hemorrhage. Perfusion CT, cerebral blood flow (CBF) maps before (a) and after (b) elevation of the cerebral 
perfusion pressure. Note the generalized increase in cerebral blood flow in response to blood pressure elevation, indicating impairment of cerebral 

flow, possibly contributing to hemorrhage or edema.41 Thus, 
patients with impaired autoregulation may benefit more from 
ICP-lowering therapy than from aggressive cerebral perfusion 
pressure support, whereas patients with intact autoregulation 
may tolerate arterial hypertension to maintain cerebral perfusion. 
Although no gold standard is available for use in trauma pa

tients to determine the status of cerebral autoregulation, the 
use of transcranial Doppler with blood pressure challenge has 
been widely reported.42 In this technique, middle cerebral ar
tery flow velocity is measured after blood pressure elevation to 
determine changes in cerebral vascular resistance. If cerebral 
autoregulation is intact, cerebral vascular resistance should re
spond to changes in cerebral perfusion pressure to maintain 
constant perfusion. 
Perfusion CT has also been reported in the evaluation of cere

bral autoregulation.43 Perfusion CT is used at our institution to 
assess the status of autoregulation in a subset of severely brain-
injured patients with elevated ICP refractory to standard treat
ment. To assess the status of autoregulation, a perfusion scan is 
obtained at baseline and after elevating the mean arterial pres
sure by 20 mm Hg during a single sitting.44 In patients with pre
served autoregulation, there is no change in perfusion maps. In 
patients with impaired autoregulation, the cerebral blood flow 
increases with blood pressure challenge, reflecting the loss of 
the body’s ability to maintain constant cerebral blood flow 
(▶ Fig. 4.14). 

4.4 Physiologic Monitoring for 
Traumatic Brain Injury Patients 
4.4.1 Intracranial Pressure Monitor 
Elevated ICP is associated with increased mortality in severely 
brain-injured patients.45 The Brain Trauma Foundation recom

mends ICP monitoring for all patients with Glasgow Coma Scale 
score of 8 or lower and an abnormal CT scan. ICP monitoring is 
also indicated if two of the following criteria are met: age older 
than 40 years, motor posturing, or systolic blood pressure lower 
than 90 mm Hg.46 ICP monitoring allows aggressive reduction 
in elevated ICP, with a goal of less than 20 mm Hg.47 Although 
ICP management remains a central tenet of preventing secon
dary injury in severely brain-injured patients, a recent study 
did not find improved outcomes in severely brain injured pa
tients who underwent invasive ICP monitoring compared with 
those who were managed based on clinical and imaging find
ings alone.48 Further research is needed in this area. 
Monitoring ICP can be performed by using several different 

types of monitoring devices. The gold standard is an external 
ventricular drain (ventriculostomy catheter). Parenchymal ICP 
monitors are also used, as are extra-axial (subdural, epidural, or 
subarachnoid) monitors. These devices are discussed further in 
Chapter 6, Postoperative Imaging of Traumatic Brain Imaging. 

4.4.2 Brain Oxygenation Monitoring 
Brain oxygenation monitoring is another way to assess for sec
ondary cerebral ischemia after TBI. In the past, jugular venous 
oxygen saturation monitoring was used, and there is some evi
dence that episodes of venous desaturation are associated with 
worse outcomes.49 Jugular venous oxygen saturation is meas
ured via a venous catheter inserted into the jugular vein with 
the tip in the jugular bulb.50 Imaging studies will show an intra
venous catheter passing superiorly into the internal jugular 
vein with the tip at or near the skull base. 
Newer methods to measure brain oxygenation include plac

ing sensors directly into the brain parenchyma.51,52 These can 
measure directly the partial pressure of oxygen in brain tissue, 
as well as other values such as pH and brain temperature. These 
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probes can also measure ICP. Low values of partial pressure of 
O2 in the brain are associated with higher mortality rates.49,53 

4.5 Conclusion 
Traumatic brain injury occurs both at the time of primary insult 
and in a delayed fashion as the body responds to the primary 
brain injury. Although medical treatment can do little to miti
gate primary injury once it has occurred, intervention may alle
viate or prevent the sequelae of secondary injury. The main 
causes of secondary brain injury include cerebral edema, her
niation, and ischemia, and prompt recognition of these condi
tions allows prompt intervention. Additionally, recognizing 
complications of TBI, including global anoxic brain injury, in
farction, hydrocephalus, and delayed intracranial hemorrhage, 
may help guide further therapies. Physiologic monitoring and 
cerebral autoregulation assessment may play a continued role 
in treating severely brain-injured patients, although ongoing 
research is needed. 

4.6 Pearls 
● Tissue injury resulting from brain trauma occurs both at the 
time of insult (primary injury) and in a delayed fashion (sec
ondary injury). The pattern of primary injury should alert the 
radiologist to potential subsequent complications. 

● Secondary injury results primarily from cerebral edema, her
niation, and ischemia and is worsened by hypoxia and hypo
tension, among other factors. 

● Cerebral herniation syndromes are important indicators of 
the need for aggressive medical or surgical intervention and 
may result in infarcts if not relieved. 

● Delayed hydrocephalus may occur after TBI and must be dif
ferentiated from cerebral atrophy. 

● Monitoring of ICP is a key component of the management of 
TBI patients. 
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5 Pediatric Head Trauma 
Jonathan O. Swanson and Jeffrey P. Otjen 

5.1 Introduction 
Pediatric head trauma is a major public health concern in the 
United States. It is a leading cause of acquired disability in chil
dren and accounts for more than 50,000 hospital admissions 
annually and a billion dollars in health care expenditure.1,2 The 
mechanism of head trauma varies by age; in those younger than 
1 year, abusive head trauma is a major cause, and for those old
er than 1 year and less than 4 years, falls are the leading cause. 
Children older than 14 years are often the victims of motor-ve-
hicle collisions.2,3 In the following sections, we identify and dis
cuss issues related to radiologic evaluation of pediatric head 
trauma. We discuss general issues such as radiation dose, the 
identif ication of patients who need computed tomography 
(CT), broad issues such as birth trauma and nonaccidental trau
ma, and some more specific entities that are unique to children 
in the setting of trauma. 

5.2 The Need for Head CT 
After major head or multisystem trauma, noncontrast head CT 
is routinely used to evaluate for intracranial and calvarial injury. 
As in adults, head CT is considered the imaging study of choice 
in the acute phase after traumatic brain injury (TBI) to identify 
the presence and extent of structural damage. The head CT also 
provides essential diagnostic information for triage and cerebral 
resuscitation and generates immediate implications for surgical 
intervention. 
For minor trauma, there is no widely accepted guideline in 

use. Efforts have been made with some success to define clinical 
decision-making guidelines. A guideline published in 2009 
based on a large multicenter prospective patient population 
can be used to identify children at low risk for clinically signifi
cant injury.4 In children younger than 2 years, this low-risk 
group includes patients with Glasgow Coma Scale (GCS) 14 or 
15; who do not have signs of basilar skull fracture; who do not 
have a history of loss of consciousness or vomiting, severe 
headache, or severe mechanism of injury. In children older than 
2 years with a GCS of 14 or 15, no CT is recommended for those 
without palpable skull fracture, occipital or parietal scalp hem
atoma, less than 5 seconds’ loss of consciousness, or altered 
mental status. 
The Canadian Assessment of Tomography for Childhood Head 

injuries (CATCH) guidelines were published in 2010 to identify 
signs or symptoms in children aged 0 to 16 years with a minor 
head injury who should get a CT and are undergoing prospec
tive validation.5 CATCH comprises a list of seven entities, any of 
which should trigger a CT: 
High risk (need for neurosurgical intervention): 

1. GCS lower than 15 at 2 hours after injury 
2. Suspected open or depressed skull fracture 
3. Worsening headache 
4. Irritability on examination. 

Moderate risk (CT abnormality of brain injury): 
1. Signs of basilar skull fracture (hemotympanum, “raccoon 

eyes,” CSF otorrhea or rhinorrhea) 
2. Large boggy scalp hematoma 
3. Dangerous mechanism (motor-vehicle collision, fall of more 

than 3 feet or more than five stairs, fall from bike without a 
helmet) 

The first four criteria are high-risk factors and have a 100% 
sensitivit y and 70% specificity for predicting the need for neu
rosurgical intervention. The last three criteria are moderate risk 
factors and have a 98% sensitivity and 50% specificity for pre
dicting brain injury on CT. 

5.3 Protocol and Dose 
Because the head CT is the imaging study of choice for evaluat
ing for TBI, the radiologist must be aware of the risk associated 
with pediatric radiation exposure. Children are inherently more 
sensitive to radiation than are adults, and radiation has greater 
potential to cause harm as children have more time to develop 
any delayed effects.6,7 Age is the most important factor when 
considering the effect of radiation exposure: children are up to 
10 times more sensitive to radiation than adults, and the 
youngest neonates are more sensitive than the older child.8 The 
“as low as reasonably achievable,” or ALARA, principle (origi
nally promulgated from the 1950s through the 1970s for nu
clear reactor personnel safety9–11) has become a tenet of medi
cal radiation safety: the lowest possible dose of radiation should 
be administered to achieve diagnostic results. In some cases, 
this means forgoing an examination altogether or substituting 
an examination without ionizing radiation such as ultrasound 
or magnetic resonance imaging (MRI). In the acute trauma set
ting, nonionizing alternatives are not always possible. At a mini
mum, however, doses should be minimized and monitored. 
Most facilities now have pediatric protocols in place for high

er radiation examinations, particularly CT. Decreasing the milli
amperes and performing helical rather than pure axial CT (as is 
commonly used with the adult head CT) are examples of ways 
to reduce dose in the acute setting. Customizing protocols in 
conjunction with subspecialties should also be considered, such 
as using a half or quarter dose CT (by decreasing milliamperes) 
for routine follow-up of patients where fine anatomic detail is 
not imperative. Examples include examinations for evaluating 
ventriculoperitoneal shunt placement, revision, or malfunction; 
preoperative fiducial scans; or postcraniofacial distraction 
cases. Alternative image reconstruction methods to filtered 
back-projection are being developed and evaluated; such meth
ods have the potential to significantly reduce dose for all CT ex
aminations. A more complete review is beyond the scope of this 
paper, but Zachariah et al discuss pediatric specific and general 
factors, such as centered patient positioning, shielding, filtering, 
and others.12 
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5.4 Typical Traumatic Findings 
Many findings in children who have suffered head trauma 
mirror the common findings in adults. In a recent evaluation of 
initial CT findings in pediatric TBI, parenchymal lesions (includ
ing contusion, hematoma, and hemorrhagic shear) were found 
to be most the common injuries.13 

Subdural hematomas tend to be crescentic and do not respect 
sutures, but they do respect the midline (▶ Fig. 5.1). Epidural 
hematomas are usually convex and respect sutures, with a 
tendency to grow over the course of hours (▶ Fig. 5.2). An 

Fig. 5.1 Noncontrast axial computed tomography showing layering 
high-densit y material in a left holohemispheric distribution represent
ing a subdural hemorrhage in a 21-month-old child after a fall. The 
midline shift is an important finding. 

underlying fracture is present in almost all cases. Subarachnoid 
hemorrhage is often scattered or diffuse and seen within the 
cerebral sulci (▶ Fig. 5.3 and ▶ Fig. 5.4). Hemorrhagic contusions 
are often seen acutely, and the underlying damage is often 
greater in extent than that seen on initial imaging (▶ Fig. 5.5). 
Shear injury is often difficult to appreciate on CT, and MRI will 
often better detect small foci of injury, T2* and inversion recov
ery sequences being particularly sensitive (▶ Fig. 5.6).14 

With more severe trauma, multiple findings are often present 
(▶ Fig. 5.7). 
The presence of nonfused skull sutures in children adds some 

complexity to the evaluation of the injured child. CT is an excel
lent tool for fracture identif ication, and the ability to recon
struct images in a multitude of ways augments the examination 

Fig. 5.3 Axial image from noncontrast computed tomography in a 4-
week-old infant after being dropped 4 feet onto a hardwood floor. 
There is a single focus of high-densit y material in a left posterior frontal 
gyrus consistent with a small amount of subarachnoid blood. 

Fig. 5.2 (a) Axial image from noncontrast com
puted tomography (CT) showing lentiform high
densit y material in the right frontal area with 
some mass effect on the underlying gyri typical 
of an epidural hematoma in this adolescent after 
being hit in the head with a discus. (b) Three 
hours later, there is increasing size of the epidural 
hematoma with increased mass effect on the 
underlying parenchyma. 
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collection, 

Fig. 5.4 Axial image from noncontrast computed tomography in a 5-
month-old child dropped from 15 feet. Diffuse high-densit y material is 
seen within the sulci consistent with subarachnoid blood. Subdural 
fluid collections are also seen, along with scalp hematoma. 

Fig. 5.5 Axial image from noncontrast computed tomography in an 
adolescent struck on the back of the head showing right frontal 
intraparenchymal blood consistent with hemorrhagic contusion from a 
coup-contrecoup mechanism. 

Fig. 5.6 Magnetic resonance imaging gradient recalled echo axial 
image in a 16-year-old trauma patient showing multiple punctuate foci 
of blooming signal dropout in the bilateral frontal and right corpus 
callosum. These are consistent with foci of hemorrhage and can be 
seen with diffuse axonal injury. Left posterior scalp swelling indicates 
the site of impact. 

Fig. 5.7 Axial image from noncontrast computed tomography showing 
bilateral epidural high-densit y collections and posterior left subdural 

as well as more subtle diffuse subarachnoid blood in a 1-
day-old infant after a difficult forceps assisted delivery. 

49




Pediatric Head Trauma 

arrow
head

arrowhead

Fig. 5.8 (a) Axial bone reconstruction from non-
contrast computed tomography in a 5-year-old 
boy who fell backward, hitting his head on 
concrete. There is a very subtle nondisplaced 
fracture of the posterior parietal bone (

) with overlying scalp swelling that is well 
seen on three-dimensional surface-rendering 
images (b) as a linear fracture extending 
obliquely from the midright lambdoidal suture to 
the squamosal suture ( ). The fracture 
does not have the characteristic zigzag of normal 
suture and was not present on the contralateral 
side. 

Fig. 5.9 (a) Axial noncontrast head computed 
tomographic image showing a prominent inden
tation but no cortical disruption of the left 
parietal bone in a 6-day-old infant. No history of 
trauma could be elicited, and the child was 
otherwise healthy. (b) Three-dimensional surface-
rendered image shows the depression to ad
vantage. 

significantly, particularly for fractures in axial plane. In addition 
to the standard axial bone and soft tissue reconstruc tions, 
volumetric or surface-rendered three-dimensional images 
can be useful (▶ Fig. 5.8). Multiplanar reformats and maxiu
mum intensity projection reconstructions have been shown 
to add accuracy.15 

5.5 Pediatric Specific Traumatic 
Findings 
Although children are susceptible to the common types of head 
trauma seen in adults, some entities are seen exclusively in chil
dren. Incomplete or bowing-type fractures are called “ping
pong” fractures, as they have been likened to a dented table 
tennis ball (▶ Fig. 5.9). 
Growing skull fractures (▶ Fig. 5.10) are rare complications 

that develop after fracture or transdural surgery in the younger 
patient population, usually in those younger than 3 years.16 Ap
proximately 1% of skull fracture cases will develop this compli-
cation.17 Also known as leptomeningeal cysts, they are thought 
to be due to transmission of cerebrospinal fluid (CSF) pulsations 
through a compromised dura.18 These can be purely cystic, 
containing only CSF, but often will contain herniated cerebral 

contents (pseudoencephalomeningocele).19 Underlying poren
cephaly or encephalomalacia is common. Depending on the ex
tent of calvarial coverage, these patients can have a growing 
hard lump or a soft lump, which may pulsate. These lumps will 
enlarge over time, and surgical treatment is required to repair 
the calvarial defect and underlying dural defect. 
A common confounder in the evaluation of young children 

with head trauma is the relatively common finding of enlarged 
extra axial CSF spaces, often seen during the evaluation of mac
rocephaly. A variety of terms have been applied to this finding 
or similar findings, the most prevalent being benign external 
hydrocephalus and subdural hygroma, despite the subarachnoid 
location.20 The hallmark features are children less than 3 years 
with enlargement of subarachnoid CSF spaces seen usually in 
the frontal and intrahemispheric areas. Bridging veins can be 
seen on MRI or high frequency cranial ultrasound if the fonta
nelle is open (▶ Fig. 5.11). The fluid should follow the density or 
signal of CSF on all imaging modalities. This condition can be 
idiopathic, acquired, or familial. Benign familial macrocephaly is 
an autosomal dominant condition in families with incomplete 
penetrance. There is debate in the literature regarding whether 
these children are prone to subdural hemorrhage with minor or 
even no known trauma.20,21 
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Fig. 5.10 This 5-month-old child was the victim of abusive head trauma at 2 months of age that resulted in a parietal skull fracture and parenchymal 
contusion (not shown). Follow-up axial noncontrast CT (a) shows an area of low-densit y encephalomalacia protruding through a prominent skull 
defect at the site of prior fracture. Surface-rendered three-dimensional image (b) shows the bone defect situated within the fracture line (
consistent with a leptomeningeal cyst and pseudomyelomeningocele. 

Fig. 5.11 (a) Axial noncontrast head computed 
tomography image in an infant being evaluated 
for macrocephaly. This shows prominent low-
density frontal fluid collections but no other 
abnormalit y. (b) T2 magnetic resonance 
shows vessels traversing this space, confirming 
them as subarachnoid. 

5.6 Abusive Head Trauma 
(Nonaccidental Head Injury) 
Child abuse is a leading cause of injury and death in young chil
dren in the United States, and growing recognition has led to 
the creation of Child Abuse Pediatrics as a U.S. board-certified 
specialty.22,23 In 2010, more than 120,000 children were physi
cally abused in the United States, and more than 1500 children 
died as a result.24–26 Most of the morbidity and mortality result
ing from abuse are due to head trauma.27,28 

A clinical suspicion from a referring provider may prompt an 
evaluation for nonaccidental trauma. An absent history, one 
that does not match the injuries, or a changing history can 
commonly be seen. On other occasions, findings on radiologic 
examination may be the first indication of abuse, and it is in
cumbent on the radiologist to alert the providers so that a full 
evaluation is undertaken. 
The biomechanics of abusive head trauma have been eval

uated using forensic, animal, and computer models. Controversy 

persists regarding exact trauma mechanisms and injury pattern. 
Whereas the exact form of abuse is often never known, shaking 
alone, shaking with impact, or direct blow should prompt eval
uation of all forms of injury.29–31 

No radiologic findings are pathognomonic for abusive head 
trauma, and imaging may be normal,32 but studies have shown 
that certain injury patterns are highly suspicious. Highly suspi
cious findings include subdural hemorrhages of different ages, 
cerebral ischemia, diffuse axonal injury, and retinal hemor
rhages. Any finding suggesting multiplicity of events should 
also raise suspicion. Almost every form of intracranial traumatic 
pathology has been described in abusive head trauma, including 
subdural, epidural, subarachnoid, and parenchymal hemor
rhage; ischemia; skull fracture; diffuse axonal injury; edema; 
contusion; and hydrocephalus; subdural hemorrhage is the 
most common.33–36 Skull fractures are more common in acci
dental trauma, although multiple, complex, or stellate skull frac
tures are often seen in the nonaccidental trauma (▶ Fig. 5.12). 
Ischemia in the setting of pediatric trauma is a poor prognostic 
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factor and is found significantly more commonly in abuse 
than in nonabuse cases.35,37 MRI may also identif y retinal 
hemorrhage, although this is an insensitive imaging finding 
(▶ Fig. 5.13).38 

When evaluating subdural hematomas, certain characteristics 
are more common in abuse. Multilayered hematomas or those of 
distinctly different ages are more specific for abuse (▶ Fig. 5.14). 
Intrahemispheric hematomas or those under the tentorium are 
more commonly seen in abuse, as are bilateral subdural hemato
mas and isolated chronic subdural hematomas.36,39,40 

Fig. 5.12 Surface-rendered three-dimensional image from a noncon
trast head CT in a 1-month-old infant with a complex skull fracture. 
Linear defects radiate from the central left parietal bone in a stellate 
pattern originating from the site of the injury. 

Radiologic mimics of abusive head trauma have been de
scribed. Hyperacute subdural hematomas are of mixed density 
because of incompletely clotted blood, but on follow-up, they 
homogenize within hours.41 Benign external hydrocephalus 
is commonly seen in nonabused young children, and these 
children may be more susceptible to spontaneous subdural 
hemorrhage or hemorrhage with minor accidental trauma.42,43 

Glutaric aciduria and other metabolic and congenital conditions 
also predispose to subdural hematoma.41,44,45 Birth-related 
intracranial hemorrhage can be seen, usually resolving by 4 
weeks of age.28 A more complete list of potential mimics is 
beyond the scope of this text. Given the potentially devastat
ing outcome of abuse, and the relative rarity of seeing the al
ternative pathology, it is recommended that a full evaluation 
be performed, ruling out potential mimics of abusive trauma 
as clinically indicated. 

arrow

Fig. 5.13 Gradient echo image from a magnetic resonance image in a 
5-week-old victim of abusive head trauma and retinal hemorrhages on 
ophthalmologic examination. Subtle low-intensit y foci of retinal 
contour abnormalit y ( ) suggest retinal hemorrhage. 

Fig. 5.14 Images from a 5-month-old victim of abusive head trauma. (a) Axial noncontrast head computed tomography shows bilateral subdural fluid 
collections of different densities suggesting different stages of evolution. (b) T2 magnetic resonance image (MRI) showing layering blood products in 
the left frontal subdural space and significant right subdural fluid. (c) Gradient echo MRI again shows the left layering blood products, along with low-
density material coating the dura on the right consistent with older blood products and hemosiderin. 
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Fig. 5.15 (a) Lateral radiograph of a newborn with significant calvarial 
deformity showing prominent posterior soft tissue swelling after a 
prolonged vaginal birth, consistent with caput succedaneum. (b) 
Sagittal T1 magnetic resonance imaging (MRI) showing simple scalp 
fluid. The MRI was performed to evaluate for hypoxic brain injury. 

5.7 Birth Trauma 
Trauma to the head is rare in the setting of a normal delivery. A 
difficult delivery can lead to extreme maneuvers to deliver the 
child, and the risk of head trauma is increased.46 The cephalo
hematoma and the more serious subgaleal hematoma can be 
seen, mimicking the more frequent and benign atraumatic ca
put succedaneum. Differentiating between these entities is usu
ally done by physical examination, but in equivocal cases imag
ing may be required. 
Caput succedaneum is a serosanguineous scalp infiltrate or 

fluid collection seen most commonly as a result of prolonged 
pressure on the presenting portion of the infant’s head against 
a dilated cervix (▶ Fig. 5.15). It crosses suture lines and resolves 
within days, usually without sequelae, although occasionally 
hair loss and skin necrosis are seen.47 

A cephalohematoma is the most common form of birth trau
ma (▶ Fig. 5.16).48 A subperiosteal collection of blood is bound 
by the relatively tight connection between bone and perios
teum; on examination, it is firm and respects suture bounda
ries. This limits the size of the hematoma, and large volumes 
are rare. These usually resolve without sequelae, but a minority 
will calcify or become incorporated into the underlying bone 
with subsequent mild deformity (▶ Fig. 5.17). Rarely, these be
come infected, leading to abscess and osteomyelitis.49 

The subgaleal space is a potential space with the capacity to 
allow a hemodynamically significant amount of blood to collect, 
not bound by sutures (▶ Fig. 5.18). Hypotension, shock, and 
death can result. These are associated with vacuum extraction 
devices50 and are more often seen with larger infants and pri
miparous mothers. In addition to hematomas, even more rare 
complications of vacuum extraction have been described, such 
as iatrogenic encephaloceles.51 

Intracranial hemorrhages have been described after deliv
eries; these are generally small and resolve without sequelae. 
These are significantly more common after vaginal delivery 
compared with cesarean delivery and are seen in up to 26% of 
births.52 

5.8 Mild Traumatic Brain Injury 
Mild traumatic brain injury (mTBI), often used synonymously 
with concussion, is defined as blunt trauma with or without 
transient loss of consciousness. The neurologic examination is 
normal, and GCS is 15, but mild cognitive and psychological 

Fig. 5.16 T2-weighted (a) and gradient echo (b) 
magnetic resonance images from newborn after 
traumatic birth show hypointense scalp fluid 
collections consistent with subperiosteal blood in 
cephalohematoma. 
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distribution 
dimensional 

Fig. 5.17 Noncontrast computed tomographic 
images in a 1-month-old infant with a bump on 
the back of the head and history of cephalohe
matoma. Axial image (a) shows a rim calcified 
collection in the left parietal area. The size and 

are well demonstrated on the three-
surface-rendered images (b). 

Fig. 5.18 Axial image from a noncontrast head computed tomography 
in a 12-hour-old newborn after cardiopulmonar y arrest and resuscita
tion, with subsequent fatal hypoxic brain injury. The patient was born 
after lengthy vacuum-assisted delivery. A large heterogeneously dense 
fluid collection was seen around the vertex not respecting suture 
boundaries consistent with subgaleal hemorrhage 

deficits can be present and persistent over time, especially in 
the setting of repetitive trauma. This type of injury is being 
increasingly recognized as a major health issue in the pediatric 
population.53,54 In children, bicycle falls, sports, and motor-ve-
hicle collisions (after 15 years old) are the most common 
causes.55,56 If patients with mTBI seek medical care, they often 
will not undergo neuroimaging, as most modalities are insensi
tive to any pathology. 
Pediatric studies are lacking, but some adult studies have 

shown, with higher-field-strength MRI (1.5 teslas (T) and high
er), a minority of patients with a history of concussion have de
tectable injury, usually taking the form of microhemorrhages in 
the setting of diffuse axonal injury (▶ Fig. 5.6).14 

Diffusion tensor imaging to evaluate decreased regional frac
tional anisotropy has recently been studied as a way of quanti
fying white matter changes associated with concussions, but its 
clinical application is not yet defined.57,58 

5.9 Prognostic Importance of the 
Initial Head CT 
Associations exist between findings on the initial head CT in 
the trauma setting and quality of life after the injury. The most 
important prognostic findings that lead to decreased quality of 
life were effacement of the basal cisterns, intraventricular hem
orrhage, parenchymal injury, midline shift greater than 5mm, 
and the presence of subdural hematomas thicker than 3mm.13 

These characteristics are similar but not identical to outcomes 
shown to predict poor outcomes in adults.59 

5.10 Conclusion 
Pediatric head trauma is a major cause of morbidity and mor
tality with distinct epidemiologic factors, clinical characteris
tics, and imaging features compared with adult populations. 
The differences in clinical presentation have necessitated the 
development and validation of criteria for acute neuroimaging 
specific to children. Traumatic head injury imaging findings are 
often similar to those seen in adults; however, there are entities 
that are unique to young patients of which the radiologist must 
be aware. 
Recognition of common birth-related intracranial and extrac

ranial injuries will help guide the radiologist and clinician to 
proper treatment and follow-up. Knowledge of the clinical sce
nario, including the birth history, is important, particularly if 
abuse is suspected. Although accidental and abusive head trau
mas have overlapping imaging features, certain findings may di
rect strongly toward one cause. Although no single finding is 
100% specific for abuse, multiple complex skull fractures, subdur
al hemorrhages of different stages, and a history that does not fit 
with the imaging findings should prompt further evaluation. 
There is increasing awareness of radiation’s effects on chil

dren, and monitoring radiation doses is important. New CT 

54 



978 

Pediatric Head Trauma 

technology will likely reduce but not eliminate this concern in 
the future. This concern should not deter from rapid imaging in 
the trauma setting given the significant value of information to 
be gained. An initial early head CT in the setting of trauma 
allows appropriate triage and resuscitation direction, defines 
the extent of injury, and also gives important prognostic infor
mation about eventual quality of life. MRI is increasingly impor
tant for neurologic evaluation, but the lengthy examination, 
sedation requirement, and relative difficulty of access can be 
prohibitive. 
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6.1 Introduction 
As described in earlier chapters of this book, traumatic brain in
jury (TBI) is a major problem in the United States, with 1.5 mil
lion head injuries occurring every year. Furthermore, it results 
in 52,000 deaths per year,1 with a preponderance of cases oc
curring in children and younger adults. As a leading cause of 
death and disability in this younger population, TBI results in a 
major expense to society. Reducing the degree of disability can 
have a significant financial impact, reducing both health care 
costs and resulting in an earlier return to the work. In the past, 
there was a lack of enthusiasm by many surgeons for operative 
treatment of TBI, as many believed prognosis was dictated by 
the inciting incident. An overall lack of high-quality, controlled 
research in the subject likely contributed to this pessimistic 
view. However, more recent data have shown that the mor
tality rate is significantly reduced at centers with aggressive 
treatment for TBI.2 An extensive literature review led to the 
third edition of the “Guidelines for the Surgical Management 
of Traumatic Brain Injury” in 2006, a joint venture between 
the Brain Trauma Foundation and the Congress of Neurologi
cal Surgeons, which helped outline indications for surgical in
tervention of TBI.3 

Given the impact of aggressive treatment and early interven
tion on the morbidity and mortality rates of TBI, it is paramount 
that radiologists are familiar with indications for surgery, com
mon surgical interventions, expected postsurgical appearance, 
and potential complications. The radiology literature focusing 
on postoperative imaging for TBI patients is scarce. In this chap
ter, we summarize the imaging findings of various surgical in
terventions and the expected and unexpected imaging findings 
of which radiologists, intensive care specialists, or surgeons 
must be aware. 

6.2 Intracranial Pressure Monitors 
and External Ventricular Drains 
Although some patients with moderate or severe TBI are rushed 
immediately to the operating room, many others will first 
undergo a trial of nonoperative management, which may in
clude bedside placement of intracranial pressure (ICP) monitors 
or ventriculostomy catheters. ICP monitor placement is usually 
indicated for TBI patients with a Glasgow Coma Score (GCS) of 
less than 8 (i.e., patients who are comatose after their initial in
jury). They are also placed in patients with a more mildly de
creased score (9–12) who may be undergoing procedures that 
have the potential to affect the ICP.4 Placement can be done at 
the bedside in the intensive care unit, and they are usually in
serted via a transfrontal approach after burr hole placement 
(▶ Fig. 6.1). Intraparenchymal hemorrhage at the insertion site 
is a fairly common occurrence (▶ Fig. 6.2), seen in almost 10% of 
patients at the authors’ institution.4 

An external ventricular drain (EVD), or ventriculostomy cath
eter, can also measure ICP but has the advantage of also being 
able to lower ICP if necessary by draining off cerebrospinal fluid 

(CSF). An EVD can be placed at the bedside or in the operating 
room as part of a more extensive procedure. An EVD is most 
commonly placed via a transfrontal approach, entering the ven
tricular system at the frontal horn of the lateral ventricle and 
terminating midline near the foramen of Monro (▶ Fig. 6.3). 
However, placement can be complicated by concomitant intra
cranial injuries, as midline shift related to intracranial mass ef
fect may be present, or the ventricles may be slit-like as a result 
of cerebral edema or swelling.2 Follow-up computed tomo
graphic examinations should be evaluated for evidence of hem
orrhage along the catheter tract (▶ Fig. 6.4) or for suboptimal 
catheter tract placement (▶ Fig. 6.5), both possible complica
tions to the procedure. 

6.3 Subdural Hematomas 
Acute subdural hematoma (aSDH) is one of the most common 
reasons for a TBI patient to undergo surgical intervention. Acute 
subdural bleeds warrant surgical intervention when they are 
larger than 10 mm thick or cause more than 5mm of midline 
shift.2 For purely aSDHs, surgical intervention typically involves 
craniotomy for evacuation. As aSDH often extends over much of 
one hemisphere, large frontotemporoparietal craniotomies are 
typically performed for evacuation. Imaging after successful 
surgery typically shows a significant reduction in the size of the 
collection and adjacent mass effect, with some expected post
craniotomy changes, including gas, fluid, and a small amount of 
blood products at the craniotomy site (▶ Fig. 6.6).5,6 

Treatment of chronic SDHs, as well as acute on chronic SDHs, 
can be somewhat more complicated. Conservative management 
may be used for patients with asymptomatic collections with 
little adjacent mass effect.2 Given that chronic SDHs often occur 
in an older population in whom diffuse cerebral volume loss is 
more prevalent, even moderate-sized collections can have little 
mass effect on the adjacent brain parenchyma. When treatment 
is warranted, burr hole drainage is often the first step. Typically, 
two burr holes are created over the thickest part of the collec
tion, and a drainage catheter is often left temporarily in place. 
Early imaging often shows only a mild reduction in collection 
size, with gas replacing some of the previously seen fluid. Com
plete resolution of the collection and adjacent mass effect often 
takes weeks to months (▶ Fig. 6.7). For collections that con
tinue to recur after drainage, or for particularly large chronic 
SDHs, craniotomy may be used, similar to that done for 
aSDHs.2 In these cases, prior burr holes may be incorporated 
into the craniotomy. 
When evaluating postoperative imaging studies after either 

acute or chronic SDH evacuation, attention should be given to 
rebleeding, which can appear as either an increase in size of 
the collection or increase in collection density (▶ Fig. 6.8; 
▶ Fig. 6.9). Reducing the collection and adjacent mass effect can 
result in blossoming of other intracranial injuries, such as pa
renchymal contusions and contralateral subdural collections, 
and follow-up imaging may demonstrate interval enlargement 
(▶ Fig. 6.10; ▶ Fig. 6.11). 
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Fig. 6.1 Normal intracranial pressure (ICP) monitor placement. (a,b) Lateral and frontal computed tomographic scout images show the ICP monitor 
entering in the right frontal region. (c,d) Sequential noncontrast CT images in the same patient show a right frontal approach ICP monitor terminating 
in the frontal lobe. Parafalcine subdural hematoma is also noted. 

Tension pneumocephalus can also occur, as with cranioto
mies for any reason. In this situation, a large amount of gas col
lects in the subdural space, compressing the adjacent frontal 
lobes and causing increased prominence to the interhemispher
ic fissure, sometimes referred to as the “Mount Fuji” sign 
(▶ Fig. 6.12).7,8 Although often asymptomatic, significant pneu
mocephalus, particularly tension pneumocephalus, may lead to 
clinical deterioration and is potentially life threatening if un
treated. Clinically significant tension pneumocephalus is 
treated with immediate surgical decompression.9 

6.4 Epidural Hemorrhages 
Epidural hematomas are less common than SDHs after TBI, 
although prompt identif ication of the abnormality is crucial, as 
studies have shown surgical evacuation to be cost-effective in 
regard to survival and quality of life.10 It is often helpful to con
vey three-dimensional measurements of an acute epidural 
hematoma (aEDH) in a radiologic report, as an aEDH volume of 
greater than 30 mL is one indication for surgery.2 Location is 
also key, as middle cranial fossa collections can compress the 
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brainstem at sizes smaller than 30 mL, leading to lower cutoff
criteria for surgical intervention.11,12 Other factors that are con
sidered include the GCS score, associated mass effect and mid
line shift, and associated injuries. Up to half of aEDHs treated 
surgically will have a concomitant intracranial hemorrhage 
(ICH).3 

Surgical intervention for an isolated aEDH typically involves a 
more limited craniotomy compared with aSDH. Often a pro
nounced decrease in mass effect is seen on immediate postope
rative CT studies (▶ Fig. 6.13). As many aEDH are associated 

Fig. 6.2 Axial computed tomography image shows extensive edema 
and a small amount of hemorrhage surrounding a right frontal 
approach intracranial pressure monitor. 

with calvarial fractures, elevation and fixation of depressed 
skull fractures will sometimes be performed at surgery 
(▶ Fig. 6.14). As concomitant injuries are rather common in the 
setting of aEDH, close attention to follow-up studies for blos
soming of other ICHs, such as parenchymal contusions 
(▶ Fig. 6.15), is vital. 

6.5 Parenchymal Hematomas 
Although contusional intraparenchymal hematomas are com
mon in patients after a severe TBI, most are treated nonopera
tively. The decision to proceed to surgery may be multifactorial, 
although common indications include large contusions (> 50 
mL), smaller lesions with associated cisternal compression or 
midline shift greater than 5mm, neurologic deterioration, and 
increased ICP refractory to medical management.2 Compared 
with aEDH and aSDH, parenchymal contusions have a greater 
propensity to worsen in the first few days after a traumatic in
jury or to develop in an area that was previously normal on 
imaging. This is especially true after surgical intervention for 
another ICH, where surgical decompression can reduce adja
cent mass effect (and associated tamponade of hemorrhage), 
allowing a parenchymal contusion to enlarge or “blossom”

(▶ Fig. 6.11; ▶ Fig. 6.15; ▶ Fig. 6.16). 
Some patients are more susceptible to rebleeding, also called 

progressive hemorrhagic injury (PHI), and these patients may 
warrant closer postoperative monitoring or imaging.13 A list of 
risk factors for rebleeding/PHI follows: 
● Coagulopathy 
○ Therapeutic anticoagulation 
○ Liver disease 
○ Thrombocytopenia 
○ Elevated prothrombin time/international normalized ratio, 
partial thromboplastin time, or D-dimer 

● Higher-grade initial injuries: 
○ Intra-a xial hematomas (as opposed to aSDH/aEDH) 
○ Midline shift 
○ Decreased GCS 
○ Nonreactive pupils 

● Older age (i.e., > 57 years old) 
● Elevated blood glucose 

Fig. 6.3 Normal external ventricular drain place
ment. (a,b) Sequential noncontrast computed 
tomography shows a right frontal approach 
intracranial pressure monitor traversing the 
frontal horn of the right lateral ventricle, termi
nating near the foramen of Monro. 
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Given the degree of cerebral swelling associated with parenchy
mal hematomas warranting operative management, surgical 
intervention typically involves a decompressive craniectomy 
(▶ Fig. 6.16; ▶ Fig. 6.17). The goal of a decompressive craniec
tomy is to allow the brain to swell, herniating out of the 
craniectomy defect if needed, without concomitant elevated 

Fig. 6.4 Axial computed tomographic image shows a large amount of 
edema and hemorrhage surrounding a right frontal approach external 
ventricular drain in an area that was previously normal by imaging. 
Hemorrhage extends into the right lateral ventricle. The patient was 
status postsuboccipital craniectomy for hematoma evacuation. 

ICP and the associated complications of brain herniation or 
ischemia. 
The location and size of the craniectomy will depend on the 

location and size of the original hematoma and associated inju
ries. The bone flap is then stored for later replacement once cer
ebral swelling has decreased. If the bone flap is unsuitable for 
reimplantation, a prosthetic flap may also be used. 
Posterior fossa hematomas create a unique situation. These 

injuries are relatively uncommon, usually a result of direct trau
ma to the occipital region, and can be asymptomatic early, with 

Fig. 6.5 In a patient status postdecompressive right craniectomy, there 
is suboptimal placement of a left frontal approach external ventricular 
drain, with the tip terminating in the left thalamus. 

cra

Fig. 6.6 Acute subdural hematoma (aSDH) evac
uation by craniotomy. (a) Preoperative computed 
tomography shows a very large, predominately 
right frontal aSDH causing marked adjacent mass 
effect on the right cerebral hemisphere and right 
lateral ventricle, resulting in subfalcine herniation. 
(b) Immediately after aSDH evacuation by 
niotomy, mass effect and leftward midline shift 
are markedly improved. Expected postsurgical 
changes include extra-axial gas, fluid, and mini
mal residual blood products at the craniotomy 
site. 
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Fig. 6.8 Rebleeding following craniotomy for 
SDH evacuation. (a) Postcraniotomy computed 
tomography (CT) shows a small residual right 
holohemispheric SDH with expected postopera
tive gas. A drain was left in place. (b) Follow-up 
CT shows little change in size to the residual 
collection, although the collection is now hyper-
dense, suggestive of rebleeding. 

Fig. 6.7 Chronic subdural hematoma (SDH) with 
delayed improvement post burr hole drainage. 
(a) Presenting computed tomography shows a 
small-to-moderate sized chronic right holohemi
spheric SDH, with only mild adjacent mass effect 
given the underlying volume loss. (b) Immedi
ately after Burr hole placement, the collection is 
only mildly decreased in size, with some of the 
hypodense fluid replaced by gas. A drain was left 
in the collection. (c) Follow-up head computed 
tomography performed 6 weeks later shows 
complete resolution of the SDH. 

a risk of slow progression. With time, mass effect on the fourth 
ventricle resulting in obstructive hydrocephalus and compres
sion of the brainstem can result in a delayed rapid clinical 
decline. Indications for surgery include a hematoma with mass 
effect on the fourth ventricle, cisternal effacement, obstructive 
hydrocephalus, or clinical decline.2 

Posterior fossa bleeds are often first treated with EVD place
ment, although there should be attention on subsequent CT 
examinations for any evidence of ascending transtentorial 
herniation, as these patients are at risk. Posterior fossa paren
chymal hematomas are typically treated by decompressive sub
occipital craniectomies (▶ Fig. 6.18), often with a fairly wide 
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Fig. 6.9 Rebleeding following Burr hole place
ment for SDH evacuation. (a) Post burr hole 
placement CT shows a residual right subdural 
collection containing gas, fluid, and blood prod
ucts. (b) Follow-up CT shows that the collection 
has increased in size, with more hyperdense 
blood products, consistent with rebleeding. 
Adjacent mass effect has also slightly increased. 

Fig. 6.10 Contralateral subdural hematoma 
(SDH) enlargement after burr hole placement. (a) 
Initial computed tomography (CT) scan shows an 
isodense right SDH with associated mass effect 
and leftward midline shift. (b) CT performed 
immediately following right Burr hole placement 
shows marked reduction in right SDH and 
associated mass effect, although a contralateral 
aSDH has developed. 

bone flap removed given the propensity of these injures to 
result in marked swelling. 

6.6 Frontal Sinus Injuries 
Traumatic injuries to the frontal sinuses, especially those in
volving both the inner and outer tables, are particularly prone 
to developing infectious complications, often in a delayed fash-
ion.14 Because of this risk, these fractures are often treated sur
gically with frontal sinus cranialization. For this procedure, the 
inner table of the frontal sinus is completely removed, the re
maining sinus mucosa is removed (stripped) or cauterized, and 
outer table fractures are fixed with plates and screws 
(▶ Fig. 6.19). Sometimes the remaining defect is filled with au
togenous fat, which may be visualized by imaging. 
On subsequent images, it is important to evaluate for compli

cations of infection or mucocele formation. Mucoceles can form 
when there is incomplete removal of the frontal sinus mucosa. 
Because the frontal sinus ostia are intentionally obstructed as 
part of this procedure to block communication between the in
tracranial compartment and the paranasal sinuses, residual mu
cosa may lead to the development of a mucocele. 

Another potential complication of cranialization of the frontal 
sinus is CSF leak, which may manifest as persistent fluid in the 
paranasal sinuses with the appropriate clinical history of a salty 
taste in the mouth or fluid leaking from the nose. Alternatively, 
persistent communication of the intracranial compartment 
with the paranasal sinsuses may manifest as pneumocephalus. 

6.7 Delayed Postoperative 
Complications 
As mentioned earlier in this chapter, imaging studies after sur
gery for TBI should be evaluated for evidence of rebleeding, 
evolving mass effect, and any postsurgical complications. TBI 
patients who undergo surgery should also be closely observed 
for any signs of infection, as several factors can increase the risk 
of infection in this population relative to patients who undergo 
craniotomy or craniectomy for other reasons. Risk factors for in
fection include penetrating injuries, urgent or emergent sur
geries, delayed cranioplasty, and larger bone flaps.9 Infection 
can involve the brain parenchyma, the extra-axial space, or the 
bone flap. As with parenchymal infections from any cause, 
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“T-top”

Fig. 6.11 Blossoming contusion after subdural 
hematoma (SDH) evacuation. (a) In a 23-year-old 
man status post 30-foot fall, there are bilateral 
holohemispheric hematomas with adjacent mass 
effect. (b) Scout image from follow-up computed 
tomography (CT) scan shows the patient has 
undergone interval bilateral craniecto 
mies. (c) Follow-up CT shows evacuation of 
subdural collections with blossoming of a left 
frontal lobe contusion. 

Fig. 6.12 Tension pneumocephalus. (a) Present
ing computed tomography shows a right acute 
subdural hematoma (SDH) with adjacent mass 
effect. (b) After right craniotomy for SDH 
evacuation, there is a large amount of pneumo
cephalus compressing the bilateral frontal lobes, 
concerning for tension pneumocephalus. The 
patient was treated nonoperatively. 

imaging signs include enhancement (particularly rim enhance- abnormality. It should also be noted that hematomas can 
ment), associated vasogenic edema, and evidence of restricted become superinfected, with the blood products providing a 
diffusion on magnetic resonance imaging (▶ Fig. 6.20). Of note, nutrient rich medium for microorganisms. 
enhancement after TBI must be put in the context of the clinical The craniotomy bone flap is also prone to infection, as this 
situation, as an evolving, noninfected hematoma can show en- bone is devascularized. Lytic changes to the bone flap can sug
hancement, even rim enhancement, as well as diffusion signal gest osteomyelitis; however, this too must be put in context of 
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reduced. 

Fig. 6.13 Acute epidural hematoma (aEDH) with 
evacuation. (a) Initial computed tomography 
shows a right frontal aEDH with adjacent mass 
effect. An associated nondisplaced frontal bone 
fracture is visible. (b) Immediately after surgery, 
there is complete evacuation of the hematoma 
with expected minimal postoperative gas and 
fluid. Adjacent mass effect has dramatically 

Fig. 6.14 Acute epidural hematoma (aEDH) with 
depressed skull fracture. (a,b) Presenting com
puted tomography (CT) shows a relatively small 
right frontoparietal aEDH with an associated 
depressed calvarial fracture. (c,d) Postoperative 
CT shows evacuation of the hematoma with 
elevation and fixation of the calvarial fracture. 
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Fig. 6.15 Acute epidural hematoma (aEDH) with 
blossoming contusion following decompression. 
(a) Preoperative computed tomography (CT) 
shows an aEDH in the left temporal region. In the 
right temporal lobe, there is a suggestion of a 
small amount of blood, raising concern for a 
contrecoup contusion. (b) After evacuation of the 
left temporal region aEDH, marked blossoming of 
the right temporal hemorrhagic contusion has 
occurred. 

Fig. 6.16 Growing contusion after subdural 
hematoma (SDH) evacuation. (a) Initial com
puted tomography (CT) shows a holohemispheric 
right aSDH and right frontal hemorrhagic con
tusion. (b) After decompressive craniectomy and 
evacuation of the aSDH, marked enlargement of 
the right frontal contusion and mass effect are 
seen, necessitating an immediate return trip to 
the operating room. (c) The right frontal hema
toma was evacuated in the second operation, 
with expected gas in the evacuation cavity. 
Adjacent mass effect is minimally affected. 
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Fig. 6.18 Posterior fossa parenchymal hemato
ma. (a) This pediatric patient incurred direct 
occipital trauma from a television. Noncontrast 
computed tomography shows a cerebellar hem
orrhagic contusion and extra axial blood, with 
displaced occipital bone fracture (inset image). 
(b) The patient underwent suboccipital decom
pression with hematoma evacuation. 

Fig. 6.17 Decompressive craniectomy for left 
frontotemporal contusion. (a) Initial computed 
tomography (CT) shows a large left frontotem
poral hemorrhagic contusion with adjacent mass 
effect and diffuse sulcal and cisternal effacement. 
The patient was brought to the operating room 
for a decompressive craniectomy and hematoma 
evacuation. (b) Immediate postoperative CT 
shows rapid reaccumulation of hemorrhage. The 
patient was brought back to the operating room 
for repeat evacuation. (c) Delayed follow-up CT 
shows expected postoperative gas in the evacu
ation cavity. Significant improvement is noted in 
the previously seen cisternal and sulcal efface
ment with less adjacent mass effect. 

the clinical scenario, as bone resorption can occur in the ab
sence of infection (▶ Fig. 6.21). Patients with bone flap infection 
usually have evidence on physical examination of an overlying 
skin infection. In one recent series of patients who underwent 
cranioplasty after decompressive craniectomy, 11.6% of patients 
required subsequent removal of the bone flap because of infec

tion, and 7.2% of patients required flap augmentation for exten
sive flap bone resorption without infection.15 

Another potential complication that can occur days to weeks 
after surgery for TBI is the development of excess extraventricu
lar CSF, sometimes referred to as external hydrocephalus.16 Ex
ternal hydrocephalus is more commonly discussed in pediatric 

66 



Postoperative Imaging of Traumatic Brain Injury 

imaging 
l 

courses 

spp. 

Fig. 6.19 Frontal sinus injury with subsequent cranialization. (a) Presenting maxillofacial computed tomography shows comminuted fractures 
involving the inner and outer tables of the frontal sinus with mild displacement of some fracture fragments. (b) The patient underwent frontal sinus 
cranialization, with removal of inner table bone and fixation of fragments with plates and screws. 

Fig. 6.20 Multiple abscesses following trauma. 
(a) Noncontrast head computed tomography 
(CT) at initial assessment shows a right temporal 
acute subdural hematoma (aSDH) as well as a 
frontal lobe contusion (inset image). (b) Post-
contrast CT performed several weeks later after a 
decompressive right craniectomy shows multiple 
rim-enhancing collections, including in the region 
of the previously seen right frontal hematoma 
(inset image). White blood cell count showed a 
significant leukocytosis, and the patient was 
febrile. (c) Axial T2 magnetic resonance 
of the brain at the leve of the previously seen 
right frontal hematoma shows a lesion with 
central hyperintensit y, a T2 hypointense rim, and 
surrounding edema. Diffusion-weighted images 
(upper right inset) and apparent diffusion coef
ficient map (lower right inset) show evidence of 
restricted diffusion. Cultures of the collections 
were inconclusive, possibly related to multiple 

of antibiotics prior to surgical sampling, 
although polymerase chain reaction showed 
evidence of Mycoplasma 
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Fig. 6.21 Bone flap resorption. (a) Early postoperative 
computed tomography (CT) demonstrates an intact 
autologous cranioplasty. The patient previously had a 
decompressive craniectomy for an acute subdural 
hematoma related to an assault. (b,c) Follow-up CT 8 
months later shows marked resorption of the bone 
flap. There was clinically no evidence of infection, and 
the soft tissue window shows no secondary signs, such 
as scalp soft tissue swelling or fluid collections. 

Fig. 6.22 External hydrocephalus. (a) Early post
operative computed tomography demonstrates 
evolving contusions after right frontotemporal 
decompressive craniectomy. (b) Several weeks 
later, the contusions have evolved and are no 
longer hyperdense, but bilateral cerebrospinal 
fluid density extra-axial fluid collections have 
developed, with the left-sided collection causing 
mass effect and midline shift. 
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patients, but it can also occur in adults after trauma. In this situ
ation, blood products can impair the resorption of CSF by arach
noid villi, and excess CSF accumulates predominately in the ex
traventricular space (▶ Fig. 6.22). The collections can be symp
tomatic and are related to adjacent mass effect. 

6.8 Conclusion 
Evaluating and caring for patients following surgery for TBI are 
complex issues, and clinicians depend on imaging studies when 
formulating care strategies. It is imperative that radiologists 
who practice in a trauma setting be familiar with the common 
indications for surgical management, as discussed in this chap
ter, to appropriately alert clinicians. Knowledge of the common 
surgeries, their expected postoperative appearances, and pos
sible complications are also crucial. Placing these findings in 
context with the patient’s clinical status is also important, par
ticularly when infection is considered a possibility. Keeping 
these concepts in mind will help improve imaging interpreta
tion to the many TBI patients in the postoperative setting. 
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7 Blunt Cerebrovascular Injury 
Carrie P. Marder and Kathleen R. Fink 

7.1 Mechanisms of Vascular Injury 
Penetrating trauma is the most common mechanism for cere
brovascular injury, but injuries to the carotid or vertebral ar
teries from nonpenetrating trauma are more common than 
previously suspected, with a reported incidence of approxi
mately 1% among those admitted to the hospital for blunt trau-
ma.1,2 The rate of blunt cerebrovascular injury (BCVI) increases 
with the use of more liberal screening criteria and more sensi
tive imaging tests,3 indicating there are unrecognized, asympto
matic cases. 
Mechanisms of blunt carotid artery injury include direct 

blows to the neck, intraoral trauma, skull-base fractures involv
ing the carotid canal, severe hyperextension of the neck with 
contralateral rotation, and hyperf lexion.4,5 The distal extracra
nial portion of the internal carotid artery is particularly vulner
able to injury during extremes of head motion as a result of 
stretching of the carotid artery over the lateral masses of C1–C3 
or compression between the angle of the mandible and upper 
cervical spine.4 

Mechanisms of blunt vertebral artery injury include cervi
cal spinal subluxation, fractures— especially those involving 
the transverse foramen—and stretch-type injuries caused by 
lateral bending and axial rotation.6,7 Motor-vehicle accidents, 
hanging, strangulation, falls from a height, and sports ac
cidents are frequent causes of BCVI, but injuries also occur in 
association with seemingly minor trauma, such as chiroprac

tic manipulations. It is controversial whether cerebrovascu
lar injuries occurring with minor trauma are best classified 
as BCVI or whether these injuries represent part of a spec
trum of “spontaneous” cervical artery dissections that may 
have a different underlying pathophysiology.8 Additionally, 
gunshot wounds, although typically associated with pene
trating vascular injuries, may also cause BCVI at sites remote 
from the bullet tract, presumably secondar y to extreme neck 
movements.9 

7.2 Rationale for Screening 
Cerebrovascular injuries from blunt trauma are more common 
than once suspected, and the outcomes are frequently devastat
ing, with a high risk of stroke and associated morbidity and 
mortality. Many patients with BCVI are initially asymptomatic, 
but platelet aggregation and thrombosis at the site of an intimal 
injury can lead to thromboembolic stroke after a delay of hours 
to days,10 or even months to years.5,11 Accumulating class II and 
class III evidence indicates that early institution of anticoagu
lant or antiplatelet therapy reduces the risk of stroke in asymp
tomatic patients with BCVI and improves neurologic outcomes 
in symptomatic patients.12–16 Accordingly, it is crucial to identi
fy those patients at high risk for clinically occult BCVI who 
can be screened with vascular imaging and treated before 
they develop strokes. 

▶Fig. 7.1 Schematic depicting Denver Grading Scale for blunt cerebrovascular injury (see Table 7.1 for description). 
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Description 

I or 

II or or 
≥

III 

IV l 

V or 

Table 7.1 The Denver Grading Scale for blunt cerebrovascular injury 

Injury Grade 

Vessel wall irregularit y dissection/intramural hemato
ma with < 25% luminal stenosis 

Intraluminal thrombus raised intimal flap dissection/ 
intramural hematoma with 25% luminal stenosis 

Pseudoaneur ysm 

Occlusion of a vesse

Vessel transection with free contrast extravasation 
hemodynamically significant arteriovenous fistula 

7.3 Indications for Vascular 
Imaging in Blunt Trauma 
Blunt trauma victims require vascular imaging when they have 
signs or symptoms of BCVI or when they have high risk factors 
for BCVI, based on the mechanism of injury or associated injury 
patterns. 

7.3.1 Signs and Symptoms 
Trauma patients with signs or symptoms attributable to BCVI 
require emergent diagnostic imaging and prompt treatment 
of hemorrhages or strokes. Signs and symptoms of BCVI in
clude the following: (1) hemorrhage from the mouth, nose, 
ears, or face of potential arterial origin; (2) large or expanding 
cervical hematoma; (3) cervical bruit in a patient under age 
50; (4) unexplained focal or lateralizing neurologic deficit, in
cluding hemiparesis, transient ischemic attack, vertebrobasilar 
insufficiency, or Horner syndrome; (5) acute infarct on com
puted tomography (CT) or magnetic resonance imaging (MRI); 
and 6) any neurologic deficit inconsistent with CT or MRI 
findings.17 

7.3.2 Risk Factors 
Relatively inclusive indications for screening of asymptomatic 
patients were established by the Denver group to identify a 
larger number of at-risk patients.13,17–19 The Denver Imaging 
Criteria are based on injury mechanisms combined with high-
risk radiologic or physical examination findings. 
These criteria include an injury mechanism capable of pro

ducing severe cervical hyperextension with rotation or hy
perflexion associated with any of the following: complex 
mandibular fractures, displaced Le Fort type II or III midface 
fractures, skull-base fractures involving the carotid canal, 
closed head injuries with diffuse axonal injury and low GCS 
score, cervical subluxations or fractures extending to the 
transverse foramen, any fracture at C1–C3, near-hanging re
sulting in cerebral anoxia, and seat-belt abrasions with severe 
swelling or altered mental status. The definition of complex 
mandible fracture has not been clarified. 

Grade I 

(arrowhead
l – arrow

head

Fig. 7.2 injuries. (a) Left proximal internal carotid artery focal 
smooth narrowing of less than 25% just distal to the carotid bulb 

). No visible intimal flap or pseudoaneur ysm. (b) Right 
vertebral artery focal wall irregularit y at the leve of C6 C7 (

), without stenosis, intimal flap, or pseudoaneur ysm. 

Subsequent logistic regression analysis identified four inde
pendent predictors of carotid artery injury: (1) GCS of 6 or low
er, (2) petrous temporal bone fracture, (3) diffuse axonal injury, 
and (4) Le Fort II or III fractures.19 A similar analysis showed 
cervical spine fractures to be an independent predictor of verte
bral artery injury.19 These “high-risk” factors constitute a more 
restrictive core set of screening criteria, but approximately 20% 
of the patients screened using the more liberal preceding crite
ria had none of the independent risk factors. Additionally, a 
substantial number of cerebrovascular injuries occur in pa
tients who have no associated injuries or classic risk factors 
and are diagnosed either incidentally or because screening 
was performed based on clinical suspicion of injury.18–22 
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arrow
arrowhead 

Fig. 7.3 Grade II injuries. (a) Right proximal internal carotid artery long-segment wall irregularit y with narrowing of 50% (bracket). (b) Right vertebral 
artery focal-wall irregularit y with narrowing of 40% ( ). (c) Right vertebral artery focal-wall irregularit y with less than 25% narrowing but with a 
small visible intimal flap, ( and enlarged, inset). 

Accordingly, continued use of broad screening criteria is 
likely justified to prevent missing treatable injuries. 
Because screening is now usually performed noninvasively 

using CT angiography (CTA), some favor using even broader 
screening criteria. In patients with an appropriate mechanism 
of injury, additional proposed criteria include any fracture of 
the mandible or skull base;22,23 any cervical spine fracture2,23 or 
thoracolumbar spine fracture;2 any major thoracic trauma;2,20

any thoracic injury combined with head trauma or any tho
racic vascular injury;22 scalp degloving injuries;22 and gunshot 
wounds to the head, face, or neck.9 Further research is needed 
to determine the optimal screening criteria to detect the pa
tients not captured by the Denver criteria, as well as to balance 
the risks and cost of screening with the benefits. 

7.4 Screening Modality of Choice 
The optimal imaging modality for screening remains another 
important topic for ongoing investigations. Conventional cathe-
ter-based four-vessel digital subtraction angiography (DSA) is 
the gold standard for diagnosis of BCVI, but it is invasive and 
consumes time and resources. Duplex ultrasonography, mag
netic resonance angiography (MRA), and CTA are noninvasive 

diagnostic imaging modalities that have been considered as 
potential alternatives to DSA. 
Ultrasound, although useful for screening the extracranial 

carotid arteries for atherosclerotic disease, suffers from marked 
limitations in evaluating the carotid arteries near the skull base, 
where most carotid injuries occur. Ultrasound is also limited 
in evaluating the vertebral arteries within the bony vertebral 
foramen, where most vertebral artery injuries occur. In a large 
retrospective series of more than 1400 blunt trauma patients 
screened with ultrasound, eight injuries were missed that re
sulted in symptomatic neurologic deficits, and the overall sensi
tivity of the test was only 39%.24 Ultrasound is therefore not 
recommended for screening.16,17 

Although MRA initially held promise as a noninvasive option 
for screening, in the two series that prospectively compared 
MRA with DSA, MRA had a sensitivity of only 50 to 75% 
and a specificity of only 47 to 67%.25,26 MRA also has practical 
disadvantages, including long examination times and lack of 
availability at some centers, and MRA may not be feasible in un
stable trauma patients requiring external monitoring equip
ment. MRA is therefore not recommended for screening at this 
time.16,17 MRA may still be an option in patients with contrain
dications to iodinated contrast or for follow-up of BCVI. 
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Fig. 7.4 Left vertebral artery grade II injury with visible intraluminal thrombus at leve of fracture. Coronal reformat from computed tomographic 
angiography (CTA) (a) shows fracture involving the left lateral mass and foramen transversarium in close association with the left vertebral artery 

). Axial CTA source images demonstrate central filling defect in the left vertebral artery (b) ( ), indicating intraluminal thrombus. Artery is 
narrowed at the leve of the fracture (c) ( ) but normal in caliber inferiorly (d). Initial head CT was normal (e), but acute posterior circulation 
infarcts developed after a delay (f) (

Axial fat-saturated proton density or T1-weighted images are 
useful for demonstrating hyperintense intramural hematoma in 
subacute dissections, but they are less useful during the acute 
phase when the signal characteristics of intramural hematoma 
are inconspicuous. Special techniques such as high-resolution 
vessel-wall black blood MRI with dedicated neck coils may al
low for improved performance of MRI or MRA in the future for 
diagnosing BCVI. 
Early studies comparing CTA with DSA demonstrated poor 

sensitivity and specificity of CTA, but with the advent of multi-
slice detector techniques, CTA has emerged as the screening 
modality of choice.17,27–31 CTA has the advantages of being fast, 
noninvasive, and readily available. Moreover, most trauma pa
tients already require CT scanning. Some controversy remains 
concerning the accuracy of CTA compared with DSA, with rela
tively poor sensitivity and specificity reported at some institu-
tions.32 It has been suggested that some of the variability in the 
reported accuracy of CTA reflects differences in radiologist ex
perience, subspecialty training, or interpretive abilities.21,31,33 

For example, in the study by Malhotra and colleagues, all the 
false-negative CTA interpretations occurred in the first half of 
the study period, indicating that interpretive ability improved 

with experience.34 Additionally, lower-grade injuries are more 
difficult to detect on CTA compared with DSA,25 so CTA will 
have a lower sensitivit y in population samples with lower-
grade injuries. Strategies for improving the detection of 
subtle findings on CTA include evaluating each of the four 
vessels individually, as one would with DSA, and using both 
source images and multiplanar reconstruc tions to carefully 
examine the most commonly injured areas, such as near the 
skull base and adjacent to fractures of the carotid canals or 
transverse foramen.31 

7.5 Classification of Arterial 
Injuries 
The Denver Grading Scale (▶ Fig. 7.1; ▶ Table 7.1) has been 
widely adopted for classifying traumatic cerebrovascular inju
ries based on the angiographic appearance of the injured ves-
sel.18 Grade I injuries are defined as irregularity of the vessel 
wall or a dissection or intramural thrombus causing less than 
25% narrowing of the vessel lumen (▶ Fig. 7.2). Grade II injuries 
are defined as a dissection or intramural thrombus causing 
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Fig. 7.5 Grade III injuries in two patients. (a,b) Long-segment grade II right vertebral artery injury on computed tomographic angiography (
that progressed to pseudoaneur ysm on follow-up angiogram (c). Left vertebral artery pseudoaneur ysm in a second patient ( ). Note the 
surrounding long segment of vessel-wall irregularit y. 

luminal stenosis of 25% or greater (▶ Fig. 7.3a,b), or injuries in 
which a raised intimal flap (▶ Fig. 7.3c) or an intraluminal 
thrombus (▶ Fig. 7.4) occurs. Grade II injuries also include small, 
hemodynamically insignificant arteriovenous fistulae.35 

Grade III injuries are pseudoaneurysms (▶ Fig. 7.5; ▶ Fig. 7.6; 
▶ Fig. 7.7), grade IV injuries are complete occlusions (▶ Fig. 7.8; 
▶ Fig. 7.9), and grade V injuries are transections with free 
extravasation of contrast material (▶ Fig. 7.10; ▶ Fig. 7.11). 
Grade V injuries also include large, hemodynamically signifi
cant arteriovenous fistulae,35 which sometimes result from 
complete arterial transection. 
For carotid artery injuries, this grading scale has prognostic 

significance, with higher injury grades corresponding to higher 
risk of associated stroke.18 Vertebral artery injuries, which are 
less common and historically under-recognized, also carry sub
stantial risk for stroke when untreated, but unlike carotid artery 
injuries, the risk of stroke is independent of injury grade.7 

7.6 Treatment 
The goals of BCVI treatment are to prevent strokes in asympto
matic patients and to limit neurologic complications in patients 

presenting with cerebral ischemia. Strokes in the setting of BCVI 
are likely thromboembolic in most cases, although hypoperfu
sion resulting from severe stenosis or occlusion may also 
contribute to ischemic infarctions (▶ Fig. 7.6d,e). Anticoagulant 
and antiplatelet therapies are therefore the mainstay of treat-
ment,12–15,17 with apparent equivalence between heparin and 
aspirin or other antiplatelet agents.36,37 To date, no prospective, 
randomized controlled trials evaluating the optimal therapy 
have been reported, and most of the existing retrospective and 
prospective, nonrandomized trials are necessarily limited by se
lection bias and other confounding factors.33 

Choice of treatment depends partially on injury grade. Grade 
I injuries carry the lowest risk of stroke and are usually man
aged medically. Grade V injuries, on the other hand, are often 
fatal and require emergent surgical repair or endovascular 
treatment . Injuries with progressive luminal narrowing or en
larging pseudoaneurysm on follow-up may also require endo
vascular stent placement to maintain vessel patency. 
Nonmedical treatments include surgery and endovascular 

interventions. Options for surgical repair include parent vessel 
ligation, thrombectomy, direct suturing of an intimal injury, re
placement of an injured segment with an interposition graft, 
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Fig. 7.6 Left proximal internal carotid artery grade III injury. Pseudoaneur ysm (arrowheads) with associated raised intimal flap and 70% luminal 
narrowing on (a) digital subtraction angiography and (b,c) computed tomographic angiography. (d,e) Magnetic resonance imaging diffusion-weighted 
image shows acute infarcts in the left middle cerebral artery (MCA) and MCA-anterior cerebral artery border-zone territories. 

and extracranial-intracranial bypass.33,38 Because most cerebro
vascular injuries occur in surgically inaccessible sites at the 
skull base, endovascular approaches such as stenting or coil 
embolization are usually preferred. Long-term use of antiplate
let agents is required after stent placement to avoid stent 
thrombosis. 
Patients without contraindications to anticoagulation with 

grades I–IV injuries are usually treated initially with heparin, 
which is given without an initial bolus to limit hemorrhagic 
complications.16,17 Repeat imaging after 7 to 10 days of treat
ment, or after any change in neurologic status, is performed to 
assess the need for further treatment.35,39 Most patients with 
grade I or II injuries require a change in management, as many 
grade I injuries heal, allowing discontinuation of heparin, and 
many grade II injuries progress, sometimes requiring endovas
cular repair.35,39 Grade III injuries usually do not heal with anti
coagulation alone, but follow-up imaging is useful for treatment 
planning. Grade IV injuries rarely change on follow-up and 
probably do not require repeat imaging. Patients having a 
persistent injury on follow-up require continued medical 
treatment, usually an antiplatelet agent for safer long-term 
use. Medical treatment is lifelong in the absence of radio
graphic resolution. 

7.7 Venous Injuries 
Calvarial fractures that extend to a dural venous sinus or jugular 
bulb require further evaluation with vascular imaging to assess 
for venous patency because of the risk for dural venous sinus 
thrombosis (▶ Fig. 7.12).40 CT venography (CTV) is the imaging 
modality of choice, but noncontrast MR venography is a viable 
alternative for stable patients with contraindications to iodi
nated contrast. In patients with occlusive dural venous sinus 
thrombosis, there is risk of developing increased intracranial 
pressure, hydrocephalus, and venous infarction. Long-term 
complications theoretically include development of a dural 
arteriovenous fistula. Optimal treatment of traumatic dural 
venous sinus thrombosis is unknown. Some patients are treated 
with anticoagulation, but many are monitored and show reso
lution or lack of progression without any specific treatment.40 

Venous outflow obstruction can also occur as a result of ex
ternal compression by an epidural hematoma (▶ Fig. 7.13), and 
this is a potential pitfall when evaluating for venous sinus 
thrombosis on CTV.41 The presence of an epidural hematoma in 
the posterior fossa adjacent to an occipital bone fracture ex
tending to the transverse sinus or torcula usually implies trau
matic injury to a dural venous sinus.42,43 In this case, treatment 
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Fig. 7.7 Bilateral grade III internal carotid artery (ICA) injuries at the leve of C1 C3. (a) Computed tomography angiographic axial image shows a 
visible intimal flap in both ICAs, with narrowing of the true lumen (circled). Coronal maximum intensit y projection reconstruction (b) better 
demonstrates aneurysmal dilation bilaterally. Note the large intramural hematoma (black arrowhead) just inferior to the large left ICA pseudoaneur ysm 
white arrow). (c,d) Coronal gadolinium-enhanced magnetic resonance angiography (MRA) several months later shows persistent bilateral ICA 
pseudoaneur ysms, larger on the left side. The right ICA injury is more subtle, but an intimal flap is again visible on the axial two-dimensional time-of-
flight MRA (e) ( ). Note the narrowing of the true lumen on the left side. (f) Axial fat-saturated proton density image shows hyperintense mural 

on the left side (

may include hematoma evacuation rather than anticoagulation 
or observation. Unlike supratentorial epidural hematomas, 
which are usually associated with injury to the middle menin
geal artery, epidural hematomas in the posterior fossa are more 
likely a result of venous sinus rupture.42,43 

7.8 Conclusion 
Vascular injuries are a potentially devastating sequela of blunt 
trauma, and early recognition is important to prevent complica
tions. Screening criteria for BCVI are a useful aid in detecting 
these injuries, although up to 20% of patients with BCVI are not 
detected using accepted screening criteria. Thus, further re
search to refine screening criteria is critical. 
Venous injuries may also complicate head injury. The pattern 

and location of injury, particularly fractures and extradural 
hematomas adjacent to the expected location of major dural ve
nous sinuses, should raise the possibility of venous injury. A 
high index of suspicion is vital to appropriately direct imaging 
evaluation. 

7.9 Pearls 
● BCVI occurs in about 1% of blunt trauma admissions and car
ries a high risk for stroke. 

● Early treatment with anticoagulation likely improves 
outcomes. 

● DSA is gold standard for diagnosis, but multidetector CTA is 
an accepted screening test. 

● Sensitivity of CTA increases with radiologist experience and 
higher-grade injuries. 

● Follow-up imaging at 7 to 10 days changes management for 
most grade I and II injuries. 

● Higher-grade injuries may require surgical or endovascular 
treatment . 

● Skull fractures that extend to a dural sinus can cause venous 
outflow obstruction by thrombosis or external compression 
from an epidural hematoma. CTV is the screening test of 
choice. 
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Fig. 7.8 Grade IV carotid injury in a man who 
presented with stroke 10 days after a fall. (a) 
Digital subtraction angiography, right common 
carotid artery injection, shows smooth tapering 
with complete occlusion of the internal carotid 
artery (ICA) just beyond the bifurcation (

). (b,c) Diffusion-weighted magnetic reso
nance imaging shows a large acute infarct in both 
the right MCA and PCA vascular territories, likely 
due to a fetal origin of the right posterior cerebral 
artery (not shown). The anterior cerebral artery 
territory was supplied by the left ICA 
patent anterior communicating artery (not 

Fig. 7.9 Left vertebral artery grade IV injury. Digital subtraction angiography, arterial phase (a) shows complete occlusion of the left vertebral artery 
), with small early reconstitution (black arrow). Delayed images (b,c) show slow reconstitution of the vertebral artery superior to the 

occlusion from cervical collaterals. No acute infarct was seen on magnetic resonance imaging (not shown). 
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Fig. 7.10 Right vertebral artery grade V injury. Computed tomography angiographic axial (a d) and coronal (e,f) images demonstrate free 
extravasation of contrast from a transected right vertebral artery at the leve of a C4 C5 fracture-dislocation (white arrows). Contrast tracks through 
the neuroforamen into the epidural space ( ) (d). Digital subtraction angiography images (g,h) show a large lobular pseudoaneur ysm arising 
from the right vertebral artery, with no filling of the right vertebral artery above that leve black arrow). In the venous phase, contrast tracks within the 
epidural space and drains into the neck veins, consistent with a post-traumatic spinal epidural arteriovenous fistula (AVF) (black arrowheads
Hemodynamically significant AVFs are classified as grade V injuries. 

Fig. 7.11 Traumatic right grade V injury with direct carotid-cavernous fistula. Axial computed tomographic angiography (a,b) demonstrates contrast 
extravasation into the right cavernous sinus ( ), demonstrated also on the coronal maximum-intensit y projection reformat (c). Note the 
right internal carotid artery (ICA) fills in (a) but is absent in (b) ( ). Digital subtraction angiography, right ICA injection in the frontal (d) and lateral 
(e) projection demonstrates right ICA ending at the cavernous sinus ( ) with contrast opacification of the cavernous sinus ( ) and venous 
drainage including via the intercavernous sinus(*) and the superior ophthalmic vein. 
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Fig. 7.13 Venous sinus occlusion. Noncontrast computed tomography CT (a,b) demonstrates posterior fossa epidural hematoma ( ) (a) with 
associated occipital bone fracture ( ) (b). CT venography in the axial (c) and coronal (d) plane demonstrates occlusion of the left transverse sinus 
resulting from extrinsic compression by the hematoma. 

(arrowhead
arrow

Fig. 7.12 Venous sinus thrombosis. Contrast-enhanced computed 
tomography demonstrates a filling defect in the left sigmoid sinus 

), indicating intraluminal thrombus. There is an associated 
skull fracture ( , inset). 
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8 Penetrating Traumatic Brain Injury

Robert Linville and Wendy A. Cohen 

8.1 Introduction 
The remarkable Phineas Gage, a railroad foreman in 1848, 
was fortunate to survive an accidental transcranial impale
ment with his tamping iron, a metal bar more than an inch 
in diameter and about 3.5 feet long (used to compact sand 
over a rock-breaking explosive charge). The accidental missile 
entered lateral to Mr. Gage’s face and exited through his 
superior cranium. The case is notable for, among other things, 
how improbable his survival was. Even in the modern setting, 
penetrating traumatic brain injuries are frequently cata
strophic. Modern computed tomography (CT) has become an 
essential tool for characterizing similar injuries (the first 
radiograph would not be invented until decades after Mr. Ga-
ge’s death in 1860, although Ratiu and Talos recently rede
monstrated the injury quite well).1 Both acute and follow-up 
imaging of such injuries is standard of care for diagnosis, as
sessment of the need for intervention, prognosis, and related 
complications. Considerations for imaging after penetrating 
traumatic brain injury are discussed here, including special 
consideration of gunshot wounds (GSWs) to the head and 
wood impalement, the latter because of the significant risk of 
misdiagnosis with CT imaging. 

8.2 Acute Imaging 
As with all head trauma, the initial imaging study of choice for a 
penetrating injury is a noncontrast CT of the head.2–4 This eval
uation should include evaluation of the frontal and lateral scout 
views (▶ Fig. 8.1). Scouts are particularly important in the case 
of GSW because they provide general orientation to the injury 
and localization of metallic fragments. Plain radiographs of the 
head are of limited usefulness.4,5 

In assessing penetrating injury, regardless of cause, the loca
tion of all large bone fragments and foreign material should be 
noted.6 Any superficial injuries with possible intracranial exten
sion should be assessed carefully for the presence of pneumoce-
phalus.3 Intracranial injuries may include herniation (uncal, 
subfalcine, upward and downward transtentorial), cisternal ef
facement, ventricular compression, and parenchymal injury. 
Identification of hemorrhage in any intracranial space is impor
tant for both the possible mass effect and the identification of 
any significant vascular injury (▶ Fig. 8.2).7 

With penetrating head trauma, computed tomography an
giography (CTA) of the head and neck is frequently valuable, 
particularly when the suspected injury is close to cervical or in
tracranial vasculatures. It is considered by the American College 

arrow) 

to 

Fig. 8.1 Severe jaw pain and normal neurologic 
examination 24 hours after an unsuspected injury 
sustained while using a nail gun: (a,b) Scout 
images from the computed tomography (CT) 
show the nail that entered under his zygoma, 
passed through the mouth, and penetrated the 
brain. (c) The nail is visible immediately anterior 
to the right M1 segment ( on the CT 
angiogram maximum intensit y reconstruction. 
(d) Three-dimensional rotational angiographic 
reconstruction from the right posterior oblique 
view shows the nail passing in close proximity 
the M1 segment of the middle cerebral artery. 
Vascular structures were also normal on follow-
up angiography following removal of the nail. 
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Fig. 8.2 Seven-year-old boy with a penetrating 
knife wound to the head: (a) There was disruption 
of the squamosal portion of the left temporal 
bone (long arrow) and fracture of the left anterior 
clinoid (short ). (b) Axial noncontrast com
puted tomography (CT) shows diffuse brain 
edema and diminished gray-white differentiation. 
Blood was present in the wound tract and passed 
through both lateral ventricles. (c) CT angiogram 
revealed no flow in the left cavernous 
carotid artery ( ). The patient had no 
spontaneous movement, and care was 

of Radiology that the appropriate criteria is as “usually appro
priate,” at seven of nine on a nine-point scale of appropriate
ness. By comparison, the noncontrast head CT has a nine in nine 
recommendation strength.4 If the CTA is not obtained at the 
time of original imaging, recommendation for CTA or conven
tional angiography should be made when there appears to be 
risk of injury to any major vessels.3,5–8 This is true when the 
bullet, nail, knife, umbrella, chopstick, or other object passes 
through or adjacent to the skull base, the carotid siphons, or 
any of the named intracranial vessels, including the dural ve
nous sinuses.5,6 The CTA is essential for preoperative planning 
before any attempted removal of an impaled object or missile. 
The CTA may also be recommended at subsequent intervals 

to assess for arterial vasospasm.7 In a series of 33 patients with 
penetrating gunshot wounds to the head, 14 demonstrated evi
dence of middle cerebral artery vasospasm by transcranial Dop
pler criteria (performed 0 to 33 days after injury). These find
ings were also significantly associated with the presence of sub
arachnoid hemorrhage on the initial head CT evaluation.9 

Skull-base injuries have a high likelihood of vascular injury, 
of cranial nerve injury, and of cerebrospinal fluid (CSF) leak. In 
Shindo and coleagues’ series of 43 patients with GSW to the 
head involving the temporal bone, 51% demonstrated facial 
nerve injury, and 33% demonstrated vascular injury. Six of 43 
patients (14%) also suffered a CSF leak.10 A CSF leak is important 
to identify for a number of reasons, including the increased risk 
of infection: as high as 31% in patients with a known post-trau-
matic CSF leak.11 CT cisternography may be the most appropri

ate and sensitive technique for identif ying a fistula or leak,5,12 

although the utility of radionuclide cisternography has also 
been demonstrated.13 Magnetic resonance (MR) cisternography 
is difficult in the acute penetrating trauma patient because MR 
imaging may be contraindicated if the retained metallic object 
is ferromagnetic. 
In the acute setting of penetrating injury, MR imaging is 

rarely used. It is certainly to be avoided whenever any part of 
the penetrating object(s) may contain ferromagnetic material, 
given the risk of significant migration of metal fragments while 
the patient is within the magnet. Although most bullets in civil
ian penetrating brain injury do not contain ferromagnetic mate
rial, the inevitable lack of certainty about this limits MR use.5 

MR can be more sensitive than CT for retained wood,14,15 

although this may depend on how long the wood has been 
present. At the time of initial injury, wood is usually near air 
density. Wood may become hydrated with increasing time in 
place, making its identif ication with either CT or MR easier.16 

Conventional angiography is the gold standard for assess
ment of vascular injury, both for acute vascular injury and for 
late-developing complications. It is essential in the diagnosis 
and characterization of traumatic intracranial aneurysms and 
arteriovenous fistulae (▶ Fig. 8.3 and ▶ Fig. 8.4). This modality 
is also superior to CT in the presence of metal because of the 
presence of streak artifact on CT. Additional indications for con
ventional angiography include evidence of arterial extravasa
tion and unexpected delayed hemorrhage.7,8 
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Fig. 8.3 An 18-year-old patient after a high-speed motor-vehicle collision with complex skull-base fractures, depressed frontal bone fractures and right 
internal carotid artery (RICA) injury: (a) Initial coronal computed tomography (CT) reformation demonstrates a fracture of the planum sphenoidale 
with upward displacement of the bone as well as massive inward displacement of the frontal bone into the cranial cavity. (b) Oblique coronal 
maximum-intensit y projection from the initial CT angiogram shows the anatomic proximity of the fracture in the planum sphenoidale to the RICA 
white arrow). (c) RICA injection from the catheter angiogram on admission demonstrates a narrowed and irregular supraclinoid segment of the RICA 
consistent with a dissection (black arrow). The irregularit y was concerning for a pseudoaneur ysm. (d) RICA injection from a catheter angiogram 2 
weeks after admission shows enlargement of the pseudoaneur ysm in the supraclinoid RICA (black arrow). (e) RICA injection from a catheter angiogram 
1 week later now demonstrates a carotid-cavernous fistula arising from the RICA (black arrow). In the studies at 2 weeks (d) and 3 (e) weeks after 
injury, the right anterior cerebral artery no longer filled from the RICA. 

Fig. 8.4 Gunshot wound (GSW) to the neck. (a,b) 
These are two oblique maximum-intensit y pro
jection images through the right common 
internal carotid artery (ICA) bifurcation. Bullet 
fragments were present ( ), as well as 
an injury to the proximal right ICA ( ). This 
appears equivalent to a Biff type II injury, 
although the Biff classification was created in the 
setting of blunt, and not penetrating, trauma. 
The more proximal common carotid artery is 
patent but not present on these slices. 
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(arrow

Fig. 8.5 Self-inflicted gunshot wound with 0.22-
caliber bullet: (a) Computed tomography with 
bone kernel shows typical beveling of the 
entrance wound in the right temporal bone 

) and (b) the retained bullet fragment at 
the contralateral parietal cranium. (c) The bullet 
tract crosses the midline in the midcoronal plane 
with intraventricular hemorrhage. Patients with 
injury of this extent and pattern of intracranial 
involvement have little chance of survival. 

8.3 Gunshot Wounds to the Head 
In the trauma literature, GSWs to the head are frequently sepa
rated into civilian and military injuries. One of the major 
reasons for this is their significantly different ballistics and 
mortality rates. Penetrating brain injuries in the military setting 
are also frequently collections of all penetrating missiles, artil
lery shrapnel, bullets, and such, and these injuries have lower 
mortality rates. In one case series of 964 patients involved in 
the Iran-Iraq War of the 1980s, overall mortality was just 14% 
(133 patients).17 Multiple series from urban settings in the 
United States have very different results. These have demon
strated that most civilian GSW to the head are fatal and never 
reach trauma centers for evaluation or care,18 and many that do 
reach trauma centers are not survivable. In one series of 250 
cases of GSW to the head from Maryland, 71% died at the scene, 
and the total mortality was 89%.7 Of the patients who reach 
trauma centers, most have a Glasgow Coma Scale score of 8 or 
lower,7 limiting physical examination and increasing the rela
tive importance of diagnostic imaging. 

8.3.1 Ballistics 
Bullets entering the scalp frequently devitalize the adjacent soft 
tissue. If the gun barrel is very near the scalp, propellant gas 
may be demonstrated in layers of the scalp near the entrance 
wound. Despite the heat of a fired bullet, the wounds are fre
quently contaminated by skin, hair, fabric, and superficial flora. 
Prophylactic antibiosis is the standard of care. The offending 

bacteria in subsequent intracranial infections have been fre
quently identified as contaminating skin flora.7 

Cranial fracture and fragmentation are highly variable. Small-
bore entrance fractures can be seen as well as large stellate frac
ture patterns involving much of the cranial hemisphere. If the 
bullet exits the cranium, the exit wounds tend to be larger than 
the entrance wounds. The beveled edge of the cranium fre
quently indicates the direction of bullet passage. That is, the 
wider opening of the bevel at the inner table of the skull facing 
the intracranial compartment is suggestive of the entrance 
wound (▶ Fig. 8.5).6 

Numerous investigations of the bullet and brain parenchyma 
interaction have been made using both gelatin and animal 
models. These suggest that a bullet’s behavior creates a large ra
dial force as it passes through brain parenchyma with a high-
pressure wave at the front of the bullet, which contributes to a 
pressure differential on the order of 1000 atm. With sufficient 
kinetic energy (equals one-half the mass multiplied by the ve
locity squared), the force radiating from the bullet tract can cre
ate a transient cavity and vacuum in the wake of the bullet that 
pulls loose hair, soft tissue, bone fragments, and other contami
nants into the cavity. Transient reverberation of the tissue adja
cent to the bullet tract is also present as kinetic energy dissi-
pates.19 With the radial dissipation of energy, it is important to 
assess parenchyma distant to the bullet tract for possible contu
sion or other injury. Additionally, experimental GSW in cats 
demonstrated respiratory depression and bradycardia even 
when the bullet tract was more than 2 cm from the brainstem 
and while using low-velocity bullets.5 Most handguns generate 
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arrow) 
bullet 

), 

(c

Fig. 8.6 Gunshot wound with minimal penetra
tion: (a) The metal jacket of the bullet (short black 

was separated from the lead core of the 
(long black arrow), which went on to 

penetrate the occipital cortex. This was best 
demonstrated by this follow-up radiograph (for 
posterior skin breakdown). (b) The dural venous 
sinuses, including the confluence (white arrow
were intact on computed tomography venogram 
(CTV) performed at the time of the initial injury. 
) CTV was moderately limited by streak artifact 

from the bullet, a common problem when 
evaluating penetrating gunshot injuries. 

only “low” muzzle velocity,6 much less than the 700 to 1000 m In the setting of pellets or shot, the shot is separated from the 
per second of a typical rifle.7 Such velocity demonstrates mini- propellant by a layer of wadding that acts as a piston to acceler
mal transient cavitation in the bullet tract and much less vac ate all of the shot on firing. The pellets disperse with distance in 
uum phenomenon.19 a cone pattern to become independent low-velocity projectiles. 
Bullet construction is worthy of brief consideration Notably, the wadding tends to be relatively radiolucent, but this 

(▶ Fig. 8.6). The Hague Convention of 1899 prohibits the use in is rarely a diagnostic issue, as described by Jandial and col-
international warfare of bullets that easily expand or flatten in leagues19; wadding can reach the patient only at close range, 
the human body, and this has been generally adhered to since and such events are almost always fatal in any case. Rarely, in 
then; thus, standard military full-metal-jacket bullets tend to the setting of a near-miss event where only a few of the 
pass through tissue with minimal deformation. Hunting ammu shotgun pellets reach the patient, wadding can be seen at 
nition, on the other hand, is theoretically designed to minimize the patient’s skin, although this is generally evident on phys
the suffering of the animal by causing death as quickly as possi ical examination. 19 

ble. As such, hunting and other civilian ammunition rounds 
usually deform significantly, with rapid dispersion of their en
ergy in a broad cone within the tissue, unlike the relatively nar- 8.3.2 Prognosis 
row distribution by militar y rounds. The best examples are hol- Many findings have demonstrated prognostic value. As one 
low-point bullets that essentially deform or “puddle” after lim might expect, prognosis is worse with involvement of multiple 
ited passage through soft tissue. These are used by some police lobes rather than one. Other factors include passage of the bul
forces to minimize the likelihood that bystanders might be let across midline, violation of one or both lateral ventricles, 
struck by bullets penetrating through the intended target. As a and whether the injury was self-inflicted (i.e., a GSW to the 
result of the differences in construction, police and civilian head in a suicide attempt has a worse prognosis).6 Additional 
ammunition rounds, unlike military rounds, rarely contain fer- predictors of poor outcome are herniation and intraventricular 
romagnetic material. Unfortunately, there is frequently enough hemorrhage (▶ Fig. 8.7).7,22 

uncertainty that an MR examination remains an inappropriate Aarabi and colleagues7 summarize the accumulated literature 
risk. As such, MR is very rarely used after GSW to the head well; see ▶Table 8.1 for bullet tract findings and associated 
with retained fragments,5 particularly as symptomatic sponta mortality rates. 
neous fragment migration has been described without any MR The central brain frequently involved with such catastrophic 
exposure.20,21 cases has been referred to as the zona fatalis and demonstrates 
Shotgun shells can be made with multiple small pellets—also similar mortality (nearing 100%) in both civilian and militar y 

known as “shot”—or with a large single slug of missile material. GSW to the head. The zona fatalis has been defined as the 4 cm 
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arrow
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head

arrow) 

Fig. 8.7 Self-inflicted gunshot wound to the left 
frontotemporal skull. (a) There is a radiating skull 
fracture (long arrow) and the contralateral pari
etal exit site (short ) is visible on the lateral 
scout image. (b) A computed tomographic 
arteriogram maximal-intensit y projection (MIP) 
image at the leve of the entrance site (

) shows preserved M1 and A1 flow bilat
erally. MIP images allowed for tracing of the distal 
right middle cerebral artery branches, which 
revealed (c) active extravasation ( at the 
exit wound from one of these extruded right 
middle cerebral artery branches. 

48 

72 

77 

84 

96 

Table 8.1 Mortality rates by bullet pathway. 

Brain Tract Involved Mortality (%) 

Any lobar injury 

Unilateral with multiple lobes 

Crossing midline 

Crossing the midcoronal plane 

Crossing both midline and midcoronal plane 

above the dorsum sella involving the ventricles, the hypothala
mus, and the thalamus.23,24 Special comment should be made 
about any bullet tract that violates the inferior cranial dura. In 
particular, bullet passage near the paranasal sinuses, mastoid 
air spaces, orbits, and the skull base all increase the risk for sub
sequent CSF leak. As previously discussed, such injuries are as
sociated with increased risk of infection despite the prophylac
tic antibiosis that is standard of care. Many of these may require 
operative debridement and watertight closure of the dura.7 

The extent of operative debridement after GSW to the head is 
controversial. Lack of improved outcome with aggressive 
debridement of the missile tract has been reported. However, 
debridement of superficial nonviable tissue and closure of the 
dura are frequent goals.19 There are also reports of neurologic 
sequelae from retained lead and copper from bullets.25 Identify
ing large fragments of in-driven bone and bullet fragments are 
appropriate for surgical planning and on follow-up imaging. 

Attention on follow-up imaging to such fragments is also im
portant as migration of missiles has been reported with serious 
neurologic sequelae.20,21 

8.3.3 Late Complications 
Infection after GSW to the head has been seen in essentially 
every anatomic space violated by a missile: meningitis, abscess, 
ventriculitis, and so forth.5 The rates of infection and abscess 
have decreased with the use of prophylactic antibiosis6,7 but 
are not eliminated. The infection rate varies by series, but rates 
from 2 to 8% have been reported.26,27 As previously mentioned, 
post-traumatic CSF leak increases the rate of infection to as 
high as 31%, although broad-spectrum prophylactic antibiotics 
were not yet standard of care in that series (▶ Fig. 8.8).11 

Penetrating gunshot GSWs to the head have been associated 
with varying rates of traumatic intracranial aneurysm develop
ment. Depending on the population being studied and the pre
test risk assessment, rates have been noted between 3 and 40% 
in different series. Traumatic AV fistulae are less frequent and 
naturally require angiographic characterization to assess for 
possible intervention.7 As with all possible vascular compro
mise, infarction and subsequent evolution may be seen on fol-
low-up examinations. 
Seizures are known secondary complications to penetrating 

brain injury. In the military setting, epilepsy has been demon
strated in 32% of a series from the Iran-Iraq War involving 489 
patients (median follow-up of 23 months). In addition to anti
biotic prophylaxis, antiepileptic prophylaxis is used for such 
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Fig. 8.8 A 17-year-old male adolescent with gunshot wound (GSW) to 
head from a drive-by shooting: 15 days after surgical decompression, 
the patient had altered mental status and fever. Axial contrast-
enhanced computed tomography through the centrum semiovale 
shows diffuse vasogenic edema ( ) and ring enhancement 

) in the left posterior frontal lobe. Although there is a large 
differentia for ring enhancing lesions, in this young patient with a 
GSW, infection is more likely than any other causes. 
debridement and culture confirmed the diagnosis. 

injuries in the acute setting. Unfortunately, this may not change 
the rate of epilepsy development in the long term.6,28 

Follow-up imaging should assess for any retained fragments 
and possible migration. Such migration is frequently associated 
with adjacent fluid (intraventricular CSF, abscess, or hemor
rhage). This migration can manifest with neurologic deteriora
tion clinically and can contribute to obstructive hydrocepha-
lus.5,20,21 In the military setting, removal of an intracranial frag
ment has been suggested if there is demonstrated migration or 
abscess formation or if the fragment abuts a major vessel 
(▶ Fig. 8.9). Additionally, the presence of porous material (not 
bone or bullet fragment) in continuity with the CSF has been 
suggested as an indication for operative extraction.24 

As previously mentioned, CSF leak may develop, particularly 
with skull-base injuries, which can be evaluated with CT cister
nography or radionuclide cisternography. Shindo’s series of 43 
patients with GSW involving temporal bones reported a CSF-
leak rate of 14%.10 Another series of 79 civilians with GSW to 
the head demonstrated eight patients (10%) with subsequent 
CSF leak.29 

8.4 Penetrating Injury by Wood 
Penetrating injury by wood deserves independent consider
ation, as several published reports have demonstrated 
penetrating wood that has been missed by typical head CT eval-
uations.15,30,31 Subsequent morbidity from such events has 
included meningitis, abscess, and vascular injury. One of the 
primary difficulties is relatively low density of wood compared 

a 

(arrowhead

). 

Fig. 8.9 Gunshot wound to the head with bullet 
migration and carotid-cavernous fistula: (a,b) 
Lateral and frontal scout views demonstrate 
bullet fragment via a left mandibular entrance 
wound that stopped at the sagittal midline 

), superior and posterior to the zona 
fatalis. This fragment contributed to (c) a 
traumatic pseudoaneur ysm in the left cavernous 
internal carotid artery (long black arrow) with 
carotid-cavernous fistula demonstrated on cath
eter angiography (short black arrows: early venous 
contrast). (d) This was successfully coiled, and no 
fistula was evident at the follow-up angiogram 
(unsubtracted image). However, the change in 
the deep bullet fragment at the midline sug
gested interval migration (white arrow
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arrow

L400). 

Fig. 8.10 A 54-year-old man was hit on the head 
by a falling tree branch: (a) Open left parietal skull 
fracture had associated hemorrhage and con
tusion. The low-densit y region ( ) might be 
mistaken for pneumocephalus using brain win
dows (W80:L35). Magnified images of the same 
slice show the parietal contusion at different 
windows and levels; (b) initial brain window 
(W80:L35), (c) midrange window for subdural 
blood W400:L40, and (d) bone window (W4000: 

arrows). 
l 

arrowheads

Fig. 8.11 Pediatric patient with accidental trans-
nasal impalement by a wooden freeze-pop stick, 
which could not be removed easily: Note the (a) 
invisible and (b) visible nature of the wood with 
brain and bone windows, respectively (
These images are at the leve of the left nare on 
this single axial slice. A parasagittal slice also (c) 
hides and (d) reveals the wood penetrating the 
cribriform plate ( ) without reaching 
the anterior cerebral arteries. 
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with brain parenchyma. Using the typical window and level 
thresholds for evaluation of brain parenchyma, the wood frag
ment may look little different from pixels occupied only by air. 
Wood has demonstrated Hounsfield units between –900 

and + 100, depending on the age of the wood, the time in the 
patient, and whether stain or paint is involved. In fact, some of 
the cases of missed intracranial wood were later identif ied 
when the wood became denser with hydration, having been 
surrounded by inflammation for days or weeks in the body.16 

With modern picture archiving and communication system, the 
ability to alter window and level is available and should be used 
whenever the possibility of wood as a foreign body is present 
(▶ Fig. 8.10), including patients with incomplete histories and 
subtle periorbital lacerations, which can hide penetrating intra
cranial foreign bodies. A high index of suspicion should be 
maintained even in adults.15,16,30 In a series of eight patients 
with orbital penetrating injury by wood, only five foreign 
bodies were identified by the preceding CT examination before 
surgery.14 As such, widening the window and level to include 
the spectrum of wood density is recommended (▶ Fig. 8.11).31 

8.5 Conclusion 
Penetrating traumatic brain injury is frequently catastrophic. 
Unfortunately, the characterization of many penetrating trau
matic brain injuries with imaging has greater forensic value 
than patient-care value. However, with survivable injuries, di
agnostic imaging is essential to aid in prognosis, characterize 
extent of injury, detect possible vascular injury, and identify 
other complications, including CSF leak. Special care should be 
used to identify any retained foreign material, which can in
crease the risk of infection or other complications. 

8.6 Pearls 
● Magnetic resonance imaging (MRI) is contraindicated if pene
trating foreign material contains nonspecific metal. 

● CTA/CTV or conventional angiography is indicated if the pen
etrating injury might involve a named vessel. 

● Bullet pathways crossing mid-sagittal and mid-coronal planes 
are almost uniformly fatal. 

● Use scout CT views to assess for metal fragment migration on 
follow-up studies. 

● If there is ANY suspicion of intracranial wood fragment(s), wi
den the window and level (E.G. to bone settings) to avoid con
fusion with pneumocephalus. 
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9 Skull-Base Trauma 
Shivani Gupta and Kathleen R. Fink 

9.1 Introduction 
Skull-base trauma is an important cause of long-term neuro
logic sequelae, permanent disability, and death. Because of the 
complex anatomy at the skull base, the initial injury can result 
in various complications, ranging from cranial nerve deficits to 
devastating vascular injury.1 Recent advances in medical imag
ing have allowed for increased detection of subtle injuries in a 
rapid, noninvasive manner. 
Fractures of the skull are reported in 3.5 to 24% of patients 

with head injury.2 Of patients with facial trauma, the overall 
frequency of skull-base trauma is 25%.3 In patients with trauma 
to the upper cervical spine, 23% will also have a fracture of the 
skull base.4 Hence, the presence of spinal or maxillofacial trau
ma predicts a higher likelihood of a skull-base fracture. 
Computed tomography (CT) is the mainstay imaging mo

dality in the initial assessment of patients with suspected 
skull-base trauma. Imaging of the skull base requires high-
resolution axial images with coronal and sagittal reformats. 
The need for additional imaging is determined by the clinical 
scenario and the presence of injury. This may include a CT 
angiogram of the head and neck or magnetic resonance imag
ing (MRI) of the craniocer vical junction to look for associated 
complications. MRI may also detect associated injuries, for 
example, spinal trauma or subtle intracranial injuries that are 
poorly delineated by CT, including diffuse axonal injury, 
brainstem trauma, and small cortical contusions. MRI is also 
useful for evaluation of long-term post-traumatic sequelae 
such as cranial nerve injury. 
Conventional angiography plays a limited role in the immedi

ate assessment of skull-base trauma, but it may be helpful after 
initial imaging has been obtained to evaluate for traumatic vas
cular injury, especially if computed tomographic angiography 
(CTA) is limited or equivocal. Vascular complications, such as an 
arteriovenous fistula, are often best evaluated on conventional 
angiography with the potential for immediate endovascular in
tervention. Skull x-rays play a limited role in evaluation for 
trauma at the skull base.5 Underlying brain parenchymal injury 
or vascular injury is not evaluated on skull x-rays, and the pres
ence or absence of a skull fracture does not adequately predict 
concomitant injuries. 

9.2 Imaging Technique 
For the diagnosis of skull-base trauma, CT is the mainstay mo
dality. In addition to a routine head CT (5-mm axial slices), 
high-resolution images through the skull base are needed to 
evaluate skull-base injury (1- to 3-mm axial slices). Coronal ref
ormations are helpful to further evaluate 1 to 2-mm subtle frac
ture lines and are especially helpful in evaluating the superior 
orbital roof and petrous bone. If there is clinical suggestion of a 
temporal bone fracture or suspicious findings on standard CT 
(such as mastoid fluid in the setting of trauma), dedicated im
ages through the temporal bone in thin sections (1- to 2-mm-
thick axial slices with coronal and sagittal reformations) with a 

reduced field of view using bone reconstruction algorithms are 
necessary. Contrast is not necessary for evaluation of osseous 
trauma. 
Often, CTA is obtained after noncontrast imaging to evaluate 

for vascular injury. The use of both coronal and sagittal refor
mations is important, as subtle injury can be missed in one 
imaging plane but better appreciated on another. 

9.3 Clinical Presentation 
Depending on the underlying injury, patients may exhibit vari
ous signs on physical examination. Some clinical signs suggest 
the location of the skull fracture. Fractures of the anterior skull 
base may initially manifest as rhinorrhea, raccoon eyes (perior
bital ecchymosis), anosmia, and visual changes. Fractures of the 
middle skull base, particularly those involving the petrous tem
poral bones, can manifest as hemotympanum (blood in the 
middle ear), blood in the external auditory canal, vestibular 
changes, Battle’s sign (retroauricular hematoma), facial paraly
sis, CSF otorrhea, or strabismus. Fractures of the clivus and pos
terior skull base may present as craniocervical dissociation or 
brainstem dysfunction. Involvement of any aspect of the skull 
base can result in a cranial nerve deficit or vascular injury (es
pecially of the petrous and cavernous portions of the internal 
carotid artery). 
In cases of depressed skull fractures, a palpable abnormality 

may be felt at the site of the depressed fracture fragment. In 
open skull fractures involving the skin, there will be a visible 
soft tissue laceration. 

9.4 Normal Anatomy 
9.4.1 Cranial Fossae 
The skull base anatomy is notably complex, comprising the eth
moid, sphenoid, frontal, temporal, and occipital bones.6 These 
bones each have a complex shape, and it is often easier to 
consider them together based on overall structure. One way to 
consider the skull base is as a cradle for the intracranial compo
nents. This cradle can be divided also into three regions: the an
terior, middle, and posterior cranial fossae. This terminology is 
helpful to describe the location of an extra-axial hematoma, for 
example: 
● Anterior cranial fossa: Bounded anteriorly by the inner table 
of the frontal sinus, posteriorly by the anterior clinoid proc
esses and the planum sphenoidale, and laterally by the frontal 
bone. 

● Middle cranial fossa: Bounded anteriorly by the anterior cli
noid processes and posterior margin of the lesser wing of the 
sphenoid; posteriorly by the superior margin of the petrous 
temporal bone and dorsum sellae of the sphenoid bone; and 
laterally by the squamous temporal bone, parietal bone, and 
greater wing of the sphenoid. 

● Posterior cranial fossa: Composed mainly of the occipital 
bone; bounded anteriorly by the dorsum sellae and clivus, 
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Fig. 9.1 Cranial sutures. Axial computed tomog
raphy of the skull (a) showing the metopic suture 
(MS), sagittal suture (SS), and (b), the lambdoid 
suture (LS). 

and laterally by the posterior aspect of the petrous temporal 
bone and the lateral aspect of the occipital bone. Some classi
fication systems separate the clivus as the central skull base, 
as is done in this chapter. 

Because fractures do not respect the anatomic borders of the 
cranial fossa, another way to consider the skull base when eval
uating the results of trauma, particularly skull-base fractures, is 
to divide the skull base into four parts: the anterior, middle, 
central, and posterior skull base. Although fractures may in
volve more than one of these areas, traumatic injury can be 
categorized based on which of these four areas is primarily 
affected. 

9.4.2 Anterior Skull Base 
The anterior skull base consists of the crista galli, cribriform 
plate, fovea ethmoidalis (the roof of the ethmoid sinus), and or
bital roofs.7 The cribriform plate is an important aspect of the 
anterior skull base, as it is the most inferiorly positioned aspect 
of the floor of the anterior skull base, and is not covered by du
ra. Thus, fractures of the cribriform plate may lead to develop
ment of a cerebrospinal fluid (CSF) leak. Immediately adjacent 
to the anterior skull base are the upper paranasal sinuses (sphe
noid sinus, posterior walls of the frontal sinus, and roof of the 
ethmoid sinus). 

9.4.3 Middle Skull Base 
The middle skull base consists of the sella turcica and the floor 
of the middle cranial fossa. Major foramina within the middle 
skull base are the superior orbital fissure, foramen ovale, fora
men rotundum, foramen spinosum, foramen lacerum, and the 
pterygoid (vidian) canal. 

9.4.4 Central Skull Base 
The central skull base consists of the clivus, which is formed by 
the basisphenoid and basiocciput. 

9.4.5 Posterior Skull Base 
The posterior skull base consists of the occiput and bilateral 
petrous ridges. Major foramina of the posterior skull base 
include the foramen magnum, hypoglossal canal, jugular fora
men, carotid canal, and internal auditory canal. 

9.5 Normal Fissures and Sutures 
Cranial sutures consist of fibrous bands of tissue uniting the 
skull bones together.8 They are important sites of bone growth. 
Knowledge of the various sutures and their appearance on CT 
imaging is vital to avoid mistaking these normal structures for a 
nondisplaced fracture. Important sutures to consider include 
the following (▶ Fig. 9.1): 
● Metopic suture: Interfrontal suture between the two frontal 
bones that usually fuses in childhood 

● Sagittal suture: Between the parietal bones 
● Coronal sutures (paired): Between the two frontal and two 
parietal bones 

● Lambdoid sutures (paired): Between the occipital and parietal 
bones 

● Squamosal sutures (paired): Between the parietal, temporal 
and sphenoid bones 

● Sphenosquamous suture: Between the posterolateral margin 
of the greater wing of the sphenoid and the anterior border of 
the squamous temporal bone 

● Occiptomastoid suture: Between the lateral aspect of the occi
pital bone and the superior mastoid part of the temporal 
bone 

Cranial fissures are also an important aspect of skull base anat
omy and may be mistaken for skull fractures. These include the 
petrosphenoidal and petro-occipital fissures. 
Skull-base trauma can involve the skull-base foramina 

(▶ Fig. 9.2). Patients can initially show various cranial nerve pal
sies. Knowledge of the various foramina and their location and 
contents is important to predict cranial nerve injury (▶ Ta
ble 9.1). 
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Fig. 9.2 Skull base foramina on computed to
mography (CT). Axial CT images (a d) and 
coronal reformat (e,f) demonstrate the foramen 
ovale (FO), foramen spinosum (FS), carotid canal 
(CC), superior orbital fissure (SOF) cavernous 
sinus (CS), foramen rotundum (FR), vidian canal 
(VC) 

Foramen Contents 

Brainstem 

Table 9.1 Skull-base foramina and their contents 

Optic canal Cranial nerve (CN) II (optic) 
Ophthalmic artery 

Superior orbital fissure CN III, IV, V1, VI (oculomotor, trochlear, 
ophthalmic and abducens) 
Superior ophthalmic vein 

Foramen rotundum CN V2 (maxillary) 

Foramen ovale CN V3 (mandibular) 
Lesser petrosal nerve 

Foramen spinosum Middle meningeal artery 

Vidian canal Greater superficial and deep petrosal nerves 
(vidian nerve) 

Jugular foramen CN IX, X, XI (glossophar yngeal, vagus, spinal 
accessory, sympathetic nerve) 

Internal acoustic meatus CN VII, VIII (facial, vestibulocochlear) 

Hypoglossal canal CN XII (hypoglossal) 

Foramen magnum 
Vertebral arteries 

In pediatric patients, the appearance of developing bones 
and unfused cranial sutures may be confused with a fracture, 
and knowledge of these normal age-related variations is cru
cial to avoid misdiagnosis. Most of the skull-base forms by 
endochondral ossification.9 Ossification begins in the occipi
tal bones and continues anteriorly.10 Evaluating symmetr y 
often aids in determining whether a finding is a true frac
ture versus normal ossification of the cartilaginous skull 
base. 
The skull base of an infant contains many synchondroses 

(▶ Fig. 9.3). The major synchondroses are the intersphenoid, 
spheno-occipital, frontosphenoidal, and posterior occipital. Ac
cessory synchondroses are also possible along cranial sutures. 
In addition, the newborn and young infant skull contains fonta
nelles (anterior, posterior, and lateral). 
In the evaluation of skull-base trauma, it is important to rec

ognize the spheno-occipital synchondrosis, located at the junc
tion of the sphenoid and occipital bones. It usually fuses by age 
18 years.11 Closure occurs from above, and a thin sclerotic scar 
often persists into adulthood. Incomplete closure of the sphe-
no-occipital synchondrosis is possible and is a site of weakness 
with a higher predisposition to fracture. 
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Fig. 9.3 Pediatric skull. Axial computed tomog
raphy of the skull base (a) with sagittal reformat 
(b) in a child with frontal sinus fractures (
demonstrates the spheno-occipital synchondrosis 
(SOS), basiocciput (BO), petrooccipital fissure 
(POF), foramen ovale (FO), foramen spinosum 
(FS), and the sphenopetrosal synchondrosis (SPS). 

9.6 Fractures of the Anterior Skull 
Base 
Fractures of the anterior skull base are often associated with 
maxillofacial trauma. Fractures may involve the cribriform 
plate, fovea ethmoidalis (▶ Fig. 9.4), sphenoid sinus (▶ Fig. 9.5), 
and the orbital plate of the frontal bone or the walls of the fron
tal sinuses (▶ Fig. 9.6). Frontal sinus fractures are described 
more fully in Chapter 10, Maxillofacial Trauma, of this book. 
Evaluation for associated orbital injury, either intraconal, ex
traconal, or involving the globe, is key, as is detecting involve
ment of the optic canal. Orbital injuries are more fully described 
in Chapter 11, Traumatic Orbital Injury. 

9.6.1 Classification 
Reporting fractures of the anterior skull base is best done in a 
descriptive manner, describing the specific bones involved and 
extent of injury. In the neurosurgical literature, Sakas et al have 
described a classification system that is helpful in understand
ing the various types of injuries that may affect the anterior 
skull base. Although fractures of the anterior skull base are not 
usually classified radiographically by this system, it provides a 
framework on which to consider anterior skull-base fractures. 
Four fracture types are described:12 

● Type I: Cribriform fracture. This fracture extends through the 
cribriform plate but does not involve the ethmoid or frontal 
sinuses. 

● Type II: Frontoethmoidal fracture. This fracture extends 
through the walls of the ethmoid or medial walls of the frontal 
sinus and involves the medial portion of the anterior skull base. 

● Type III: Lateral frontal fracture. This fracture extends through 
the lateral aspect of the frontal sinus through the superome
dial aspect of the orbit. 

● Type IV: Complex fracture. This type of fracture describes a 
complex injury involving any of the injuries classified in types 
I through III (▶ Fig. 9.7). 

9.6.2 Associated Injuries 
When evaluating anterior skull-base fractures, always consider 
what secondary injuries may be present. For example, exten

sion of a fracture into the petrous carotid canal necessitates 
evaluation of the carotid artery for injury (▶ Fig. 9.5). Fractures 
extending into the orbit require careful assessment of orbital 
complications (▶ Fig. 9.6). Certain anterior skull-base fractures, 
particularly those of the cribriform plate and fovea ethmoidalis, 
are associated with CSF leaks (▶ Fig. 9.4). Fractures involving 
both the inner and outer table of the frontal sinus may result in 
a CSF leak. Additionally, inner-table fractures may require surgi
cal evaluation and treatment resulting from communication be
tween the paranasal sinuses and the intracranial compartment, 
with a potential for intracranial infection, intracranial hemor
rhage, and delayed mucocele formation. This topic is discussed 
further in Chapter 10, Maxillofacial Trauma. With significant 
fractures, even without direct petrous carotid canal involvement, 
vascular injury is an important entity to exclude (▶ Fig. 9.8). 

9.6.3 Treatment 
Treatment of fractures of the anterior cranial fossa depends on 
the extent of injury. Emergent surgery may be indicated for 
open or significantly depressed fracture, foreign bodies, or to 
decompress the optic canal.13 Dural repair may be needed to 
avoid or close a post-traumatic CSF leak and to prevent intra
cranial infection. CSF leaks sometimes close without direct re
pair after ventricular drainage, such as with a lumboperitoneal 
shunt. Vascular injuries may require endovascular or surgical 
care. Cosmesis is an important consideration in long-term ma
nagement. 

9.7 Fractures of the Central Skull 
Base 
9.7.1 Clival Fractures 
Detection of clival fractures has increased with the use of CT 
and improved image resolution. These fractures are often asso
ciated with other craniofacial trauma. Neurologic prognosis in 
patients with clival fractures is poor, and the mortality rate is 
high, up to 24%.14 Fracture of the clivus indicates a severe 
mechanism of injury, and clinical outcome is correlated to 
the patient’s initial Glasgow Coma Scale score and associated 
injuries.15 
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Fig. 9.4 Fractures of the fovea ethmoidalis. Coronal computed 
tomography (CT) (a) shows a fracture through the roof of the right 
ethmoid sinus (fovea ethmoidalis, white arrow) associated with a right 
orbital roof fracture (not shown). Coronal CT in a different patient (b) 
shows bilateral fractures of the fovea ethmoidalis (white arrows
associated with fractures of the medial orbital walls (white arrowheads
Note that the cribiform plate is spared (black arrow). High-resolution 
T2-weighted image (c) demonstrates cerebrospinal fluid (CSF) leaks 
black arrowheads), manifested as T2 hyperintense CSF on either side of 
the fracture lines. 

Classification 
Clival fractures can be classified into three types, depending on 
the orientation: 
● Longitudinal fractures extend from the sphenoid body to the 
foramen magnum in the anteroposterior direction. 

● Transverse fractures extend from right to left (usually one 
carotid canal to the other). 

● Oblique fractures extend at an angle through the clivus, tra
versing the lateral aspect of the dorsum sellae toward the 
contralateral petroclival fissure (▶ Fig. 9.9). 

Associated Injuries 
Fractures of the clivus are associated with significant morbidity 
and mortality owing to the proximity of important neurovascu
lar structures. Longitudinal fractures have the highest rate of 
mortality from associated injuries. Vascular injuries, including 
dissection and pseudoaneurysm, may affect the vertebrobasilar 
system (longitudinal fractures) or carotid circulation (trans
verse fractures), with a reported incidence of up to 46%.16 A 
traumatic carotid-cavernous fistula may develop acutely or in a 
delayed fashion. Although rare, longitudinal fractures of the cli
vus can result in incarceration of the basilar artery.17 

Additional injuries associated with clivus fractures include 
pituitary dysfunction, injury to the brainstem, CSF leaks, and 
cranial nerve deficits. The sixth cranial nerves in particular are 
susceptible to injury, as they are fixed by their course through 
Dorello’s canal in the clivus. Cranial nerves III, IV, V, and VII may 
also be injured in association with clivus fractures because of 
their close proximity. 

Treatment 
Fractures of the clivus are often associated with other injuries 
and are associated with various complications. Treatment is 
best achieved via a multidisciplinar y approach that initially tar
gets life-threatening complications such as vascular injury. 

9.8 Fractures of the Posterior Skull 
Base 
9.8.1 Fractures of the Occipital Bone 
Fractures of the occipital bone can be nondisplaced, displaced, 
or comminuted; they can also be classified as closed or open 
(▶ Fig. 9.10). A ring fracture of the skull base is a specific type of 
occipital skull fracture that is particularly associated with mo
torcycle accidents.18 The fracture is orientated in the transverse 
plane and encircles the foramen magnum. This injury is impor
tant because it can result in severe vascular and parenchymal 
injury. 

Associated Injuries 
Some fractures of the occipital bone are isolated injuries. Others 
are associated with other osseous trauma, including occipital 
condyle fractures, cervical spine fractures, and central skull-
base trauma. Careful evaluation for an underlying extra-axial 
hematoma is key. If the fracture is near a venous sinus, dural ve
nous sinus thrombosis or injury must be excluded (▶ Fig. 9.11). 
Extra-axial hematomas may result in compression of an adja

cent dural venous sinus. CT venography is helpful to exclude 
extrinsic dural venous sinus compression and direct venous in
jury. Magnetic resonance venography may also be considered if 
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Fig. 9.5 Fractures of the sphenoid sinus. (a) Axial 
computed tomography (CT) shows a fracture 
through the posterior wall of the right sphenoid 
sinus extending through the anterior wall of the 
adjacent carotid canal ( ). Additional 
maxillofacial injuries are present. CT angiography 
at the same leve (b) demonstrates slight 
narrowing of the right internal carotid artery 
compared with the left ( ), consistent with a 
Denver grade injury. 

arrowhead

(arrow

Fig. 9.6 Fractures of the anterior skull base with orbital involvement. 
(a) Axial computed tomography demonstrates fractures of the inner 
and outer table of the frontal sinus ( ) with pneumocephalus. 
Coronal reformat (b) shows extension into the right orbital roof 

), in addition to other sinus fractures and extensive subcuta
neous and orbital emphysema. 

the patient is clinically stable to undergo MRI scan. Parenchy
mal and extra-axial hemorrhages may result in sufficient mass 
effect to cause tonsillar herniation or upward tentorial hernia
tion. If associated brainstem compression is severe, decompres
sive surgery may be required. Additionally, if there is significant 
mass effect on the fourth ventricle, hydrocephalus may develop. 
Contrecoup frontotemporal injury accounts for significant 

mortality and morbidit y associated with fractures of the occi
pital bone (▶ Fig. 9.12). Careful attention to areas of potential 
contrecoup injury is required to find subtle injuries, includ
ing contrecoup parenchymal hematomas and extra-axial 

hemorrhages. Sites of involvement include the medial sub-
frontal and anterior temporal locations. 

Treatment 
Nondisplaced linear fractures without associated injuries are 
treated conservatively. Open or depressed injuries often require 
surgical intervention with antibiotic prophylaxis. 

9.8.2 Fractures of the Occipital 
Condyles 
Occipital condyle fractures (OCFs) are usually the result of high-
energy blunt trauma.19 Patients often have other concomitant 
injuries, including traumatic brain injury and soft tissue injury 
at the craniocervical junction. Accurate diagnosis of OCFs is im
portant to decrease morbidity and improve outcomes. CT is the 
imaging modality of choice, with sagittal and coronal recon
structions to optimally evaluate the occipital condyles.20 In 
some cases, an MRI of the craniocervical junction can be useful 
to evaluate for additional cord or ligamentous injury.21 

Classification 
The Anderson and Montesano22 classification system is the 
most widely used classification system for OCFs, and it takes in
to consideration both the mechanism of injury and injury mor
phology. In this classification system, OCFs are classified into 
three types (▶ Fig. 9.13): 
● Type I: Comminuted and impacted fracture, with or without 
displacement, which occurs as a result of axial loading 

● Type II: Skull-base fracture that extends into the occipital con-
dyle(s), which occurs after direct impact to the skull 

● Type III: Avulsion fracture of the occipital condyle that occurs 
after forced rotation and lateral bending 

The type III fracture can be associated with disruption of the 
craniocervical ligaments resulting in craniocervical dissociation. 
The avulsed fragment is usually displaced medially. 

Associated Injuries 
OCFs are commonly associated with other injuries sustained in 
high-energy trauma affecting both cranial and extracranial 
compartments. Intracranial injuries (including intracranial 

95 



Skull-Base Trauma 

arrowhead) 

arrow arrowhead) 
c

). 

arrow

arrowheads

Fig. 9.7 Complex anterior skull base fractures. 
Axial images (a,b) demonstrate fractures through 
the frontal bones with involvement of the inner 
and outer tables of the frontal sinus (
(a), with fractures through the bilateral maxillary 
sinuses ( ) (b) and nasal septum (
(b). Coronal reformat ( ) shows fracture line 
through the right cribriform plate (black arrow

Fig. 9.8 Vascular injury associated with fractures 
of the anterior skull base. (a) Axial computed 
tomography (CT) shows a severely depressed 
comminuted fracture of the right frontal bone. 
The fracture extended into the right greater wing 
of the sphenoid ( ) (b) and involved the 
ethmoid and sphenoid sinus walls. Axial CT 
angiography (c) with and coronal reformats (d) 
shows a traumatic right internal carotid artery 
pseudoaneur ysm ( ), which subse
quently continued to enlarge and ultimately 
required obliteration. 

hemorrhage, additional fractures, and maxillofacial trauma) 
and associated vascular injuries are not uncommon 
(▶ Fig. 9.14). Cervical spine injuries may be present.23 Type III 
OCFs may be associated with injury of the craniocervical liga
ments, including the alar ligaments and tectorial membrane. In 
severe cases, type III OCFs can be seen with craniocervical dis
sociation or injury to the cord (▶ Fig. 9.15). An MRI of the upper 
cervical spine is indicated in cases of suspected ligamentous or 
spinal cord injury. 

Treatment 
Type I and II OCFs are typically stable injuries, as the craniocer
vical ligaments are intact. Patients with these injuries can be 
treated with conservative management.22 Type III OCFs may be 
unstable or stable, depending on whether there is disruption of 
the craniocervical ligaments. Surgical intervention is controver

sial and will depends on the presence of neurovascular compro
mise and the degree of instabilit y.24 

9.9 Fractures of the Middle Skull 
Base 
9.9.1 Fractures of the Sella Turcica 
The superior border of the sella turcica is the diaphragma sellae, 
and the inferior border is the roof of the sphenoid sinus. Anteri
orly, the sella is bound by the anterior clinoid processes, the 
optic canal, and the optic tract. Posteriorly, it is bound by the 
posterior clinoid processes and dorsum sellae. 
Fractures of the sella turcica are rare and, when present, can 

be accompanied by fractures of the sphenoid, frontal bone, 
and maxillofacial trauma (▶ Fig. 9.16).25 These fractures are 
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associated with a high mortality rate. Often, such fractures 
can be radiologically occult and are suggested by the clinical 
manifestation of neuroendocr ine dysfunction. Secondary 
signs (such as an air-f luid level in the sphenoid sinus) can be 
helpful. 

Associated Injuries 
Fractures of the sella turcica are associated with a high compli
cation rate. Complications include vascular injury, cranial nerve 
deficits, injury to the pituitary gland resulting in endocrine dys
function, and injury to the optic chiasm. Patients may also have 
a CSF leak. On imaging, a CSF leak may manifest as persistent or 
delayed pneumocephalus, which may be massive. 
Traumatic injury to the hypothalamic-pituitary axis results in 

endocrine deficiencies. This deficiency can include both anteri
or and pituitary dysfunction in addition to diabetes insipidus.26 

Although the pattern of injury may suggest a predisposition 
toward development of subsequent pituitary dysfunction, the 
diagnosis depends largely on clinical and serum evaluation of 
pituitary function rather than on direct imaging evidence of 
pituitary injury. 

arrow

Fig. 9.9 Fractures of the clivus. Axial computed tomography angiog
raphy image demonstrates nondisplaced oblique fracture through the 
left aspect of the clivus ( ). Associated craniofacial fractures (right 
medial pterygoid plate, right zygomatic arch, and walls of the right 
maxillary sinus) are also present. 

9.9.2 Fractures of the Temporal Bone 
High-energy blunt head trauma is often the cause of temporal 
bone fractures.27 Fractures of the petrous temporal bone are 
important because of the many structures housed within or 
passing through it. High-resolution CT images (thin axial slices 
with reformats) are optimal but not always possible to obtain in 
the acute trauma setting. Secondary signs, such as hemorrhage 
in the mastoid air cells, are clues to diagnosis. Subtle ossicular 
subluxations may be missed on imaging, especially. 

Anatomy 
Understanding the complex anatomy of the temporal bone is 
key in the evaluation of trauma to this structure (▶ Fig. 9.17). 
The temporal bone forms the posterolateral floor of the middle 
cranial fossa and is composed of five parts: squamous, mastoid, 
petrous, tympanic, and styloid. The mastoid and petrous parts 
are most commonly involved in patients sustaining a trauma. 
The external, middle, or inner ear can be affected. The middle 
ear contains the ossicular chain, and the inner ear contains the 
otic capsule, including the cochlea and vestibular apparatus. 
Additional structures, particularly the internal carotid artery, 
jugular bulb, sigmoid sinus, and cranial nerves, are also impor
tant to evaluate. A few key structures to consider when evaluat
ing trauma to the temporal bone are described as follows. 

Ossicular Chain 
The ossicular chain within the middle ear is composed of the 
malleus, incus, and stapes. The malleus attaches to the tym
panic membrane and articulates with the incus. On axial im
ages, the “ice-cream cone” configuration is important to look 
for, representing the normal incudomalleal articulation (the 
body of the incus forms the cone and the head of the malleus 
forms the ice cream). Subtle dislocations are evident as widen
ing of this joint space. 

Facial Nerve 
The facial nerve can be divided into six segments: intracranial 
(pons to internal auditory canal, or IAC), intracanalicular (with
in the IAC), labyrinthine (fallopian canal to geniculate ganglion), 
tympanic (geniculate ganglion to the posterior genu), mastoid 
(posterior genu to stylomastoid foramen), and extracranial (ex
iting the stylomastoid foramen). The bony facial nerve canal 
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Fig. 9.10 Spectrum of occipital bone fractures. 
Axial computed tomography (CT) through the 
posterior fossa (a) demonstrates a nondisplaced 
left occipital bone fracture ( ). This patient 
had no other intracranial injuries. Axial CT in a 
second patient (b) demonstrates markedly de
pressed fracture of the left occipital bone 
extending into the petrous left temporal bone. 
Venous injury and otic capsule fracture (

) are of high concern and must be evaluated. 

97 



Skull-Base Trauma 

(

Fig. 9.11 Complications of occipital bone fractures. Axial computed tomography (a) shows a comminuted occipital bone fracture. Associated injuries 
included (b) transverse fracture of the left temporal bone (black arrowheads), (c) parenchymal hemorrhage (white arrow) and subdural hemorrhage 
black arrow). There is extrinsic compression of the left sigmoid sinus (d) (black arrowheads). In a different patient, comminuted and depressed 
fractures of the occipital bones (e) are associated with underlying hemorrhagic contusions (f). 
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Fig. 9.12 Frontotemporal contrecoup injury after 
occipital bone fracture. Noncontrast computed 
tomography (CT) demonstrates nondisplaced 
fracture of the left occipital bone (a) ( ), with 
left transverse sinus thrombosis evident on CT 
venography (b) ( ). Large hemorrhagic 
frontal contusions and acute right subdural 
hemorrhage (c) are seen opposite the occipital 
bone fracture. 

Fig. 9.13 Occipital condyle fractures. Axial com
puted tomography (CT) (a,b) in two patients with 
type II occipital condyle fractures extending from 
an occipital bone fracture ( ). Note the 
location of the normal occipitomastoid suture 
(OMS). Coronal reformats in two different pa
tients (c,d) demonstrating type III (avulsion-t ype) 
occipital condyle fractures (

within the temporal bone should be examined in cases of 
temporal bone fracture. 

Inner Ear 
The osseous labyrinth, also known as the otic capsule, consists 
of the cochlea, semicircular canals, and vestibule. The cochlea 
consists of three fluid-filled ducts (scala tympani, scala vestibu
li, and scala media) and comprises a spiral of two and one-half 
turns. The vestibule communicates with both the cochlea and 
semicircular canals and contains the utricle and sacule. 

Classification 
Traditionally, fractures of the petrous temporal bone have been 
classified into two types.28 Although this classification system is 
useful, it is more important to accurately diagnose injury to as
sociated important structures. The traditional classification sys

tem is based on the orientation of the fracture line with respect 
to the long axis of the petrous temporal bone and classifies frac
tures into two types: longitudinal and transverse (▶ Fig. 9.18).29 

In longitudinal fractures (reported incidence of 70 to 90%), 
the fracture line runs parallel to the long axis of the petrous 
temporal bone.30 In transverse fractures (reported incidence of 
10 to 30%), the fracture line runs perpendicular to the long axis 
of the petrous temporal bone. In practice, however, it can be dif
ficult to categorize a fracture outright as longitudinal or trans
verse because many fractures include both longitudinal and 
transverse components. Thus, a third category of fracture has 
been described: the mixed fracture. Mixed fractures include 
components of both types of fractures31 and often involve the 
otic capsule with resultant sensorineural hearing loss.32 

Although this category of petrous temporal bone fractures is 
clinically useful, mixed fractures have not been included as a 
category in previous studies reporting the relative incidence of 
each fracture type. 
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Fig. 9.14 Venous sinus injury associated with occipital condylar 
fracture. Axial computed tomography (CT) (a) demonstrates right type 
II occipital condyle fractures (white arrow) and left type III occipital 
condyle fracture ( ). Axial CT venogram (b) through the 
posterior fossa shows occlusion of the right transverse sinus (white 

Transverse petrous temporal bone fractures often involve the 
IAC or otic capsule. They can result in otic capsule injury, trans
ection of the cochlear nerve, injury to the stapes or labyrinthine 
structures, or sensorineural hearing loss. Facial nerve palsy is 
more common in transverse than in longitudinal fractures, 
although it may occur in either. The most common location for 
the facial nerve to be injured is in the geniculate fossa for both 
longitudinal and transverse types. 
Transverse petrous temporal bone fractures can be further 

subdivided into medial and lateral subtypes. Medial subtype 
fractures extend through the fundus of the IAC, that is, the most 
lateral portion of the IAC, to the first genu of the facial nerve, 
involving the labyrinthine segment of the facial nerve canal. 
Lateral subtype fractures extend through the bony labyrinth 
itself and may result in a perilymphatic fistula. On imaging, a 
perilymphatic fistula manifests as an air-f luid level within 

the vestibular apparatus (pneumolabyrinth); see discussion 
to follow. 
Longitudinal petrous temporal bone fractures can result in 

rupture of the tympanic membrane, ossicular injury, conduc
tive hearing loss, and hemotympanum. Injury to the facial 
nerve, although less common, is also possible.33 The otic capsu
le is rarely involved in this type of fracture. Longitudinal-type 
fractures can be further subdivided into anterior and posterior 
subtypes. Anterior subtype fractures can extend through the 
squamosal portion of the temporal bone, tegmen tympani, gle
noid fossa, and facial nerve. Posterior-subtype fractures can 
extend through the mastoid portion of the temporal bone, 
ossicular chain, and facial nerve. 

Associated Injuries 
Involvement of specific structures is important in the evalua
tion of temporal bone fractures, which can result in clinically 
significant symptoms such as vascular injury, facial nerve para
lysis, and sensorineural or conductive hearing loss. 

Vascular Injury 
The petrous segment of the internal carotid artery is at risk for 
injury in the setting of a temporal bone fracture. Involvement of 
the carotid canal can result in vascular complications, including 
dissection, transection, pseudoaneurysm formation, occlusion, 
and formation of an arteriovenous fistula.34 If a fracture line in
volves the carotid canal, dedicated vascular imaging such as 
CTA is indicated. Although occurring less commonly, some frac
tures extend into an adjacent dural venous sinus, which may 
result in the formation of a pseudoaneurysm or dural venous si
nus thrombosis (partial or complete) (▶ Fig. 9.19). 

External Auditory Canal Injury 
Fractures of the temporal bone can involve the anterior or pos
terior walls of the external auditory canal (EAC) (▶ Fig. 9.20). 
The anterior wall is important, as it forms the posterior margin 
of the glenoid fossa, and these fractures may affect the tempor
omandibular joint. Displaced fracture fragments in the EAC are 
important to identif y to prevent the long-term consequence of 
external canal stenosis. 

Ossicular Chain Injury 
Ossicular chain injury can manifest in the form of ossicular dis
location (more common) or fracture (▶ Fig. 9.21).35 Incus disar
ticulation is the most common form of ossicular injury, seen in 
up to 75% of cases of ossicular injury.36 The most common type 
of fracture is that which occurs at the long process of the in-
cus.37 Patients with ossicular injury may show vestibular symp
toms or middle ear impairment (conductive hearing loss). 

Facial Nerve Injury 
The facial nerve is injured in up to 7% of patients with a tempo
ral bone fracture, most of which occur in the region of the geni
culate ganglion (labyrinthine segment).38 Trauma to the facial 
nerve can be the result of direct osseous trauma (for example, a 
bone fragment displaced along the path of the facial nerve) or 
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Fig. 9.15 Ligamentous injury at the craniocer vi-
cal junction associated with an occipital condylar 
fracture. Axial (a), coronal (b), and sagittal (c) 
computed tomography (CT) images demonstrate 
a displaced right type III occipital condylar 
fracture (black arrows). Note widening of the C1
C2 joints ( ). Sagittal T2-weighted 
magnetic resonance image (d) shows hemor
rhage between the clivus and C2 (
There is stretching, thinning, and discontinuity of 
the tectorial membrane (white arrow

Fig. 9.16 Fracture of the sella turcica. Axial (a) and coronal (b) computed tomography images through the skull base demonstrate a fracture through 
the sella turcica ( ). This patient had several additional injuries, including a left longitudinal temporal bone fracture with extension into the 
carotid canal ( ) (c). In a different patient, a fracture of the anterior wall of the sella (d) is associated with fractures through the frontal sinus (e), 
lateral right orbital wall, sphenoid sinus ( ) and right nasal bone (f), among other injuries. 

secondary to other injuries (edema or an adjacent hematoma). municate with the vestibule and, if injured, result in vertigo. 
Immediate facial nerve paralysis will be seen in cases of direct Trauma to the vestibule may also cause vertigo. The inner ear 
nerve involvement, whereas delayed paralysis occurs in cases structures are usually involved in transverse or mixed-type 
of secondary trauma. temporal bone fractures. On high-resolution images, it is 

important to evaluate each of these three structures individ-

Inner Ear Injury 
Trauma to the cochlea results in sensorineural hearing loss. 
The semicircular canals (lateral, posterior, and superior) com

ually. Secondary signs may be helpful, such as pneumolabyr
inth, the presence of air within the cochlea or vestibule 
(▶ Fig. 9.22). 
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–Fig. 9.17 Normal anatomy of the temporal bone. High-resolution axial (a d) and coronal (e) computed tomography demonstrates normal temporal 
bone structures: carotid canal (CC), jugular bulb (JB), external auditory canal (EAC), internal auditory canal (IAC), cochlea (C), semicircular canals (SC), 
vestibule (V), facial nerve canal (FN), malleus (M) and incus (I). 
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Fig. 9.18 Fractures of the petrous temporal 
bone. Longitudinal temporal bone fracture (a) 

) involving glenoid fossa, and, in a 
different patient, associated with disruption of 
the ossicular chain (b). Note widening of the 
incudomalleolar joint ( ). Transverse 
petrous temporal bone fractures (c,d) (

) in two different patients that spared the 
otic capsules and ossicular chains. Note the 
normal arrangement of the incus and malleus in 

ice cream cone configuration (d) (white 

Treatment 
Treatment of petrous temporal bone fractures is targeted at the 
complications associated with the fracture. For example, sen
sorineural hearing loss may require cochlear implantation.39 

Patients with facial nerve paralysis can be treated medically 
(with corticosteroids) or surgically. Other complications are ad
dressed on an individual basis. 

9.10 Trauma to Cranial Sutures 
and Fissures 
Diastasis of cranial sutures can be as common as skull-base 
fractures; often these injuries occur in conjunction with 
skull fractures. In adults, the most common suture to be af
fected is the lambdoid suture (▶ Fig. 9.23). Studies have sug
gested criteria for lambdoid suture diastasis, including 
width greater than 1.5 mm or a difference in width between 
the right and left sides of 1mm or greater.40 The importance 
of diastasis of cranial sutures lies in their association with 
other injuries, particularly an epidural hematoma. Other im
portant considerations include injury to an adjacent dural 
venous sinus. 

9.11 Complications and 
Associated Injury 
Complications of skull-base fractures depend on the location, 
morphology, and severity of the underlying traumatic injury. As 
discussed previously, each type of fracture is prone to specific 
complications related to the surrounding anatomy. Fractures at 
the skull base, independent of whether specifically involving 
the anterior, middle, or posterior skull base, can also have addi
tional potential complications or concomitant injuries. 

9.11.1 Arterial Injury 
Trauma to the intracranial arterial circulation may occur with 
skull-base fractures. Arterial trauma includes thrombosis, occlu
sion, dissection, post-traumatic aneurysms, incarceration or ar
teriovenous fistulas.41 The internal carotid artery, especially its 
petrous and cavernous segments, is the most commonly affected 
vessel (▶ Fig. 9.24). Involvement of the petrous segment places 
patients at risk for cerebrovascular ischemia. Cerebrovascular in
juries are classified by the Denver Grading System42 and are dis
cussed in depth in Chapter 7, Blunt Cerebrovascular Injury. CTA 
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Fig. 9.20 Involvement of the external auditory 
canal (EAC) with fractures of the temporal bone. 
(a) Axial computed tomography image in a 
patient with a mixed left temporal bone fracture 
extending through the anterior wall of the EAC 

). (b) Involvement of both the anterior and 
posterior walls of the EAC in association with a 
longitudinal temporal bone fracture. In a differ
ent patient, a fracture through the anterior wall 
of the EAC (c) ( was associated with 
incudomalleolar separation (d) (

Fig. 9.19 Pseudoaneur ysm of the transverse si
nus secondary to a temporal bone fracture. Axial 
high-resolution multidetector computed tomo
graphic (CT) image of the right temporal bone 
(a) demonstrates a comminuted fracture. Axial 
maximum-intensit y projection (MIP) from CT 
angiography (b) shows an abnormal vascular 
structure protruding through the fracture defect 
and communicating with the right transverse 
sinus ( ). Anteroposterior venous phase 
angiographic image from right internal carotid 
artery (RICA) injection (c) confirms a pseudoa
neurysm of the right transverse sinus (
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Fig. 9.21 Ossicular injury secondary to temporal 
bone fractures. Axial computed tomographic 
images show a longitudinal temporal bone 
fracture ( ) (a) with associated incudomal
leolar dislocation ( ) (b). Subtle right 
ossicular dislocation in a different patient (c) 

), evident only as a slight widening of 
the incudomalleolar joint compared with the 
normal left side (d) ( ). Third patient 
with obvious ossicular chain disruption (e,f) with 
an absence of the normal ice cream cone
appearance (e) ( ) and with ossicles 
evident in the external auditor y canal 
(f) (

Fig. 9.22 Otic capsule involvement with tempo
ral bone fracture. (a) Axial computed tomography 

a transverse petrous temporal 
bone fracture that extends through the semi
circular canals ( ). (b) Fracture line 
extends through the vestibule ( ) with 
gas evident in the cochlea and vestibule (pneu

is sensitive for the diagnosis of cerebrovascular injury, although may also help with recovery. Traumatic aneurysms can be true, 
conventional angiography is sometimes necessary.43 mixed, or false. Traumatic aneur ysms usually involve the inter-
The mainstay of therapy for traumatic vascular occlusion is nal carotid artery but can also affect other intracranial vessels. 

medical management in the form of anticoagulation.44 Other Surgical or endovascular treatment is often necessary, as these 
supportive measures, such as blood pressure augmentation, types of aneurysms do not typically regress. 
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Fig. 9.23 Traumatic diastasis of a cranial suture. (a) Axial computed tomography demonstrates traumatic diastasis of the left lambdoid suture (
with an associated epidural hematoma (b) ( ). Similar findings are seen in a different patient (c,d). 

9.11.2 Cerebrospinal Fluid Leak 
The dura closely apposes the skull base and is vulnerable to in
jury in the presence of a skull-base fracture. Dural tears may 
result in a CSF leak and increase the risk for intracranial infec
tion. Dural tears allow communication between the basal sub
arachnoid space and the paranasal sinuses, middle ear cavity, 
and mastoid air cells. Patients may develop meningitis, ence
phalitis, or a cerebral abscess, regardless of whether they 
present with rhinorrhea. Pneumococcus is the most commonly 
found organism in patients with meningitis in the presence of a 
CSF fistula.45 CSF leaks usually occur within 48 hours after the 
initial injury. The “double-ring sign” describes a bedside test for 
CSF leak, in which the bloody nasal discharge is blotted with a 
paper tower. CSF diffusion occurs more rapidly than that of 
blood, so if a CSF leak is present, a larger clear ring will become 
evident around the central bloody area on the paper towel. Oth
er confirmatory tests for CSF in bloody or nonbloody fluid in
clude testing for the presence of beta-2-transferrin, which is 
found exclusively in CSF and perilymph. 
Imaging may assist in the diagnosis of a CSF leak. Radionu

clide cisternography is a sensitive means to detect CSF rhinor
rhea. Pledgets are placed in the nose. After injection of radio
tracer into the thecal sac by lumbar puncture, the pledgets are 
tested for radiotracer. If present, CSF leak is confirmed. Con-
trast-enhanced CT cisternography, in which contrast is injected 
into the thecal sac via lumbar puncture followed by high-reso-
lution CT of the area of concern, may be used to localize the leak 

(▶ Fig. 9.25). MRI can also be used, especially high-resolution 
T2-weighted imaging (▶ Fig. 9.4). 
Management of CSF leaks includes conservative and surgical 

approaches.46 Most CSF leaks resolve spontaneously, and a trial 
of conservative management is usually indicated before more 
aggressive treatments, such as external CSF drainage or direct 
leak repair, are performed. The use of prophylactic antibiotics is 
controversial, as several studies have shown that prophylactic 
antibiotics do not decrease the risk of meningitis. Important in
dications for surgery include a persistent leak, development of 
meningitis, and persistent or worsening pneumocephalus. 

9.11.3 Traumatic Carotid-Cavernous 
Fistula 
A carotid-cavernous (CC) fistula is an abnormal communication 
between the cavernous segment of the internal carotid artery 
and the cavernous sinus. It can occur secondary to skull-base 
trauma, whether involving the anterior, middle, or posterior 
cranial fossae.47 Patients may initially have reduced vision, 
exophthalmos, headache, or a cranial nerve deficit. On CT or 
MRI, imaging findings include proptosis, orbital edema, en
largement of the extraocular muscles, and dilatation of the 
superior ophthalmic vein and cavernous sinus. MRI may also 
demonstrate abnormal flow voids within the cavernous sinus. 
Conventional angiography is the mainstay of diagnosis. On in
jection of the internal carotid artery, there is rapid filling of the 
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Fig. 9.24 Blunt cerebrovascular injury associated 
with skull base fracture. Axial computed tomog
raphy (a) shows several skull-base fractures, 
including fractures of the sphenoid and petrous 
temporal bones bilaterally ( ). (b) Digital 
subtraction angiography, lateral view, right com
mon carotid artery injection, demonstrates dis
section of the internal carotid artery just distal to 
its origin. Diffusion-weighted magnetic reso
nance image (c) shows an acute infarction in the 
right middle cerebral artery territory. 

cavernous sinus and ophthalmic veins, which are dilated 
(▶ Fig. 9.26). Treatment options include embolization or sur
gery. Long-term sequelae include vision loss and ischemic ocu
lar necrosis. 

9.11.4 Intracranial Hemorrhage 
Patients with trauma at the skull base often have associated in
tracranial hemorrhage, including epidural and subdural hema
tomas, subarachnoid hemorrhage, and hemorrhagic contusions 
(▶ Fig. 9.27). Patients who have a posterior fossa subdural hem
atoma often have associated fractures of the posterior skull base 
or occipital condyles.48 If there is significant posterior fossa 
mass effect, emergent decompressive surgery may be required. 
Although CT is the imaging modality of choice, MRI can be help
ful, especially when evaluating for smaller contusions or diffuse 
axonal injury. 

9.11.5 Spinal Trauma 
Depending on the mechanism of injury, imaging of the spine 
may be indicated to evaluate for associated spinal trauma. Imag
ing modalities include x-rays, CT, or MRI, or a combination of 
these modalities. Trauma at the craniocervical junction is often 
associated with fractures of the skull base, and MRI is helpful to 
exclude ligamentous and soft tissue injury. 

9.11.6 Maxillofacial Trauma 
Skull-base trauma is often found in conjunction with maxil
lofacial trauma, particularly fractures involving the floor of 
the anterior cranial fossa. High-resolution axial imaging 
through the maxillofacial bones is an important adjunct to 
imaging of the skull base, particularly in the setting of high-
energy trauma. 
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Fig. 9.25 Complex skull fractures complicated by 
cerebrospinal fluid (CSF) leak in two patients. 
Coronal reformat computed tomography (CT) (a) 
shows severe craniofacial trauma involving the 
right parietal bone, right orbital roof, ethmoid, 
and maxillar y sinuses and maxilla. Axial CT (b
shows fractures of the skull base involving the 
right foramen ovale ( ) (b), the left optic 
canal ( ) (c) with displaced fragments in 
the right optic canal ( ) (c). The right globe is 
ruptured (d). Subsequently, the patient pre
sented with rhinorrhea and increasing pneumo
cephalus (e). Coronal three-dimensional T2
weighted images of the brain (f) confirm CSF 
leak, manifesting as CSF-intensity fluid extending 
through the defect in the anterior skull base (*). 
In a second patient with persistent CSF leak, 
coronal CT reformat (g) shows a persistent defect 
at the right anterior cranial fossa ( ), through 
which contrast passes on coronal CT cisterno
gram (h) ( ), confirming a CSF leak. 

9.11.7 Cranial Nerve Dysfunction 
The neural foramina of the skull base house cranial nerves, 
which can be injured in trauma. Injury may occur as a result of 
direct insult (complete or partial transection or contusion) or 
secondary to bone fragments within the foramina. 49 The sixth 

cranial nerve is the most common extraocular nerve to be in
volved in skull fractures.50 

The olfactory nerve is the most vulnerable cranial nerve. 
Injury to the olfactory nerve occurs as a result of fractures in
volving the anterior skull base and can result in anosmia. These 
injuries are usually managed conservatively. 
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Fig. 9.26 Carotid-cavernous fistula (CCF) associated with skull-base 
trauma. Axial computed tomography of the skull base (a) demon
strates bilateral temporal bone fractures ( ) and maxillofacial 
fractures. Note incudomalleolar joint widening, indicating ossicular 
chain disruption. No extension into the carotid canal was seen. Lateral 
digital subtraction angiography right internal carotid artery (RICA) 
injection (b) demonstrates filling of the cavernous sinus on arterial 
phase injection ( ) and dilatation of the ophthalmic vein 
white arrow), consistent with a traumatic CCF. 

The optic nerve can be injured in fractures of the anterior 
skull base if there is involvement of the optic canal. The optic 
chiasm can also be injured, especially with fractures of the 
middle skull base, and may result in blindness or bitemporal 
hemianopsia. In patients who show rapid deterioration of vi
sion, optic canal decompression may be indicated. If the visual 

changes are partial and stable, medical therapy with corticoste
roids can be considered. 
The oculomotor nerve can be injured in blunt frontal trauma. 

Fractures involving the superior orbital fissure can affect cranial 
nerves III, IV, and VI and the ophthalmic division of V. The supe
rior orbital fissure syndrome describes patients with a dilated 
pupil, ptosis, and abnormal extraocular muscle function at ini
tial examination. If the patient also has blindness (indicating in
volvement of the optic canal), this is known as the orbital apex 
syndrome. 
Injury to the abducens nerve usually results from fractures of 

the clivus.51 The nerve can also be injured by trauma involving 
the superior orbital fissure. Usually, other cranial nerve palsies 
(cranial nerves III and IV) are also present. Any one of the three 
branches of the trigeminal nerve can be injured, resulting in 
sensory facial deficits. The supraorbital branch of the trigeminal 
nerve (V1) is most commonly affected. 
The facial and vestibulocochlear nerves can be injured in frac

tures of the temporal bone, especially of the transverse type. 
Management of facial nerve palsy is guided by the clinical onset 
of symptoms and whether the palsy is partial or complete. In 
patients with an immediate and complete palsy, recovery typi
cally involves surgical decompression.52 In patients with a de
layed and partial palsy, recovery can be spontaneous or assisted 
by administratio n of corticosteroids. Late facial nerve decom
pression can also be beneficial.53 Surgical therapy is also indi
cated in patients with a facial nerve injury proximal to the 
geniculate ganglion. 
The glossopharyngeal, vagus, and spinal accessory nerves 

may be injured in the jugular foramen. The hypoglossal nerves 
can be injured as they pass through the hypoglossal canal. 

9.11.8 Growing-Skull Fractures 
Growing-skull fractures are a complication of fractures in chil
dren and occur in up to 1.6% of childhood skull fractures.54 

Growing-skull fractures usually affect children younger than 3 
years and occur within 6 months of injury. They can occur after 
frontal, parietal, or occipital bone fracture or with skull-base 
trauma. 
Growing-skull fractures are complications of linear, and not 

depressed, skull fractures. These fractures are always associated 
with an underlying dural tear, and there is progressive enlarge
ment of the fracture defect over time.55 An important risk factor 
is the presence of 4-mm or larger diastasis of fracture fragments 
at the time of initial injury. With time, normal brain and subar
achnoid pulsations may result in enlargement of the initial skull 
defect. A leptomeningeal cyst forms and can be palpable on 
physical examination. Thus, growing fractures are also called 
leptomeningeal cysts or post-traumatic meningoceles. When 
these fractures are severe, there is risk for herniation of brain 
through the enlarging defect. Management includes surgical re
pair to prevent further neurologic compromise and persistent 
seizures.56 The dura always needs to be repaired; the skull de
fect usually is also repaired. 

9.11.9 Iatrogenic 
Insertion of a nasogastric tube in the presence of a skull-base 
fracture should be avoided. Inadvertent intracranial nasogastric 
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Fig. 9.27 Intracranial hemorrhage associated 
with skull-base fractures. Axial computed tomo
graphic images demonstrate (a) a nondisplaced 
longitudinal fracture through the right petrous 
temporal bone ( ) with an associated epi
dural hematoma (b). In a different patient, 
comminuted and displaced fractures through the 
inner and outer table of the frontal sinus (c) 

are associated with subarachnoid hem
orrhage, as well as hemorrhage within the frontal 
sinus (d). 

tube placement is possible and has been reported.57 Hence, en
teric tube placement should be via the orogastric route. 

9.12 Pearls 
● Fractures of the anterior cranial fossa are often associated 
with maxillofacial trauma, and close evaluation of the facial 
structures is required. Post-traumatic CSF leak, particularly 
with fractures of the cribriform plate and fovea ethmoidalis, 
should be considered. 

● Clivus fractures are highly associated with severe concomitant 
injuries, including vascular injury and parenchymal trauma. 

● Occipital condyle fractures are the result of high-energy trau-
ma and are classified into three types. MRI may be used to 
evaluate the craniocervical junction and cervical spinal cord. 

● Temporal bone fractures are classified into longitudinal, 
transverse, and mixed types and are best identif ied on axial 
images. Assess adjacent structures, including the otic capsule, 
facial nerve, carotid canal, and ossicular chain for injury. 

● Sellar fractures are often radiologically occult and can result 
in an endocrinopathy. 

● Traumatic diastasis of the cranial sutures can manifest with 
complications similar to those of other skull base fractures. In 
adults, the most common suture to be affected is the lamb
doid suture. 
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10 Maxillofacial Trauma 
Jayson L. Benjert, Kathleen R. Fink, and Yoshimi Anzai 

10.1 Introduction 
Maxillofacial trauma represents a significant cause of morbidity 
and financial cost in the United States. More than three million 
people sustain maxillofacial injuries each year,1 and many of 
these injuries require hospital admission. In 2007, the cost of 
treatment of facial fractures in U.S. emergency departments 
was nearly one billion dollars.2 

Imaging plays an important role in the management of pa
tients with maxillofacial trauma. Proper imaging allows for 
the rapid diagnosis of craniofacial fractures and associated in
juries. Cross-sectional imaging, particularly the use of three-
dimensional (3D) reconstructions, has become vital to surgical 
planning. Intraoperative computed tomography (CT) has in
creasingly been used to provide essential anatomic informa
tion directly at the point of care. This chapter discusses the 
causes of maxillofacial injuries, the major patterns of facial 
fractures, and current imaging practices concerning maxillofa
cial trauma. 

10.2 Epidemiology 
Maxillofacial trauma accounts for a major use of health care re
sources in the United States, with an average hospitalization of 
6 days and a mean cost of $60,000 per patient.2 Motor-vehicle 
collisions and assault cause most maxillofacial trauma. In in
dustrialized nations, assault accounts for an increasing propor
tion of maxillofacial trauma, with increasing numbers of cases 
reported in some countries.3 Motor-vehicle collisions are also 
an increasing cause of such fractures in developing countries.3 

The cause of maxillofacial fractures also may vary within a 
countr y from region to region, with interpersonal violence 
more frequent in urban areas and motor-vehicle collisions and 
falls more common in rural areas.4 Falls, sports, and work-re-
lated injuries round out the most common causes of maxillofa
cial trauma, with falls accounting for most maxillofacial injuries 
in the older population.5 

The typical patient with maxillofacial trauma is a man in 
the third decade of life. Maxillofacial trauma affects men more 
than women, with male-to-female ratios reported as high as 
11:1, but more commonly found in the range of two to four 
men affected for every woman affected.6–8 Alcohol use plays a 
significant factor in maxillofacial injury, with some reports 
finding as many as 87% of maxillofacial trauma cases to in
volve alcohol.9 

The increased use of seat belts and air bags in automobiles 
has decreased the incidence of facial fractures and lacera
tions resulting from motor-vehicle collisions.10 An analysis 
of the effect of safety devices on the incidence of facial trau
ma found that 59% of patients with facial fractures resulting 
from motor-vehicle collisions did not use any safety de-
vice.11 Further, the lack of use of air bags or seat belts during 
motor-vehicle collision increased the incidence of facial 
fractures.11 

10.3 Normal Anatomy 
The facial bones and supporting musculature and tissues pro
vide both function and form. The facial bones provide impor
tant protection for the brain and eyes. They house the struc
tures necessary for sight, smell, and taste. The facial skeleton 
provides the framework for the vital functions of ventilation, 
mastication, and phonation. Lastly, the face is the portal to the 
outside world and is the organ of social interaction. In patients 
with congenital or post-traumatic facial deformity, appearance 
is rated as the fifth most important function of the face after 
breathing, vision, speech, and eating.12 

The buttress system of the face is helpful in conceptualizing 
facial anatomy and is essential in planning surgical reconstruc
tion. The facial buttresses are composed of regions of relatively 
thickened bone that support the physiologic functions of the 
face, such as mastication.13 They also provide targets of suffi
cient thickness to accommodate surgical fixation hardware. 
There are four pairs of vertically oriented buttresses 

(▶ Fig. 10.1): 
● Nasomaxillary or medial maxillary buttress runs from the an
terior maxillary alveolar process superiorly along the frontal 
process of the maxilla to the region of the glabella. 

● The zygomaticomaxillary or lateral maxillary buttress ex
tends from the lateral maxillary alveolar process over the 

lFig. 10.1 Facia buttress anatomy. Vertical buttresses: (A) Nasomaxil
lary or medial maxillary buttress, (B) zygomaticomaxillar y or lateral 
maxillary buttress, (C) pterygomaxillary or posterior maxillary buttress, 
(D) vertical mandibular buttress. Horizontal buttresses: (1) frontal bar, 
(2) upper transverse maxillary buttress, (3) lower transverse maxillary 
buttress, (4) upper transverse mandibular buttress, (5) lower trans
verse mandibular buttress. 
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zygoma and includes the lateral orbital wall. This buttress 
bifurcates at the zygoma and travels posteriorly along the 
zygomatic arch. 

● Pterygomaxillary or posterior maxillary buttress is located at 
the posterior maxillary alveolar process and extends along 
the posterior wall of the maxillary sinus to the base of the 
pterygoids. This buttress is not surgically accessible. 

● Vertical mandibular buttress courses along the vertical ramus 
of the mandible to the mandibular condyle and skull base at 
the glenoid fossa of the temporomandibular joint. 

The bony nasal septum also represents a weak vertical but
tress present centrally. There are five horizontal buttresses of 
the face (▶ Fig. 10.1): 
● The frontal bar extends along the thickened frontal bone of 
the inferior forehead at the supraorbital ridges between the 
frontozygomatic sutures. 

● Upper transverse maxillary buttress travels along the infraor
bital rims and includes the insertion site of medial canthal 
tendon in the medial orbit, an important structure for naso-
orbito-ethmoid (NOE) fracture evaluation, described below. 

● The lower transverse maxillary buttress is located centrally at 
the palatoalveolar complex and extends laterally and posteri
orly along the maxilla. 

● The upper and lower transverse mandibular buttresses are 
the lower-most buttresses. The upper mandibular buttress 
extends from the central portion of the mandible along the 
dentoalveolar arch. The lower mandibular buttress travels 
along the most inferior aspect of the mandible. 

10.4 Imaging 
CT is the modality of choice for evaluating maxillofacial trau
ma. CT has supplanted conventional radiography for this pur
pose, given CT’s speed of data acquisition, wide availability, 
and high sensitivity and specificity.14 In cases of severe trau
ma, CT examinations of the head and cervical spine are often 
performed concurren tly. The use of a 64- or 128-slice multi-
detector row CT scanner allows for the maxillofacial CT to be 
reformatted from the source images obtained for head and 
cervical spine CT, thereby eliminating unnecessary radiation 
exposure and time. 
Current multidetector CT scanners provide isometric voxel 

size with excellent spatial resolution of reformatted and 3D im
ages. The CT protocol for evaluation of maxillofacial trauma 
should include axial images no more than 1mm thick from the 
top of the frontal sinuses to the bottom of the mandible. Coro
nal and sagittal reformats can then be reconstructed at 0.5- to 
1-mm intervals. The use of 3D reconstructions in maxillofacial 
trauma has steadily increased as multidetector row CT technol
ogy has advanced. 
The 3D images allow easy visualization of the degree of frac

ture comminution and displacement, aid in localizing displaced 
fracture fragments, and allow evaluation of complex facial frac
tures in multiple planes.15 3D images are helpful for planning 
fracture fixation and operative reconstruction by surgeons16,17 

and provide an overall “big picture” as to the extent of facial 
injuries. 

The reported sensitivity of CT in the detection of facial frac
tures ranges from 45 to 97%, with specificity of near 100%. The 
wide range of reported sensitivit y is likely due to the difficulty 
of visualizing some fractures in a single plane, such as identify
ing an orbital floor fracture using only axial images. Coronal 
reformats in addition to axial source images are particularly 
helpful in facilitating fracture detection, thus improving sensi
tivity. In fact, one study found that using a combination of axial 
images, multiplanar reconstructions, and 3D volume-rendered 
reformats was more accurate than using either axial images 
alone or axial images with multiplanar reconstructions.15 Eval-
uation of all three sets of images yielded a sensitivity of 95.8% 
and specificity of 99% for maxillofacial fractures.15 

Surgeons are increasingly requesting intraoperative CT to as
sess the adequacy of facial fracture reduction and fixation dur
ing surgery, which allows for immediate revision and reduces 
the need for future revision procedures.18 Additionally, early 
complications such as graft malposition can be identified. 
Although clearly displaced or comminuted fractures are read

ily detectible by CT, nondisplaced fractures can be more diffi
cult to identify, and some fractures are occult. In these cases, 
recognizing the presence of soft tissue injury or secondary signs 
of injury may be the only way to detect these fractures. Soft tis
sue swelling, subcutaneous stranding, and hematoma identify 
the site where blunt injury occurred. Subcutaneous emphysema 
within the masticator space, malar region, or orbits, along with 
pneumocephalus, may indicate a fracture involving the para-
nasal sinus walls. Hemorrhagic effusions with the paranasal si
nuses, manifested as hypderdense layering fluid, should always 
prompt a thorough search for fractures. 

10.5 Facial Fractures 
10.5.1 Nasal Fractures 
The nasal bones are the most commonly fractured facial 
bones.19 Nasal fractures are commonly caused by motor-vehicle 
collisions, assaults, and sports-related injuries.20 The bony com
ponents of the nose include the nasal process of the frontal 
bone, the frontal processes of the maxilla, the ethmoid, the 
vomer, and the nasal bones (▶ Fig. 10.2). The distal portions of 
the nasal bones are susceptible to fracture because of the 
broadness and thinness of the bone in this region. 
The signs and symptoms of nasal fractures include tender

ness to palpation, palpable deformity, malposition, ecchymosis, 
epistaxis, and cerebrospinal fluid (CSF) rhinorrhea. Some au
thors suggest that imaging is not required for suspected simple 
nasal fractures because management is influenced chiefly by 
clinical rather than imaging findings.21 Clinical suspicion for 
other facial fractures or any concerning physical examination 
finding, such as copious epistaxis or rhinorrhea, dictates the 
need for CT evaluation. 
Nasal fractures are classified clinically by severity (▶ Ta

ble 10.1). Type I injury refers to soft tissue injury without 
underlying damage to the bony structures of the nose. Type IIa 
injury is defined as a simple unilateral nondisplaced nasal bone 
fracture, and type IIb injury is simple bilateral nondisplaced 
fractures. Type III injury refers to simple displaced fractures. 
Type IV injury denotes a closed comminuted fracture. Type V 
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arrowhead). 

Fig. 10.2 Normal anatomy of the nasal bones on 
computed tomography (CT). Axial CT demon
strates (a) ethmoidal grooves within the nasal 
bones ( ), which are sometimes mistaken 
for fractures; (b) frontal processes of the maxilla 

); and (c) anterior nasal spine (
Coronal reformat (d) through the nasal bones 
showing frontonasal suture (

Classification Description 

I 
nose 

or any 

–75S. 

Table 10.1 Classification of nasal fractures 

Type Soft tissue injury without underlying injury to the 

Type IIa Simple unilateral nondisplaced nasal bone fracture 

Type IIb Simple bilateral nondisplaced nasal bone fractures 

Type III Simple displaced nasal bone fracture 

Type IV Closed comminuted nasal bone fracture 

Type V Open comminuted nasal bone fracture 
fracture type with airway obstruction, septal hema
toma, CSF rhinorrhea, crush injury, or NOE fracture 

CSF, cerebrospinal fluid; NOE, naso-orbito-ethmoid. Adapted from 
Higuera S, Lee EI, Cole P, Hollier LH Jr, Stal S. Nasal trauma and the 
deviated nose. Plast Reconstr Surg. 2007; 120(7, Suppl 2)64S

injury describes either an open comminuted fracture or any 
type of nasal fracture in combination with airway obstruction, 
septal hematoma, CSF rhinorrhea, crush injury, or associated 
NOE fractures.22 

Severe nasal fractures may result in marked cosmetic defect 
or deformity of the nasal airway causing narrowing or occlu-
sion. Nasal fractures may be treated conservatively or with 
closed or open reduction. Treatment modality depends on the 
fracture type and severity, as well as the presence of nasal de-
formity.22 

Concomitant fractures of the nasal septum may occur in con
junction with nasal fractures (▶ Fig. 10.3). The nasal septum is 
composed predominately of the quadrangular cartilage. It is of 

utmost importance to identify the presence of a septal hemato
ma (▶ Fig. 10.4), which can lead to cartilage necrosis and sad-
dle-nose deformity. Septal injury in pediatric patients can result 
in disruption of growth centers and result in delayed facial 
deformit y. 

10.5.2 Naso-Orbito-Ethmoid Fractures 
The NOE region is anatomically complex and includes the con
vergence of the orbit, nose, and maxilla. Trauma to the midface 
can result in fractures of this region. NOE injuries are frequently 
associated with other midface fractures and craniofacial inju
ries. The key anatomic structure within the NOE region is the 
central fragment of the medial orbital rim, into which the medi
al canthal tendon inserts. 
Many complex classification systems for NOE fractures have 

been described. Markowitz el al23 proposed a simplified classifi
cation system that relies on the degree of comminution of the 
NOE central fragment (▶ Fig. 10.5) and the status of the medial 
canthal tendon. In type I injury, there is a large single segment 
central fracture fragment (▶ Fig. 10.6), and the medial canthal 
tendon is intact. Type II injuries are comminuted, but the medi
al canthal tendon insertion is spared. Type III fractures have se
vere comminution of the central fragment with involvement of 
the insertion site of the medial canthal tendon. Type II and type 
III injuries may not be distinguishable by imaging, as discussed 
later in this chapter. 
The diagnosis of NOE fracture is made by physical examina

tion and imaging. Bimanual palpation of the NOE region may 
reveal mobility and crepitus, suggesting instabilit y and the 
need for open reduction and fixation.24 CT is vital in the eval
uation of NOE fracture. Axial and coronal series allow for 
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Fig. 10.4 A 16-year-old boy was punched in the 
nose. Axial computed tomography (CT) (a) shows 
fracture of the anterior nasal spine ( ). Soft 
tissue algorithm CT (axial) (b), (coronal) (c) 
demonstrates hematoma of the nasal septum 

Fig. 10.3 Bilateral nasal fractures and nasal septal 
fracture. Axial computed tomography (CT) (a) 
shows bilateral, displaced nasal bone fractures 

). Associated nasal septal fracture is 
evident on axial CT (b) and coronal reformat 
(c) (

assessment of bone, soft tissue injuries, and associated frac-
tures.25 The accuracy of NOE fracture assessment is improved 
by evaluation of a combination of multiplanar CT and 3D vol-
ume-rendered CT.26 The medial canthal tendon itself cannot 
be assessed by CT, and integrity of the medial canthal tendon 
can be determined only during surgery. Damage to the medi
al canthal tendon can be inferred on imaging, however, by 
the degree of comminution and displacement of the central 
fragment (▶ Fig. 10.7). 

10.5.3 Zygomaticomaxillary Fractures 
The paired zygomatic bones of the face comprise a central bone 
with four processes that abut the maxillary, temporal, frontal, 
and sphenoid bones. The zygomatic bone, or zygoma, forms a 
large portion of the lateral orbital wall and a portion of the 

orbital floor. The zygoma is bisected vertically by the zygomati
comaxillar y buttress and horizontally by the upper transverse 
maxillary buttress. 
The zygomatic complex, or zygomaticomaxillary complex 

(ZMC) fracture, has been referred to in the past as a tripod or 
trimalar fracture, which is a misnomer because a ZMC fracture 
is defined as fracture of the malar eminence at four buttresses: 
zygomaticomaxilllary, frontozygomatic (FZ), zygomaticosphe
noid, and zygomaticotemporal. This fracture is the second most 
common, after nasal fracture. Patients with zygomaticomaxil
lary fractures can manifest with trismus and flattening of the 
cheek, unilateral epistaxis, paresthesia or anesthesia of the in
fraorbital nerve distribution, unequal pupil heights, and diplo-
pia.27 3D-reconstructed images assist in defining the overall 
fracture pattern and degree of displacement and aids preopera
tive surgical planning. 
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Many classification schemes have been designed for zygo
maticomaxillar y fractures.28 Zingg et al29 developed a fairly 
simple classification system (▶ Table 10.2), in which type A 
fracture refers to incomplete zygomatic fractures in which 

Fig. 10.5 Markowitz-Manson classification of naso-orbito-ethmoid 
(NOE) fractures. Iris of the eye shown in blue. Medial canthal tendon 
denoted in green; fracture fragments in black. (a) Type I demonstrates 
large central fragment. (b) Type II refers to comminuted central 
fragment with fragments external to medial canthal tendon insertion. 
(c) Type III refers to marked comminution of central fragment and 
disruption of medial canthal tendon. 

only one of the zygomatic pillars is fractured. Subtypes in
clude isolated zygomatic arch fractures (A1), lateral orbital 
wall fractures (A2), or infraorbital rim fractures (A3). There is 
no displacement of the zygomatic complex because the re
maining pillars are intact. Type B fracture describes the clas
sic “tripod” fracture wherein all four pillars are fractured and 
displacement may occur. Again, this is more correctly re
ferred to as a tetrapod fracture. Type C fractures involve the 
same structures as type B fractures but demonstrate greater 
comminution. 
Type B fractures are the most common (▶ Fig. 10.8; 

▶ Fig. 10.9).29 Surgical fixation and reconstruction are generally 
performed as soon as possible, usually within 2 weeks of in-
jury.30 ZMC fractures associated with other facial fractures, 
comminuted fractures, malocclusion, or infraorbital nerve sen
sory disturbances are more likely to be treated surgically.31 

10.5.4 Central Midface Fractures 
Most central midface fractures fall within the Le Fort (pterygo
facial) category of fractures. The classification system of these 
fractures was developed by Rene Le Fort in 190132 and is based 
on observations that blunt trauma results in specific fracture 
patterns along three lines of inherent weakness of the facial 
bones. CT is the imaging modality of choice for evaluating cen
tral midface fractures because it allows good delineation of frac
ture patterns within the complex anatomy of the midface. Axial 
and coronal thin-section images are the standard. 3D CT also 
plays a role in operative planning. 
A key feature of Le Fort fracture is involvement of the ptery

goid bones, and the presence of a pterygoid plate fracture al
most always indicates a Le Fort fracture. Pterygoid plate frac
tures sometimes occur from a direct blow, such as with a lateral 
pterygoid plate fracture in association with a mandibular frac
ture. Such cases do not fall within the Le Fort series of fractures. 
Rhea and Novelline33 discussed a method for simplifying the 
evaluation of Le Fort fracture patterns by CT by looking for 
the presence of specific defining fracture components for each 
fracture type. 

arrow
arrow). 

arrowhead) 

( ). 

Fig. 10.6 Type I naso-orbito-ethmoid (NOE) 
fracture. Axial computed tomography (CT) (a) 
showing fracture involving medial canthal tendon 
attachment site ( ). Coronal CT (b) demon
strates large single central fragment (
Three-dimensional reformat CT (c) better dem
onstrates large central fragment (
consistent with type I NOE fracture. Comminuted 
depressed fracture of the left anterior maxillary 
sinus wall and inferior orbital rim are also present 
black arrow
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Fig. 10.7 Self-inflicted gunshot wound with type 
III naso-orbito-ethmoid (NOE) fracture. Axial 
computed tomography (CT) (a) shows commin
uted and severely laterally displaced left NOE 
fracture ( ). Injury to the medial canthal 
tendon is inferred from the comminution and 
displacement of fragments. Coronal reformat (b) 
shows additional fractures of the left nasal wall, 
medial orbital wall, infraorbital rim ( ), hard 
palate (white arrowhead), and mandible (

). Bullet trajectory is suggested by the 
pattern of fractures (red arrow). Volume-rendered 
reformat (c) shows comminuation and displace
ment of the NOE fracture (black arrow), anterior 
maxillary fracture extending superiorly to in
fraorbital foramen (thick black arrow), and com
minuted, displaced symphyseal fracture of the 
mandible (

Classification Description 

A1 

A2 

A3 

Multifragment 
comminution) 

–

Table 10.2 Zygomatic Fracture Classification 

Type A Incomplete zygomatic fracture 

Isolated zygomatic arch fracture 

Lateral orbital wall fracture 

Infraorbital rim fracture 

Type B Complete zygomatic fracture (tetrapod fracture), 
single fragment 

Type C zygomatic fracture (type B + greater 

Adapted from Zingg M, Laedrach K, Chen J, et al. Classification and 
treatment of zygomatic fractures: a review of 1,025 cases. J Oral 
Maxillofac Surg. 1992;50(8):778 790. 

The Le Fort I fracture consists of a horizontal fracture through 
the maxilla (▶ Fig. 10.10) and results in the separation of the 
hard palate from the skull, resulting in a floating palate. This 
fracture involves the anterolateral margin of the nasal fossa and 
traverses the inferior aspects of the medial and lateral maxillary 
buttresses. The key fracture component to diagnose Le Fort I in
jury is a fracture through the anterolateral nasal fossa.33 

The Le Fort II fracture is sometimes referred to as a pyramidal 
fracture because of the triangular shape of the fracture frag
ment, with the maxillary teeth at the base and nasal arch at the 
tip. The Le Fort II fracture (▶ Fig. 10.11) involves the pterygoid 
plates, posterior and lateral walls of the maxillary sinuses, infe
rior orbital rim, and medial orbital wall. The fracture terminates 
near the nasofrontal suture. Fracture of the inferior orbital rim 
is unique to this fracture pattern and aids in proper classifica-
tion.33 The maxilla and nose are separated from the skull in Le 
Fort II injuries and move as a unit in relation to the remainder 
of the face. 
The Le Fort III fractures result in “facial dissociation,” with the 

maxillary teeth, nose, and zygomatic bones freely mobile with 
respect to the remainder of the skull. A Le Fort III fracture 
(▶ Fig. 10.11) includes fractures of the pterygoid plates, superi
or aspect of the posterior maxillary wall, lateral orbital wall, zy
gomatic arch, greater wing of the sphenoid at the posterior 
aspect of the orbit, and medial orbital wall. The fracture of the 
zygomatic arch is unique to this fracture pattern,33 aiding in 
correct categorization, although isolated zygomatic arch frac
tures without involvement of the other Le Fort III injuries may 
be present with Le Fort I and II fracture types. 
Le Fort fractures often occur in combination with other frac

tures of the orbit, nose, and zygoma. The different types of Le 
Fort fractures may occur concurrently in severe trauma; that is, 
one may sustain LeFort I, II, and III fractures on the same side of 
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Fig. 10.8 Left zygomaticomaxillar y complex 
(ZMC) fracture. Axial (a,b), coronal (c,d) and 
volume-rendered reformat (e) computed to
mography demonstrating components of left 
ZMC fracture. Multiple fractures of left zygomatic 
arch (black arrowheads), anterior and lateral 
maxillary sinus wall (white arrowheads). Fracture 
of the left lateral orbital wall (black arrow), and 
orbital floor (white arrow

the face (▶ Fig. 10.11). Additionally, a patient may sustain dif
ferent types of Le Fort fractures on either side of the face 
(▶ Fig. 10.11). 
Treatment of Le Fort fractures is surgical. The goals of treat

ment are to restore occlusion, facial height, and facial projec
tion. Important considerations for treatment include the degree 
of comminution of the facial buttresses, as this may necessitate 
bone grafting for adequate reconstruction.34 

10.5.5 Mandibular Fractures 
The mandible is one of the most commonly fractured bones in 
the face owing to its anatomic prominence, mobility, and rela
tively lack of bony support. Fractures may affect any part of the 
mandible and are described by location.35 Symphyseal fractures 
traverse the mandibular symphysis, which is the space between 
the roots of the central incisors. Parasymphseal fractures are 
lateral to the central incisors but medial to the lateral roots of 

anterior to the mandibular foramen in edentulous patients). 
Mandibular angle fractures occur posteriorly to body fractures, 
but they do not involve the vertically oriented mandibular ra
mus. The mandibular ramus gives off two processes, the condy
lar process and the coronoid process. The mandibular condyle 
consists of the condylar head and neck. 
The most common locations of mandibular fracture are the 

mandibular condyle (36%), followed by the body (21%) and an
gle (20%).36 Mandibular angle fractures occur more frequently 
in assaults.37 Fractures are multiple in 50 to 60% of cases,38 and 
the observation of one fracture through the mandible should 
prompt a thorough search for the second fracture. 
Important considerations when describing mandibular frac

tures include involvement of the mandibular foramen, alveolar 
canal, or mental foramen because of the possibility of injury to 
the inferior alveolar nerve. Involvement of the alveolar ridge, 
including the involved teeth sockets, should be described. Care
ful examination for fractures or subluxation of the teeth is im

the canine teeth. Mandibular body fractures occur between the 
lateral roots of the canine teeth and the second molar (4 mm 

portant for the surgeon to assess the need for tooth repair or 
extraction. 
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Fig. 10.9 Laterally displaced right zygomaticomaxillar y complex (ZMC) fracture. Axial computed tomography (CT) (a) demonstrates laterally displaced 
fractures of the right zygoma and zygomatic arch (black arrowheads), comminuted fractures of the walls of the right maxillary sinus (white 

), and (b) comminuted fracture of the lateral orbital wall (black arrow). Fracture disrupts the glenoid fossa of the right temporomandibular 
junction (white arrow) (a) and extends into the right greater wing of sphenoid bone and squamous temporal bone (white arrow) (b). (c) Coronal 
reformat depicts the lateral displacement of the right zygoma and lateral orbital wall (black arrowhead) with hematoma of the masseter muscle (*). 
Note the orbital floor component to the fracture (white arrow). Three-dimensional volume-rendered reformat (d) demonstrates displaced fracture 
fragment composed of the zygoma and lateral orbital wall (black arrowheads

Like fractures elsewhere, mandibular fractures can be de
scribed as simple or comminuted and open or closed. Open 
fractures may communicate externally through a skin lacera
tion or internally through the socket of a tooth. Mandibular 
fractures may also be defined as favorable or unfavorable, de
pending on whether or not the fracture fragments are displaced 
by muscular pull; favorable fractures are not displaced. Exam
ples of unfavorable fractures include symphyseal and parasym
physeal fractures subject to downward pull by the suprahyoid 
musculature (▶ Fig. 10.12); mandibular angle fractures dis
placed horizontally by muscles of mastication , and high con
dylar fractures subject to medial displacement by the lateral 
pterygoid muscles (▶ Fig. 10.13). 

For the evaluation of mandibular trauma, CT has replaced 
Panorex and other mandibular radiographs. CT allows for rapid 
identif ication of mandibular fractures along with evaluation of 
other facial fractures and associated injuries. 3D reconstruc
tions are useful in treatment planning. CT is reported to be up 
to 100% sensitive for identifying mandibular fractures, whereas 
Panorex is only 86% sensitive.39 In addition, obtaining Panorex 
radiographs may not be feasible in someone with multisystem 
trauma or severe maxillofacial trauma because the images are 
obtained in the upright sitting position. 
Mandibular fractures are treated conservatively, by closed re

duction, or by open reduction and internal fixation. Most sym
physeal and parasymphyseal fractures, displaced fractures of 

119 



Maxillofacial Trauma 

arrow
). 

I 
(

). 

Fig. 10.10 Right hemi Le Fort I fracture. Axial 
computed tomography (a) shows fracture 
through the base of the right pterygoid (white 

) and comminuted fracture of the right 
anterior maxillary sinus wall (black arrowhead
Coronal reformat (b) demonstrates fractures at 
the inferior aspects of the medial and lateral 
maxillary buttresses (black arrows). Three-di-
mensional volume-rendered reformat (c) better 
delineates the horizontal fracture line through 
the maxilla characteristic of the Le Fort fracture 
black arrow). Depressed, comminuted fracture of 
the anterior wall of the maxillary sinus rede
monstrated (black arrowhead

the angle and body, and some condylar fractures36 are treated 
by open reduction. Infection, particularly in the setting of open 
fractures, is the most common complication. Malocclusion 
and sensory disturbances of the inferior alveolar nerve may also 
occur.40 

10.5.6 Frontal Sinus Fractures 
Fractures of the frontal sinus account for 5 to 15% of facial frac
tures and are typically caused by high-energy trauma.41 Frontal 
sinus fractures may involve the anterior (outer) table, posterior 
(inner) table, or both. Penetrating trauma may result in frac
tures completely traversing the fronal sinuses, involving injuries 
to the skin, anterior and posterior tables, dura, and possibly 
frontal lobes. Frontal sinus fractures most commonly involve 
both the anterior and posterior tables (▶ Fig. 10.14), with this 
pattern accounting for approximately two thirds of frontal sinus 
fractures.42 Fractures of the anterior table have important aes
thetic consequences for the appearance of the forehead and 
supraorbital ridge. The posterior table is important because of 
the intimate association with the adjacent underlying dura. The 
status of the inferior frontal recess and frontal sinus ostia (naso
frontal recess) is key when evaluating frontal sinus fractures be
cause obstruction of the outflow tract has important clinical 
implications, described as follows. 
Fractures can be simple, displaced, comminuted, and de

pressed (▶ Fig. 10.15). Up to 56 to 87% of patients with frontal 
sinus fractures have associated craniofacial injuries,34,42,43 

and CT is the imaging modality of choice in evaluating these 

fractures. CT also allows for the evaluation of other facial frac
tures and identif ication of associated intracranial injuries such 
as cerebral contusions, dural injury, and extra-axial hemor
rhage. Thin-slice axial and coronal images are typically ob
tained. Sagittal reconstructions allow improved evaluation of 
the frontal sinus outflow tract and nasofrontal recess, an hour-
glass-shaped structure comprising the frontal sinus infundibu
lum, ostia, and recess.44 

Treatment of frontal sinus fractures is determined by the 
involved structures and the degree of displacement. Nondis
placed anterior table fractures are usually treated conserva
tively with observation. The presence of a small CSF leak does 
not preclude conservative treatment, as most small leaks will 
resolve with conser vative management in 7 to 10 days.45 

Comminuted or depressed anterior table fractures can result 
in significant facial deformity and require surgical reduction 
and fixation. 
If the inferior frontal recess or frontal sinus ostia is ob

structed, the frontal sinus will become nonfunctional 
(▶ Fig. 10.16), with attendant risks of complications, including 
mucocele formation. If frontal sinus outflow obstruction is rec
ognized at the time of injury, the frontal sinus may be obliter
ated, with surgical removal of the frontal sinus mucosa and 
blockage of the outflow tract (nasofrontal duct). Cranialization 
of the frontal sinuses, defined as removal of the posterior wall 
of the frontal sinus, sinus mucosa, and obstruction of the frontal 
sinus outflow tract, is reserved for severe posterior table frac
tures and persistent CSF leaks.46 
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Fig. 10.11 Bilateral Le Fort I and II fractures and 
right Le Fort III fracture. Coronal computed 
tomography (CT) reformat (a,b) and axial CT (c,d) 
demonstrates bilateral pterygoid plate fractures 
white arrows), indicating Le Fort fracture pattern. 
In this case, there are fractures through the 
medial maxillary buttress (black arrows), right 
orbital floor (white arrowhead) (b), bilateral 
infraorbital rims (white arrowheads) (c), right 
lateral orbital wall (black arrowhead) (d), and 
bilateral medial orbital walls (white arrowheads
(d). Three-dimensional (3D) CT volume-rendered 
reformat nicely demonstrates the three fracture 
patterns, including Le Fort fracture involving the 
anterior maxilla and anterolateral nasal fossae 
black arrows), Le Fort II fracture involving 
bilateral infraorbital rims (white arrowheads), and 
right Le Fort III fracture, including the zygomatic 
arch and lateral orbital wall components (

). 3D reconstruction also demon
strates depressed smash type injury to the 
central midface. 

Delayed complications of frontal sinus fractures may occur 
after facial trauma. One of the most common complications of 
frontal sinus fractures is mucocele formation, which can result 
from untreated obstruction of the frontal sinus outflow tract. A 
mucocele can also form if frontal sinus mucosa is left behind 
following frontal sinus fracture surgery. CSF leak, another de
layed complication of frontal sinus fracture, may be transient or 
persist. Persistent CSF leaks require surgical treatment and may 
lead to the development of meningitis or empyema. Antibiotic 
prophylaxis is recommended in these patients. Chronic frontal 
sinus pain is another complication of frontal sinus fracture. It is 

difficult to predict which patients will develop chronic sinus 
pain, but multiple fractures seem to be an associated factor.47 

10.6 Associated Injuries 
Approximately 25% of patients with maxillofacial fractures will 
have associated injuries,48 which will depend on the mecha
nism of trauma. Trauma of sufficient force to fracture the bones 
of the face is likely to involve other areas of the body and result 
in additional areas of injury. Motor-vehicle collisions are a ma
jor cause of systemic injury. In one study, 70% of patients with 
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Fig. 10.13 Left subcondylar fracture of the 
mandible. Axial computed tomography (CT) (a) 
demonstrates fracture of the left mandible with 
anterior subluxation of condylar fragment (white 

). Note the fracture of the anterior wall of 
the bony external auditory canal (EAC) (

) with hemorrhage in the EAC. Coronal 
(b) and sagittal (c) reformats show subluxation of 
the condylar fragment medially (white arrow) (b) 
and anteriorly (white arrow) (c). Fracture of the 
anterior wall of the bony EAC redemonstrated on 
sagittal reformat ( ) (c). 

Fig. 10.12 Obliquely orientated right parasym
physeal fracture of the mandible. Axial computed 
tomography (CT) (a) demonstrates oblique ori
entation of mandibular fracture (white arrows
Coronal reformat (b) in this case clearly localizes 
the fracture to the right parasymphyseal region 
of the mandible (white arrow). Three-dimensional 
CT (c) is helpful in demonstrating the degree of 
displacement (black arrowhead

facial fractures from motor-vehicle crashes sustained concomi
tant injuries.49 

Traumatic brain injury is an important associated finding in 
patients with maxillofacial fractures, with a reported incidence 
of 5.4 to 85%.50–52 The wide variation of reported head injury 
rates may be due to differences in selection criteria. One study 
reported cerebral trauma to be the most commonly associated 
injury in patients with facial fractures, with cerebral hematoma 

the most common manifestation, occurring in 44% of patients 
with facial fractures.53 Thus, careful analysis of the intracranial 
structures is warranted in patients found to have facial frac
tures. If needed, 5-mm axial images in standard algorithm may 
be reconstruc ted from the maxillofacial CT to best evaluate the 
brain and extra-axial spaces. 
There is a well-known association between maxillofacial 

trauma and cervical spine injury, with one report finding an 
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Fig. 10.14 Frontal sinus fractures. (a) Axial computed tomography 
demonstrates depressed fracture of the anterior (outer) table of the 
frontal sinus ( ) with minimally depressed fracture of the 
posterior (inner) table (white arrow) (b). 

incidence of 6.28% of combined cervical spine and maxillofacial 
fractures.54 Because of this association, patients with maxillofa
cial fractures should be placed in cervical spine precautions 
until injury is excluded either clinically or radiographically. 
Acute visual loss is a devastating complication of facial frac

tures, particularly those that affect the orbit and orbital apex, 
such as Le Fort III and ZMC fractures. The reported incidence of 
visual loss and blindness secondary to facial fractures is 1.7%.55 

Ocular and orbital injury is discussed further in Chapter 11, 
Traumatic Orbital Injury. 

10.7 Pearls 
● Maxillofacial trauma is a substantial source of morbidity and 
financial cost in the United States. Motor-vehicle collisions 
and assaults are the two most common causes of maxillofacial 
trauma; alcohol is frequently involved, and facial fractures are 
more common in men aged 20 to 40 years. 

● Thin-slice CTwith multiplanar reformats, particularly in the 
coronal plane, is the recommended modality to assess for fa
cial fractures. Reviewing a combination of thin-slice axial im
ages, multiplanar reformats, and 3D CT improves accuracy of 
detection of these fractures. 3D CT images are useful for pre
surgical planning, assessing the degree of comminution, local
izing displaced fracture fragments, and evaluating complex 
multiplanar fractures. 

● Secondary signs of trauma, such as subcutaneous hematoma, 
hemorrhagic paranasal sinus effusion, subcutaneous gas, and 
pneumocephalus, should guide the search for subtle maxillo
facial fractures. 

● Understanding the concept of facial buttresses is helpful in as
sessing the fracture pattern and the structures that are in
volved. Facial buttresses are also vital to facial stabilization 
and surgical reconstruc tion. 

arrowhead). 
severe 

arrowhead
(

Fig. 10.15 Severely comminuted and depressed 
fractures of the frontal sinuses. Axial computed 
tomography (a) demonstrates markedly com
minuted and depressed frontal sinus and frontal 
bone fractures. Fracture fragments intrude 
deeply into the brain parenchyma (
Coronal reformat (b) redemonstrates 
frontal sinus fractures and shows involvement of 
the ethmoid roof ( ) and infraorbital rim 
black arrow). Three-dimensional volume-ren-
dered reformat (c) demonstrates the extent of 
comminution and displacement of the frontal 
sinus and frontal bone fracture. Right infraorbital 
fracture (black arrow) extends into the right 
zygoma. 
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Fig. 10.16 Frontal sinus fracture with nasofrontal 
duct obstruction. Axial computed tomography 
(a) demonstrates comminuted and depressed 
fractures of the anterior table of the right frontal 
sinus with nondisplaced fracture of the posterior 
table ( ). Note the fracture fragments 
within the sinus. Sagittal reformat (b) redemon
strates the frontal sinus fractures (
with obstruction of the inferior frontal recess/ 
nasofrontal duct by a fracture fragment (
Coronal reformat (c) shows orbital roof fracture, 
with incursion of fracture fragments into the 
inferior frontal sinus (white arrow). Note also nasal 
septal fracture (black arrow

● The forces responsible for maxillofacial trauma can cause se
vere injury to other parts of the body. Radiologists should be 
vigilant for associated injuries in patients with facial fractures, 
particularly head and cervical spine trauma. 

References 
[1]	 Roden KS, Tong W, Surrusco M, Shockley WW, Van Aalst JA, Hultman CS. 

Changing characteristics of facial fractures treated at a regional, level 1 trau
ma center, from 2005 to 2010: an assessment of patient demographics, refer
ral patterns, etiology of injury, anatomic location, and clinical outcomes. Ann 
Plast Surg 2012; 68: 461–466 

[2] Allareddy V, Allareddy V, Nalliah RP. Epidemiology of facial fracture injuries. J 
Oral Maxillofac Surg 2011; 69: 2613–2618 

[3]	 Kostakis G, Stathopoulos P, Dais P, et al. An epidemiologic analysis of 1,142 
maxillofacial fractures and concomitant injuries. Oral Surg Oral Med Oral 
Pathol Oral Radiol. 2012;114. 

[4]	 Smith H, Peek-Asa C, Nesheim D, Nish A, Normandin P, Sahr S. Etiology, diag
nosis, and characteristics of facial fracture at a midwestern level I trauma 
center. J Trauma Nurs. 2012; 19: 57–65 

[5]	 Al-Qamachi LH, Laverick S, Jones DC. A clinico-demographic analysis of max
illofacial trauma in the elderly. Gerodontology 2012; 29: e147–e149 

[6]	 Hwang K, You SH. Analysis of facial bone fractures: An 11-year study of 2,094 
patients. Indian J Plast Surg . 2010; 43: 42–48 

[7] Kapoor P, Kalra N. A retrospective analysis of maxillofacial injuries in patients 
reporting to a tertiary care hospital in East Delhi. Int J Crit Illn Inj Sci. 2012; 2: 
6–10 

[8]	 Naveen Shankar A, Naveen , Shankar V, Hegd , N , Sharma , Prasad R. The 
pattern of the maxillofacial fractures: a multicentre retrospective study. J Cra
niomaxillofac Surg 2012; 

[9]	 Lee KH. Interpersonal violence and facial fractures. J Oral Maxillofac Surg. 
2009; 67: 1878–1883 

[10] Murphy RX Jr Birmingham KL, Okunski WJ, Wasser T. The influence of airbag 
and restraining devices on the patterns of facial trauma in motor vehicle col
lisions. Plast Reconstr Surg 2000; 105: 516–520 

[11]	 Stacey DH, Doyle JF, Gutowski KA. Safety device use affects the incidence pat
terns of facial trauma in motor vehicle collisions: an analysis of the National 
Trauma Database from 2000 to 2004. Plast Reconstr Surg 2008; 121: 2057–
2064 

[12]	 Borah GL, Rankin MK. Appearance is a function of the face. Plast Reconstr 
Surg. 2010; 125: 873–878 

[13]	 Linnau KF, Stanley RB Jr Hallam DK, Gross JA, Mann FA. Imaging of high-en-
ergy midfacial trauma: what the surgeon needs to know. Eur J Radiol 2003; 
48: 17–32 

[14]	 Tanrikulu R, Erol B. Comparison of computed tomography with conventional 
radiography for midfacial fractures. Dentomaxillofac Radiol. 2001; 30: 141–
146 

[15]	 Dos Santos DT, Costa e Silva AP, Vannier MW, Cavalcanti MG. Validity of mul
tislice computerized tomography for diagnosis of maxillofacial fractures us
ing an independent workstation. Oral Surg Oral Med Oral Pathol Oral Radiol 
Endod 2004; 98: 715–720 

[16]	 Mayer JS, Wainwright DJ, Yeakley JW, Lee KF, Harris JH, Jr, Kulkarni M. The 
role of three-dimensional computed tomography in the management of max
illofacial trauma. J Trauma 1988; 28: 1043–1053 

[17]	 Saigal K, Winokur RS, Finden S, Taub D, Pribitkin E. Use of three-dimensional 
computerized tomography reconstruction in complex facial trauma. Facial 
Plast Surg 2005; 21: 214–220 

[18]	 Rabie A, Ibrahim AM, Lee BT, Lin SJ. Use of intraoperative computed tomogra
phy in complex facial fracture reduction and fixation. J Craniofac Surg 2011; 
22: 1466–1467 

[19]	 Hussain K, Wijetunge DB, Grubnic S, Jackson IT. A comprehensive analysis of 
craniofacial trauma. J Trauma 1994; 36: 34–47 

[20] Renner GJ. Management of nasal fractures. Otolaryngol Clin North Am 1991; 
24: 195–213 

[21] Logan M, O’Driscoll K, Masterson J. The utility of nasal bone radiographs in 
nasal trauma. Clin Radiol 1994; 49: 192–194 

[22]	 Higuera S, Lee EI, Cole P, Hollier LH, Jr, Stal S. Nasal trauma and the deviated 
nose. Plast Reconstr Surg 2007; 120 Suppl 2: 64S–75S 

[23]	 Markowitz BL, Manson PN, Sargent L et al. Management of the medial canthal 
tendon in nasoethmoid orbital fractures: the importance of the central frag
ment in classification and treatment. Plast Reconstr Surg 1991; 87: 843–853 

[24]	 Paskert JP, Manson PN. The bimanual examination for assessing instability in 
naso-orbitoethmoidal injuries. Plast Reconstr Surg 1989; 83: 165–167 

[25]	 Daly BD, Russell JL, Davidson MJ, Lamb JT. Thin section computed tomogra
phy in the evaluation of naso-ethmoidal trauma. Clin Radiol 1990; 41: 272–
275 

[26]	 Remmler D, Denny A, Gosain A, Subichin S. Role of three-dimensional com
puted tomography in the assessment of nasoorbitoethmoidal fractures. Ann 
Plast Surg 2000; 44: 553–563 

[27]	 Gerlock AJ, Sinn DP. Anatomic, clinical, surgical, and radiographic correlation 
of the zygomatic complex fracture. AJR Am J Roentgenol 1977; 128: 235–238 

[28]	 Jackson IT. Classification and treatment of orbitozygomatic and orbitoeth
moid fractures: the place of bone grafting and plate fixation. Clin Plast Surg 
1989; 16: 77–91 

124 



Maxillofacial Trauma 

[29] Zingg M, Laedrach K, Chen J et al. Classification and treatment of zygomatic 
fractures: a review of 1,025 cases. J Oral Maxillofac Surg 1992; 50: 778–790 

[30]	 Kelley P, Hopper R, Gruss J. Evaluation and treatment of zygomatic fractures. 
Plast Reconstr Surg 2007; 120 Suppl 2: 5S–15S 

[31]	 Olate S, Lima SM Jr Sawazaki R, Moreira RW, de Moraes M. Variables related 
to surgical and nonsurgical treatment of zygomatic complex fracture. J Cra
niofac Surg 2011; 22: 1200–1202 

[32]	 Tessier P. The classic reprint: experimental study of fractures of the upper 
jaw. I and II. René Le Fort, M.D. Plast Reconstr Surg 1972; 50: 497–506 

[33]	 Rhea JT, Novelline RA. How to simplify the CT diagnosis of Le Fort fractures. 
AJR Am J Roentgenol 2005; 184: 1700–1705 

[34]	 Fraioli RE, Branstetter BF, IV, Deleyiannis FW. Facial fractures: beyond Le Fort. 
Otolaryngol Clin North Am 2008; 41: 51–76, vi. 

[35]	 Follmar KE, Baccarani A, Das RR, Erdmann D, Marcus JR, Mukundan S. A clin
ically applicable reporting system for the diagnosis of facial fractures. Int J Or
al Maxillofac Surg 2007; 36: 593–600 

[36]	 Stacey DH, Doyle JF, Mount DL, Snyder MC, Gutowski KA. Management of 
mandible fractures. Plast Reconstr Surg 2006; 117: 48e–60e 

[37]	 van den Bergh B, van Es C, Forouzanfar T. Analysis of mandibular fractures. J 
Craniofac Surg 2011; 22: 1631–1634 

[38]	 Rhea JT, Rao PM, Novelline RA. Helical CT and three-dimensional CT of facial 
and orbital injury. Radiol Clin North Am 1999; 37: 489–513 

[39]	 Wilson IF, Lokeh A, Benjamin CI et al. Prospective comparison of panoramic 
tomography (zonography) and helical computed tomography in the diagnosis 
and operative management of mandibular fractures. Plast Reconstr Surg 
2001; 107: 1369–1375 

[40]	 Shankar DP, Manodh P, Devadoss P, Thomas TK. Mandibular fracture scoring 
system: for prediction of complications. Oral Maxillofac Surg. 2012;16 
(4):355–360. 

[41]	 Yavuzer R, Sari A, Kelly CP et al. Management of frontal sinus fractures. Plast 
Reconstr Surg 2005; 115: 79e–95e 

[42]	 Strong EB, Pahlavan N, Saito D. Frontal sinus fractures: a 28-year retrospec
tive review. Otolaryngol Head Neck Surg 2006; 135: 774–779 

[43]	 Wallis A, Donald PJ. Frontal sinus fractures: a review of 72 cases. Laryngo-
scope 1988; 98: 593–598 

[44]	 Jain SA, Manchio JV, Weinzweig J. Role of the sagittal view of computed to
mography in evaluation of the nasofrontal ducts in frontal sinus fractures. J 
Craniofac Surg 2010; 21: 1670–1673 

[45]	 Tedaldi M, Ramieri V, Foresta E, Cascone P, Iannetti G. Experience in the ma
nagement of frontal sinus fractures. J Craniofac Surg 2010; 21: 208–210 

[46] Echo A, Troy JS, Hollier LH, Jr. Frontal sinus fractures. Semin Plast Surg. 2010; 
24: 375–382 

[47]	 Metzinger SE, Metzinger RC. Complications of frontal sinus fractures. Cranio
maxillofac Trauma Reconstr 2009; 2: 27–34 

[48]	 Thorén H, Snäll J, Salo J et al. Occurrence and types of associated injuries in 
patients with fractures of the facial bones. J Oral Maxillofac Surg 2010; 68: 
805–810 

[49]	 Follmar KE, Debruijn M, Baccarani A et al. Concomitant injuries in patients 
with panfacial fractures. J Trauma 2007; 63: 831–835 

[50]	 Lim LH, Lam LK, Moore MH, Trott JA, David DJ. Associated injuries in facial 
fractures: review of 839 patients. Br J Plast Surg 1993; 46: 635–638 

[51]	 Luce EA, Tubb TD, Moore AM. Review of 1,000 major facial fractures and asso
ciated injuries. Plast Reconstr Surg 1979; 63: 26–30 

[52]	 Sinclair D, Schwartz M, Gruss J, McLellan B. A retrospective review of the rela
tionship between facial fractures, head injuries, and cervical spine injuries. J 
Emerg Med 1988; 6: 109–112 

[53]	 Alvi A, Doherty T, Lewen G. Facial fractures and concomitant injuries in trau
ma patients. Laryngoscope 2003; 113: 102–106 

[54]	 Jamal BT, Diecidue R, Qutob A, Cohen M. The pattern of combined maxillofa
cial and cervical spine fractures. J Oral Maxillofac Surg 2009; 67: 559–562 

[55] Magarakis M, Mundinger GS, Kelamis JA, Dorafshar AH, Bojovic B, Rodri
guez ED. Ocular injury, visual impairment, and blindness associated with 
facial fractures: a systematic literature review. Plast Reconstr Surg 2012; 
129: 227–233 

125 



Traumatic Orbital and Occular Injury 

11 Traumatic Orbital and Occular Injury

Roberta W. Dalley and Sarah J. Foster 

11.1 Introduction 
Bony orbital and ocular trauma is common in the setting of 
head trauma. Double vision, a partial loss of vision, or a com
plete loss of vision in one or both eyes may occur. Facial disfig
urement by fractures, lacerations, or loss of an eye may require 
facial reconstruc tion or even an ocular prosthesis. High-quality, 
precise, and complete ocular and orbital imaging is crucial to 
assessment of the degree of injury to the orbit, as well as to 
plan surgical approaches for emergency treatment or subse
quent reconstruction. 

11.2 Ocular and Orbital Soft Tissue 
Anatomy 
An understanding of ocular anatomy is critical to appreciating 
how trauma can affect distinct parts of the orbit and globe. The 
globe has an anterior segment containing aqueous humor and a 
posterior segment containing more viscous vitreous humor 
(▶ Fig. 11.1). The anterior segment is further divided into an an
terior and posterior chamber separated by the iris. The lens is 
situated posterior to the iris and is held in suspension by zonu
lar radial fibers of the ciliary body. The globe has three layers: 
an outer fibrous sclera, a middle vascular choroid, and an inner
most neural layer (the retina). The sclera is continuous anteri
orly with the conjunctiva, and the choroidal layer attaches to 
the ora serrate at the level of the ciliary body anteriorly. The oc
ular muscles are in the conal space and are surrounded by a fi
brous layer called the tenons capsule. The muscles attach to the 

Fig. 11.1 Illustration showing the layers and structures of the normal 
globe. 

globe via their respective tendons and pierce the sclera at their 
points of attachment. The optic nerve sheath contains the optic 
nerve, veins, and lymphatics. The sheath itself is a dural reflec
tion. The central retinal artery lies outside the sheath. 

11.3 Orbital Imaging Modalities 
11.3.1 Volume Computed Tomography 
Computed tomography (CT) is the primary modality for assess
ing orbital soft tissue and bony injury in the emergency setting. 
CT scanning of the orbits is very quick, which significantly re
duces motion artifacts. The following discussion assumes a vol
ume CT technique using a multidetector scanner when refer
ring to CT. Volume CT also allows multiplanar reformations in 
any desired plane. It can distinguish a variety of soft tissue orbi
tal injuries, including foreign bodies, gas, edema, hemorrhage, 
and ocular injures. CT is also useful for assessing bone thickness, 
fracture, and displacements, as well as intracranial complica
tions. The major concern with orbital CT is the radiation dose to 
the ocular lens. Current-generation CT scanners are able to de
crease the radiation dose by at least 50% compared with earlier 
CT scanner generations. In addition, using volume scanning to 
reconstruct coronal and sagittal reformations eliminates the 
need for direct coronal scans, which in combination with axial 
scans, doubles the radiation dose to the lens. A further disad
vantage of direct coronal orbital imaging was that it was often 
significantly degraded by dental metallic streak artifact. CT an
giography also can be performed rapidly to assess adjacent vas
cular injury of the internal carotid (ICA) and external carotid ar-
tery (ECA) branches. 

11.3.2 Magnetic Resonance Imaging 
Magnetic resonance imaging (MRI) of the orbit is less fre
quently used than CT is in the setting of traumatic injury. MRI 
of the orbit requires more time and a cooperative patient who 
can hold his or her eyes relatively still. In acute orbital trauma, 
any suspicion of a potential foreign body in the orbit needs ini
tial evaluation by CT to exclude a metal foreign body. If no for
eign body is suspected or if a metal foreign body has been ex
cluded by CT, then MRI may have a limited role in evaluating 
orbital soft tissue injury and any associated intracranial compli
cations of the trauma. 

Ultrasound 
Radiologists in the United States do not commonly use ultra
sound for orbital trauma, but ophthalmologists may use it in 
their office to quickly locate an intraocular foreign body, retinal 
detachment, or choroidal detachment. This testing is particu
larly useful if direct visualization via ophthalmoscopic examina
tion is obscured by intraocular hemorrhage. Ultrasound of the 
orbit is highly sensitive and specific for globe injury and is easy 
to implement in the emergency department setting. Ultra
sound, however, must not be used in the setting of known or 
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Fig. 11.2 Medial orbital blowout fracture. (a) 
Axial bone and (b) axial and (c) coronal computed 
tomography soft tissue images demonstrate 
acute medial orbital blowout fracture ( ) of 
the left orbit, with medial herniation of the 
medial rectus muscle into the ethmoid sinus 
fracture. Moderate periorbital soft tissue swelling 
is present. Note the distortion and swelling of 
both the left medial (m) and inferior (i) rectus 
muscles on the coronal view. 

Fig. 11.3 Orbital floor blowout fracture. (a) Axial 
computed tomographic view showing right globe 
proptosis and retro-ocular gas (g). (b) Coronal 
bone image shows depressed right orbital floor 
fracture with orbital fat and retro-ocular gas 
herniating (vertical arrow) into the defect. (c) 
Sagittal view demonstrates the anterior and 
posterior extent (vertical arrows) of the depressed 
floor fracture. 
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Fig. 11.4 Inferior extraocular muscle distortion. (a) Coronal and (b) sagittal computed tomographic views showing only fat herniating into the 
depressed orbital floor defect ( ) but associated edema and distortion of the inferior rectus muscle ( ) without downward herniation. Note the 
hemorrhagic air-fluid leve ) in the maxillary sinus on the sagittal view. 

Fig. 11.5 Inferior extraocular muscle distortion. (a) Coronal and (b) sagittal soft tissue computed tomographic images of the acute left orbit 
depressed floor fracture ( ) with both fat and inferior rectus muscle ( ) herniation into the defect. Although the inferior rectus muscle is displaced, 
it is not entrapped by bone. 

suspected globe rupture because it could potentially aggravate 
the injury. 

11.4 Fractures of the Bony Orbit 
Fractures can involve any of the bones that border the bony 
orbit. These bones include frontal, zygomatic, lacrimal, ethmoid, 
and sphenoid bones. Orbital fractures may be isolated (e.g., 
blowout fracture, orbital rim fracture) or part of a more 
complex maxillofacial or skull-base fracture (e.g., zygomati
comaxillary fracture, Le Fort II or III fracture, naso-orbito-
ethmoid fracture, orbital apex fracture, and sphenoid wing 
fracture). A combination of several patterns of fracture may 

coexist. Classification of fractures involving the orbit is a 
means of simplifying the description of the injury. 

11.4.1 Blowout Fracture 
An orbital blowout fracture refers to two kinds of fractures that 
can occur through the weakest portions of the orbit: (1) medial 
orbital wall with the thin weak lamina papyracea of the eth
moid bone (▶ Fig. 11.2); and (2) orbital floor with the linear 
weak infraorbital canal (▶ Fig. 11.3). These fractures do not in
volve the orbital rim and are usually a result of blunt trauma 
from an object larger than the orbital rim, such as a fist or 
softball. The most common complications of this fracture are 
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dysfunction of the medial rectus in a medial wall fracture or 
dysfunction of the inferior rectus with an orbital floor frac
ture (▶ Fig. 11.4; ▶ Fig. 11.5). The extraocular muscles may be 
edematous or have an intramuscular hematoma. 
In addition, displacement or entrapment may occur 

through the bony defect (▶ Fig. 11.6; ▶ Fig. 11.7). Subperios
teal hematoma is either not present or is a minor compo
nent of this injury. Subperiosteal abscess is a rare compli
cation of blowout fracture (▶ Fig. 11.8). Anesthesia of the 
maxillary division of cranial nerve V may occur if the frac
ture involves V2 in the infraorbital canal. Surgical repair 
with an implant reinforcing the floor or wall is often recom
mended in the first week or two after injury to prevent 
fibrosis and scarr ing from causing permanent muscular dys
function (▶ Fig. 11.9). 

Fig. 11.6 Inferior extraocular muscle entrapment. Coronal computed 
tomographic view shows acute left orbital blowout fracture with both 
fat and inferior rectus muscle (vertical arrow) entrapped below the 
orbital floor. 

11.4.2 Orbital Roof Fracture 
Fractures of the orbital roof are usually seen in combination 
with extension of linear frontal bone fractures or with complex 
cranial-facial fractures, including Le Fort III, naso-orbito-eth-
moidal (NOE), skull-base fractures extending into the anterior 
skull base. A supraorbital subperiosteal hematoma is commonly 
seen (▶ Fig. 11.10; ▶ Fig. 11.11), which often causes acute ocular 
proptosis. These are usually treated noninvasively unless a bone 
fragment is rotated or displaced with impingement on the 
superior muscle complex or optic nerve. 

11.4.3 Blow-In Fracture 
A blow-in fracture is an uncommon subtype of orbital roof frac
ture. A high-velocity projectile penetrating the skull and pass
ing through the brain causes a blow-in fracture. The shock wave 
from the projectile causes a caudal or downward directed force 
on the floor of the anterior cranial fossa, resulting in commin
uted, inferiorly displaced fractures through one or both orbital 
roofs (▶ Fig. 11.12). 

11.4.4 Zygomaticomaxillary Fracture 
This relatively common facial fracture has gone by several 
names: tripod fracture, trimalar fracture, and now zygomatico
maxillary (ZMC) fracture. These fractures are usually caused by 
blunt-force injury to the malar eminence of the body of the 
zygoma. The fractures essentially pass through or near the 
zygoma’s sutures with adjacent bones, including the frontozy
gomatic, zygomatico-maxillary, and the zygomatico-temporal 
sutures. A ZMC fracture may be nondisplaced or have both a 
displacement and rotary component. By definition, the frac
tures involve the lateral and inferior orbital rim, orbital floor, 
and lateral orbital wall (▶ Fig. 11.13). Anesthesia from the orbi
tal floor fracture crossing the infraorbital canal may injure V2, 
the maxillary division of cranial nerve V. Subperiosteal hemato
mas or intrasinus hemorrhage may also occur with this injury. 

m
Fig. 11.7 Medial extraocular muscle entrapment. (a) Axial and (b) coronal computed tomographic images demonstrate complete herniation and 
entrapment of the swollen medial rectus muscle ( ) into the acute medial orbital wall defect with associated enophthalmos. 
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Fig. 11.9 Postoperative repair blowout fracture. 
(a) Coronal soft tissue and (b) bone computed 
tomographic images show a large depressed left 
medial and inferior orbital floor defect repaired 
with the placement of a curved mesh implant 

) underneath the inferior rectus muscle to 
approximate the normal position of the new 
orbital floor. (c) Sagittal image indicates the 
anterior-posterior extent ( ) of the implant. 

Fig. 11.8 Abscess complicating blowout fracture. 
(a) Coronal computed tomographic (CT) images 
showing an acute right orbital floor fracture. (b) 
Coronal CT in the same patient 3 weeks later 
returning with proptosis and pain showing a new 
subperiosteal abscess ( ) between the infe
rior rectus and the orbital floor. (c) A different 
patient returned to the emergency department 
after being punched in the right eye a week 
earlier, now experiencing redness and swelling of 
the right orbit. Note the subperiosteal abscess (a) 
elevating the inferior rectus muscle and the 
associated maxillar y sinus inflammation. 

Displaced fractures are usually treated with surgical fixation 
along the lateral or infraorbital rim. 

11.4.5 Le Fort II and Le Fort III Fractures 
Le Fort fractures are seen with high-velocity or high-impact 
energy blunt trauma, most commonly with a victim in a high-
speed motor-vehicle collision. Le Fort injuries are usually bilat
eral and involve the pterygoid plates and the nasal septum. 
Orbital involvement is seen only in Le Fort II and Le Fort III 

fractures. A Le Fort II fracture passes through the infraorbital 
rim and medial orbit (▶ Fig. 11.14a,b). It may injure V2 if it 
passes through the infraorbital canal or foramen. A Le Fort III 
fracture passes through the frontozygomatic suture, lateral or
bital wall, orbital floor, and medial orbit (▶ Fig. 11.14c–f). V2 in
jury may be seen with this injury as well. Intraorbital soft tissue 
and subperiosteal hematomas are common. Ocular injury may 
be present. Displaced Le Fort fractures are usually treated oper
atively with plates. 

130 



Traumatic Orbital and Occular Injury 

11.4.6 Naso-Orbito-Ethmoid 
A naso-orbito-ethmoid (NOE) fracture may be more accurately 
described as a naso-ethmoid-frontal fracture pattern. This frac
ture is most commonly caused by a blunt-force injury to the 
central midface, nose, and frontal bones (▶ Fig. 11.15a,b). It 

arrow

Fig. 11.10 Orbital roof fracture. Coronal computed tomographic 
image showing an inferiorly displaced orbital roof fracture fragment 
with an associated subperiosteal hematoma ( ) displacing the 
superior muscle complex (s) and globe inferiorly. 

tends to fracture the medial buttresses but spares the lateral 
buttresses of the face. This injury drives the anterior portion of 
the ethmoid bone and/ or glabella of the frontal bone posteri
orly or the glabella of the frontal bone posteriorly, telescoping 
the impacted bones into the deeper midface. Hypertelorism 
with widening of the interpupillar y distance is common and is 
caused by the lateral expansion of the collapsed anterior eth
moid complex (▶ Fig. 11.15c–f). Involvement of the nasolacri
mal duct may cause epiphora as a result of obstruction of lacri
mal drainage. Ocular and retro-ocular soft tissue injury is often 
present. Displaced naso-ethmoid-frontal fractures are usually 
treated operatively with plates. 

11.4.7 Medial Buttress Fracture 
A medial buttress fracture can be thought of as a unilateral sub
type of the naso-orbito-ethmoid. This medial buttress com
prises the medial maxilla, frontal process of the maxilla, and 
nasal bone. This fracture often has its superior extent at the 
frontal-maxillary suture at the glabella (▶ Fig. 11.16). Like the 
NOE fracture, the medial buttress fracture can obstruct the na
solacrimal duct and cause epiphora. 

11.4.8 Orbital Apex Fracture and Optic 
Canal Fracture 
Fractures of the anterior skull base and central skull base 
may include the orbital apex. These fractures may include the 
sagittal plane posterior extension of the frontal bone and NOE 

h

s
L) 

Fig. 11.12 Orbital blow-in fracture. (a) Axial head 
computed tomography shows a gunshot wound 
traversing the frontal lobes and basal ganglia with 
a high density hemorrhagic tract. (b) Axial bone 
windows show bilateral comminuted orbital roof 
fractures depressed down into the obits by the 
shock wave of the bullet traversing the brain. 

Fig. 11.11 Postoperative subperiosteal hemato
ma. (a) Axial computed tomography shows 
proptosis of the right globe. (b) Coronal image 
demonstrates postoperative superolateral right 
subperiosteal hematoma ( ) from a pterional 
craniotomy, which is causing an intraorbital mass 
effect and displacing the superior ( ) muscle 
complex and lateral ( rectus muscle. 
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Fig. 11.13 Zygomaticomaxillar y complex (ZMC) fracture. (a) Axial computed tomography (CT) through midorbit shows lateral orbital wall fracture 
) and retro-ocular hemorrhage. (b) Axial CT through maxillary sinus shows zygomatic arch and maxillar y wall fractures ( ). (c) Three-

dimensional CT reformations showing ZMC fractures ( ) with free zygomatic ( ) bone fragment. (d) Coronal and (e) sagittal images 
demonstrating a depressed orbital floor, infraorbital rim, and frontozygomatic suture fractures ( ) with hemorrhage in the maxillary sinus. 
(f) Coronal and (g) sagittal repeat CT 4 hours later showing increased maxillary sinus bleeding ( ) with unusual reversal of the orbital floor fracture 
now herniating up into the orbit ( ) causing new proptosis. 

fractures, coronal plane fractures extending from one or both 
longitudinal temporal fractures that extend into the sphenoid 
bone, and complex fractures of the greater sphenoid wing. Frac
ture fragments and orbital apex hematoma may compromise 
the optic nerve (▶ Fig. 11.17a,b). 
An optic canal fracture is a subtype of the orbital apex frac

ture, which specifically involves the body of the sphenoid bone 

at the confluence of the lesser sphenoid wing and anterior cli
noid process, which form the margins of the optic canal. With 
the optic nerve and ophthalmic artery passing through the op
tic canal, displaced fragments and shearing forces may injure 
the tightly confined optic nerve resulting in visual loss 
(▶ Fig. 11.17c,d,e). 
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Fig. 11.14 Le Fort fractures. (a) Three-dimensional (3D) computed tomography (CT) reformat anteroposterior view shows complex Le Fort injury with 
bilateral Le Fort I, right Le Fort II, and left Le Fort III fractures. (b) 3D CT reformat right oblique view shows that this Le Fort II fracture involves the right 
infraorbital rim, anterior-lateral maxilla, and nasal arch, sparing the zygomatic arch and frontozygomatic suture. (c) 3D CT reformat left oblique view 
shows Le Fort III fracture through infraorbital rim, nasal arch, frontozygomatic suture, and zygomatic arch resulting in a free zygomatic fragment. (d) 
Axial CT shows medial and posterior rotation ( ) of free zygomatic fragment ( ) in left complex Le Fort I and III fracture. (e) Axial CT demonstrates 
Le Fort III fracture on the left with lateral orbital wall ( ) and nasal arch and bilateral anterior ethmoid fractures. Le Fort II on right spares lateral 
orbital wall. (f) Coronal CT shows left orbital floor displaced fracture ( as a component of the left Le Fort III injury. 
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Fig. 11.15 Nasal-orbito-
ethmoid fractures. (a) 
Three dimensional (3D) 
computed tomographic 
(CT) reformat anterpos
terior view shows a de
pressed midline frontal 
fracture ( ) extend
ing into the nasal bones 
and left medial maxilla 

). (b) 3D CT reformat 
superior-inferior view 
shows the posterior dis
placement of the frontal 
bone and nasal arch frac
tures ( ). (c) Axial 
CT shows preservation of 
the zygomatic arches 
with posterior displace
ment ( ) of the 
midface maxillar y frontal 
processes. (d) Axial CT 
shows the crumple zone 
of the nasoethmoid 
complex with lateral dis
placement of the lamina 
papyracea (
both sides. (e) Coronal CT 
demonstrates lateral dis
placement ( ) of the 
lamina papyracea with 
hypertelerism. (f) Sagittal 
CT clearly shows 1 cm of 
posterior displacement 

) of the nasal (
and ethmoid (
tures relative to the fron
tal ( ) bone. 

for injury or foreign body is critical and should include the 11.5 Injury to the Orbital Soft 
eye and optic nerve. Hematoma and edema may affect the 

Tissues preseptal soft tissues, retro-ocular fat, and subperiosteal 
space. These tissues can be readily assessed using volume CT 

The soft tissues of the orbit may be injured in both blunt techniques. 
and penetrating facial trauma. Assessment of the optic pathway 
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Fig. 11.16 Medial buttress fracture. (a) Coronal 
computed tomography (CT) shows medial rota
tion of the left medial maxilla ( , medial strut) 
at the nasofrontal suture (white arrow) superiorly 
and the anterior maxilla fracture zone (

) inferiorly. Subcutaneous emphysema in 
the left lower eyelid. (b) Axial CT shows poster
omedial displacement ( ) of the frontal 
process of maxilla ( ) superiorly. (c) Axial CT 
demonstrates medial rotation of the medial strut 

) and compression of the nasolacrimal duct 
) inferiorly. 

11.5.1 Mass Effect 
Acute mass effect in the orbit may manifest as compression of 
one side of the globe, axial proptosis, or off-axis displacement 
of the globe. Orbital soft tissue mass effect is more commonly 
unilateral, but it can be bilateral. 
Proptosis can be assessed by the globe position relative to the 

orbital rim. At the midglobe level on an axial CT slice, the inter-
zygomatic line (a line drawn from one frontozygomatic suture 
or lateral orbital rim to the contralateral lateral orbital rim) will 
normally show about a third of the posterior globe behind the 
interzygomatic line (▶ Fig. 11.18a). The inner-to-outer canthal 
line is often more challenging to use because the medial bony 
landmark of the frontal process of the maxilla is often harder to 
define (▶ Fig. 11.18b). In a normal orbit, about half of the globe 
should lie posterior to this line. Relative proptosis can then be 
measured, especially if only one eye or orbit is injured. Diffi
culty occurs in ZMC, Le Fort III, and NOE fractures, which dis
rupt and displace bony landmarks, making the drawing of these 
lines problematic. 
Globe tenting is another measure of acute orbital tension as

sociated with axial globe proptosis. As the globe is pushed ante
riorly, the optic nerve begins to straighten and stretch, tether
ing the posterior globe margin at the optic nerve head, causing 
a conical deformation of the posterior globe (▶ Fig. 11.18c). 
When an angle is measured subtending the tethered posterior 
globe margin at the optic nerve head, an angle less than 120 de
grees (▶ Fig. 11.18d,e) may correlate with a high incidence of af
ferent pupillary defect.1 Urgent decompression of the proptosis 
and globe tenting are needed to preserve vision. 
Enophthalmos, or a sunken globe position, may be noted 

when the orbital fractures effectively increase the bony orbital 
volume compared with the pretrauma volume, such as in large 
displaced medial and inferior blowout fractures (▶ Fig. 11.19) 
or laterally displaced ZMC fractures. 

11.5.2 Blunt Orbital Trauma 
Blunt Globe Trauma 
Ocular injury in the setting of major trauma arriving in emer
gency departments ranges in the literature between 2 and 3%. 
More than half of cases are secondary to motor-vehicle acci
dents. The term blunt trauma refers to all nonpenetrating inju
ries to the orbit; these injuries represent more than 95% of the 
causes of ocular injury according to studies in the literature; 
penetrating injuries are in the minorit y as mechanisms of in-
jury.2 (Penetrating injuries are discussed in a separate section 
to follow). The aim of ocular imaging in the setting of trauma is 
to address the specific injury to help in management decisions 
that may save threatened visual loss and determine prognosis. 
The risk of ocular injury is significantly greater in the setting 

of fracture of the seven bones that constitute the walls of the 
orbit. Fractures of the walls of the orbit have decreased by 50% 
with the advent of seat-belt laws. Blunt ocular injuries result 
from either direct laceration or impingement by a periorbital 
fracture or by the transmission of shear forces or increased in
traocular pressures by the trauma itself or resultant hematoma. 
The most common injuries seen in blunt trauma of the orbit 

include lens dislocation or subluxation, corneal abrasions, ante
rior chamber hematomas, posterior segment vitreous hemor
rhage, retinal or choroidal detachments, optic nerve injury, 
extraocular muscle injury or entrapment, and carotid-caver-
nous fistula. Periorbital facial fractures are covered separately. 

Corneal Tear 
A tear in the cornea will result in decreased volume of the ante
rior chamber (▶ Fig. 11.20). This loss of volume is a secondary 
sign of the underlying corneal injury, and the tear itself is not 
directly seen on CT. Careful assessment of the lens is required, 
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Fig. 11.17 Optic canal fractures. (a) Axial computed tomography (CT) shows an oblique fracture at the sphenoethmoid junction and a displaced 
fracture fragment ( ) in the left optic canal ( ). (b) Coronal CT same patient with fracture through the sphenoid lesser wing and medial-superior 
wall ( ) of the left optic canal. (c) Axial CT in a different patient with complete visual loss in the left eye after a motor-vehicle collision; CT shows 
fractures laterally through the left greater sphenoid wing (white arrow) extending medially into the lesser sphenoid wing (black arrow) structures of the 
anterior clinoid and left optic canal. (d) Coronal CT demonstrates disruption of the left anterior clinoid and bone fragments ( ) in the left optic 
canal. (e) Lateral left internal carotid artery angiogram shows complete cutoff of the left ophthalmic artery (
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Fig. 11.18 Signs of orbital mass effect. (a) Patient with right orbital abscess and proptosis demonstrating the interzygomatic line. (b) Demonstration 
of the inner-to-outer canthal lines. (c) Globe tenting on the right with a posterior globe angle of 85 degrees compared with a normal left posterior 
globe angle of 135 degrees. (d) Coronal computed tomography (CT) shows a different patient with an inferior blowout fracture with subperiosteal 
hematoma ( ) elevating the inferior rectus muscle ( ). (e) Axial CT from the same patient demonstrates proptosis and moderate acute globe 
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however, because an anterior subluxation of the lens will also 
decrease the depth of the anterior chamber mimicking a cor
neal injury. 

Globe Rupture 
The globe can rupture in the absence of penetrating trauma. 
Shear injury with laceration of the sclera can result in rupture, 
as can direct impact causing a transient peak of high intraocular 
pressure (▶ Fig. 11.21). The globe will appear distorted and of 
small volume (▶ Fig. 11.22a,b). The classic appearance is the 
“flat-tire sign”3 or “drooping lily” sign (▶ Fig. 11.22c,d). A sub
periosteal hematoma may result in mass effect and proptosis 
with stretching of the optic nerve. The long-term sequela of 
chronic globe rupture is a shrunken calcified globe termed 
phthisis bulbi (▶ Fig. 11.23), in which the lens, vitreous, or sclera 
may calcify. 

Anterior Chamber Hematoma 
Blood products in the anterior chamber result from tearing of 
the small arteries within the ciliary body. The anterior chamber 
will have attenuation higher than the contralateral normal side 

m

Fig. 11.19 Acute enophthalmos. Axial computed tomography shows 
acute soft tissue left periorbital swelling and large medial orbital wall 
fracture. The medial rectus muscle ( ) is entrapped in the medial 
defect with enophthalmos of the left globe relative to the normal right 
side. 

(▶ Fig. 11.24) and will have variable T1 and T2 signal on MRI, 
depending on the degradation state of the hemoglobin. 

Lens Injury 
When the orbit sustains an impact of force anteriorly, such as 
from a fist, dashboard, or bat, the globe is compressed in the 
anteroposterior dimension and is deformed outwardly. The out
ward pressures can disrupt the zonular fibers partially or com
pletely, leading to lens subluxation or dislocation 
(▶ Fig. 11.25a). The iris usually inhibits an anterior lens disloca
tion; therefore, a posterior subluxation or dislocation is the 
most common finding.4 Rupture of the lens capsule is unusual 
without a penetrating injury (▶ Fig. 11.25b,c). In the setting of 
complete lens dislocations, the lens is usually found lying in the 
dependent area of the vitreous in the posterior chamber 
(▶ Fig. 11.26a,b,c). Bilateral lens detachment is unusual in the 
trauma setting and should alert the clinician to the possibility 
of an underlying connective tissue disorder, such as Marfan 
syndrome (▶ Fig. 11.26d,e).3 

Posterior Segment Hematoma 
Hemorrhage into the vitreous will result in increased density in 
this compartment on CT (▶ Fig. 11.27a). On magnetic resonance 

(arrow

Fig. 11.20 Corneal tear. Axial computed tomography in a patient with 
a corneal laceration reveals collapse of the left anterior chamber 

), without intraocular hemorrhage. 

Fig. 11.21 Globe rupture and vitreal hemor
rhage. (a) Axial computed tomography (CT) of 
patient with blunt trauma to the left globe 
reveals deminished anteroposterior diameter of 
the hemorrhage-filled globe. (b) Coronal CT in 
the same patient shows both hemorrhage and air 
in the partially collapsed left globe. 
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Fig. 11.22 Globe rupture with vitreal extrusion. 
(a) Axial and (b) coronal computed tomographic 
(CT) scans show the deflation of the posterior left 
globe with multiple folds. Also note the left lens is 
absent due to extrusion. (c) Axial and (d) coronal 
CT in a different patient shows the flat tire
drooping lily sign of near total collapse, with 
extrusion of the lens and vitreous. 

Fig. 11.23 Phthisis bulbi. (a) Axial computed 
tomography (CT) shows old left eye trauma with 
a shrunken globe with calcification of the lens 

) and vitreous. A cosmetic glass prosthesis 
double arrow covers the left eye. (b) Axial CT 
and (c) axial magnetic resonance show the 
calcified posterior and lateral sclera (white arrows
of small right globe, which has had a prior 
vitrectomy with silicone oil ( ) and a scleral 
banding (black arrows). (d) Axial CT in a child with 
mental disabilit y reveals bilateral shrunken globes 
with calcification of the lenses and vitreal 
structures caused by repetitive self-injury. 

(MR), the normal vitreous is T2 bright, but not as bright as epidural collection. This shape occurs as a result of the cho-
cerebrospinal fluid; however, methemoglobin will be T1 bright roidal attachment sites at the vortex veins and the ora serrata 
on CT (▶ Fig. 11.27b,c). It is important to note that silicone oil (▶ Fig. 11.28a). The choroidal membranes’ appearance is similar 
positioned between the vitreous and the retina as a treatment to the stitching on a baseball (▶ Fig. 11.28b). Acute choroidal 
for retinal detachment can mimic a vitreous hemorrhage detachments have tense hemorrhage-filled membranes that 
(▶ Fig. 11.27d). Careful history and comparison to previous ex- bow internally into the vitreous (▶ Fig. 11.28c,d,e). With time, 
aminations can thus be helpful.3 chronic choroidal detachments may deflate and lose tension 

with undulating membranes (▶ Fig. 11.28f).5,6 

Choroidal Detachment 
When the choroid separates from the sclera, usually secondary Retinal Detachment 
to hemorrhage in this space, the configuration is distinct Shear injury or laceration can result in retinal detachment. The 
and needs to be distinguished from a retinal detachment. The appearance on CT is of an inverted triangle with the apex of the 
shape is similar to the appearance of an intracranial biconvex triangle or a “gull-wing” appearance, creating a V-shape at the 
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optic nerve head (▶ Fig. 11.29a,b). This appearance is due to the 
retina’s strong attachments at the level of the optic nerve poste
riorly and at the ora serrata anteriorly (▶ Fig. 11.29c–f). A simi
lar appearance can also be detected with MR (▶ Fig. 11.29b,c).6,7 

Optic Nerve Injury 
The optic nerve can be injured by direct laceration, mass effect, 
or ischemia secondary to devascularization. Fracture is the 
most common cause of optic nerve injury, with 63% of cases 
secondary to fracture as stated in the literature (▶ Fig. 11.30a–
d). Conversely, 2% of patients with periorbital fractures will 
have optic nerve damage.8 A fracture at the orbital apex can 
impinge on the optic nerve and have devastating consequences 
to vision unless recognized and surgically corrected 
(▶ Fig. 11.30e). These fractures can be very subtle, so careful 
scrutiny of this area using multiplanar CT reformats is impor
tant. The optic nerve can be affected by mass effect from a 

arrow
v

Fig. 11.24 Anterior chamber hematoma. Axial computed tomography 
in a patient stabbed in the eye with scissors shows both high-densit y 
hemorrhage anterior to the lens in the anterior chamber ( ), as 
well as posterior vitreal ( ) blood with globe rupture. 

subperiosteal hematoma, as stated previously. Shear injury 
with disruption of the vascular supply to the optic nerve can 
result in ischemia. Rapid vision loss without an identif iable 
fracture or mass on CT can raise this possibility. MRI will dem
onstrate high T2 signal within the nerve indicative of edema in 
this setting.9 Some studies have demonstrated the utility of dif
fusion tensor imaging to assess disruption of the optic nerve 
tract. Altered fractional anisotropy may be used to evaluate the 
severity of optic nerve fiber disruption.10 

Extraocular Muscle Tear 
The extraocular muscles have tendon attachments of the globe, 
which pierce the sclera. Avulsion can lead to a scleral tear, with 
vitreous extrusion resulting in loss of volume in the posterior 
chamber and mild enophthalmos. Most commonly, the muscle 
belly will partially or completely tear, as it is weaker than the 
tendon insertion (▶ Fig. 11.31). 

Periorbital Hematoma 
Preseptal hematoma rarely causes ocular problems except to 
make clinical assessment of the eye difficult, and it may reflect 
the severity of trauma to the area. Subperiosteal hematomas 
can displace the extraocular muscles and cause proptosis 
(▶ Fig. 11.32); hematoma within the extraocular muscles will 
cause them to expand (▶ Fig. 11.4a). Hematoma near the orbital 
apex is a critical finding because mass effect on the optic nerve 
can lead to vision loss and may require decompression. 

Orbital Compartment Syndrome 
Normal intraocular pressure (IOP) is between 3 and 6mm Hg. 
When the IOP exceeds the pressure of the vasa nervorum, the 
optic nerve is at risk of ischemia. Ischemia to the nerve for more 
than 60 to 100 minutes has been shown to result in irreversible 
vision loss. If the IOP exceeds that of the central retinal artery, 
the retina itself becomes at risk of ischemia. Lack of lymphatics 
in the orbit compounds the inability for the orbit to decom-

arrow

Fig. 11.25 Lens injury. (a) Axial computed to
mography (CT) shows partial dislocation of the 
nasal attachment ( ) of the right lens from 
blunt trauma. (b) Axial and (c) coronal CT in a 
different patient show disruption of the posterior 
margin of the right lens capsule and decreased 
lens density caused by edema from a penetrating 
metal foreign body. Note the old left medial wall 
blowout fracture. 
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Fig. 11.26 (a) Axial computed tomography (CT) in a blunt trauma patient shows absence of the plastic intraocular lens replacement from its expected 
position. (b) Coronal and (c) sagittal reformatted views demonstrate inferior and anterior location of the dislocated intraocular lens replacement. (d) 
Axial CT and (d) axial short-inversion imaging recovery magnetic resonance show bilateral far posterior dislocations of the native lenses. 

press. The only other mechanism of orbital decompression is 
via the draining veins, such as the superior ophthalmic vein. 
The cause of the increased IOP can be a large intraocular 
hematoma or tension pneumo-orbita (▶ Fig. 11.33). The ante
roposterior dimension of the globe on imaging will be in
creased and the globe may become proptotic. Globe tenting 
with afferent pupillary defect may develop as the proptosis 
increases. 

Carotid-Cavernous Fistula 
Traumatic laceration of the cavernous segment of the ICA can 
result in a fistulous communication with the cavernous sinus. 
As a result of increased pressure on the venous side, there is re
sultant reflux flow with engorgement of the cavernous sinus 
and superior ophthalmic vein. The periorbital fat will demon
strate stranding, and the globe can be proptotic. Clinically, the 
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Fig. 11.27 Vitreal hematoma. (a) Axial computed 
tomography (CT) in a psychotic patient who 
attempted to pluck out his own right eye, 
resulting in globe rupture and vitreal hemor
rhage. (b) Axial T1 W and (c) axial T2 W of a 
trauma patient with left vitreal bleed ( ), which is 
higher signal than normal vitreous on both T1 W 
and T2 W sequences. A retinal detachment 

) is also present. (d) Axial CT in a third 
patient shows high-densit y vitreal silicone oil (
from a vitrectomy in the left eye that mimics the 
densit y of acute hemorrhage. 

patient will have chemosis resulting from arterialization of 
the conjunctiva and may have reduced visual acuity. The fis
tula is best demonstrated on CT angiography or with formal 
angiography (▶ Fig. 11.34). Treatment is embolization. Iso
lated enlargement of the superior ophthalmic vein can mimic 
a carotid-cavernous fistula. The patient will not be sympto
matic in this setting, and there will be a lack of venous con
gestion with stranding of the periorbital fat and an absence 
of proptosis in these cases. The isolated enlargement of the 
vein can be idiopathic or the result of varix or cavernous 
thrombosis.3 

Chronic Post-traumatic Fat Atrophy 
A rare complication of chronic orbital soft tissue injury is a par
adoxical atrophy of the retro-ocular fat causing a chronic 
enophthalmos (▶ Fig. 11.35a,b). This complication manifests on 
CT as decreased orbital fat with a somewhat infiltrated appear
ance of the residual retro-ocular fat (▶ Fig. 11.35c,d). 

Chronic Post-traumatic Neuroma 
Injury to the cranial nerves can rarely result in a post-trau-
matic neuroma (▶ Fig. 11.36). Post-traumatic neuromas 
generally show less enhancement than do schwannomas or 
neurofibromas. 

Penetrating Orbital Trauma 
Penetrating injury is defined by the passage of a foreign object 
through the periorbital soft tissues, globe, retro-ocular soft 

tissues, or bones constituting the orbit. The penetrating objects 
may be metallic, such as bullets, shrapnel, metal filings, pellets, 
knives, skewers, screw drivers, screws, nails, and such. Common 
nonmetallic orbital foreign bodies include glass, wooden sticks, 
pencils, pens, and plastic objects. The penetrating object may 
transiently pass through the orbit, or it may be retained within 
or adjacent to the orbit. Volume CT is the modality of choice for 
locating the foreign body or bodies and assessing the extent of 
orbital soft tissue and bony injury. 

Foreign Bodies 

Metal 
Metal foreign bodies are best detected by CT. The metal for
eign body has a much higher density (Hounsfield unit, HU) 
than orbital soft tissue or bone and is best identif ied on 
wider bone window width of 2000 to 4000 HU. Usually, sig
nificant stellate beam hardening artifacts confirm the metal
lic nature (▶ Fig. 11.37). Localization of the metal foreign 
body within the anterior, posterior, or central portion of the 
globe is important for surgical planning (▶ Fig. 11.38). It is 
also important to localize foreign bodies as posterior to the 
globe, orbital apex, or transorbital intracranial (▶ Fig. 11.37b; 
▶ Fig. 11.39a–f). Thinner slice thickness improves the visibil
ity of streak artifacts in small foreign bodies by eliminating 
volume averaging of adjacent tissues (▶ Fig. 11.40). MR is 
generally contraindicated in acute penetrating trauma until 
any metal foreign bodies are excluded from within or imme
diately adjacent to the eye and optic nerve. 
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Fig. 11.28 Choroidal detachment. (a) Diagram showing nasal and temporal choroidal detachments, indicating that the posterior margin of the 
detachment does not extend to the optic nerve head. (b) Baseball stitching mimics the contour of choroidal detachments. (c) Axial computed 
tomography (CT) of acute post-traumatic choroidal detachments ( nearly isodense with the central vitreous, with high-densit y hemorrhage (
layering dependently within the choroidal detachment. (d) Axial and (e) coronal CT in another trauma patient showing high-densit y homogeneous 
hemorrhage within the nasal and temporal choroidal detachments ( ). (f) Chronic choroidal detachments with deflated subchoroidal fluid and wavy 
choroidal membranes (
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Fig. 11.29 Retinal detachment. (a) Diagram showing detached retinal membranes that form a V-shaped attachment at the optic nerve head. (b) 
Drawing showing the appearance of retinal detachment. (c) Axial computed tomography (CT) shows a left retinal detachment ( ) from a 
penetrating ocular injury. Note also the hemorrhage ( ) in the anterior chamber. (d) Axial CT demonstrates a large acute retinal detachment with 
retinal membranes extending posterior to the calcified drusen at the right optic nerve head. (e) Axial CT shows a small subretinal hemorrhage (
extending laterally from the optic nerve head, in a patient with a right plastic lens implant. (f) Axial CT in high-speed accident with ruptured globe and 
clear visualization of the retinal membrane ( ) extending through the nasal aspect of the eye. 
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Fig. 11.30 Optic nerve injury. (a) Axial and (b) coronal computed tomography (CT) in a patient with blunt injury and orbital floor blowout fracture 
shows hemorrhage ( ) in the right dilated optic nerve sheath causing visual loss. (c) Axial and (d) coronal CT demonstrates in a second patient a 
laterally displaced fragment of bone ( near the optic nerve with high density hemorrhage ( ) within the optic nerve sheath in a patient with a 
left Le Fort III fracture, associated with complete visual loss in that eye. (e) Axial CT in another patient with a right zygomaticomaxillar y complex and 
large medial orbital wall displaced fracture. Note the focal hemorrhage ( ) within the right optic nerve sheath. 
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Fig. 11.32 Subperiosteal hematoma. (a) Axial 
and (b) coronal computed tomographic 
show a subperiosteal hematoma ( ) in the 
superior-medial orbit displacing the right superi
or muscle complex and the superior oblique in a 
postoperative patient. 

Fig. 11.31 Rectus muscle tear. (a) Axial com
puted tomography (CT) shows disconjugate gaze 
with marked lateral rotation of the right globe, 
medial position of the optic nerve ( ), and 
absence of the medial rectus. (b) and (c) Axial 
T1 W and (d) coronal T1 W MR in the same 
patient again shows only a thread-like compo
nent of the right medial rectus (
muscle. Compare with the normal left medial 
rectus (double arrow

Fig. 11.33 Tension pneumo-orbita. (a) Axial and 
(b) coronal computed tomography (CT) bone 
windows demonstrate marked right proptosis 
(using the interzygomatic reference line) caused 
by a blowout fracture (not shown) with retro-
ocular gas ( ) filling the orbit and displacing the 
globe. (c) Soft tissue window axial CT in a 
different patient shows right proptosis with 
stretching and thinning of the optic nerve and a 
small posterior, acute medial orbital blowout 
fracture. (d) Axial CT bone window clearly reveals 
the cause of this proptosis is trapping of a large 
amount of retro-ocular air. 
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Fig. 11.35 Post-traumatic orbital fat atrophy. (a) 
Axial computed tomography (CT) in a patient 
with recent facial soft tissue trauma. Note the 
anterior third of the globes project beyond the 
interzygomatic line. (b) Axial CT in the same 
patient 6 months later complains of sunken 
appearance of eyes. The CT shows the globes are 
now several millimeters posterior to the inter-
zygomatic line, with an accompanying loss of 
retro-ocular fat and obscuration of fat planes, 
bilaterally. (c) Axial CT in a second patient with 
prior orbital soft tissue trauma, but no fracture, 
has marked enophthalmos of the right eye, loss 
of retro-ocular fat, and redundancy of the optic 
nerve. (d) Coronal CT in the second patient shows 
normal bony orbital volume, with obscuration of 
fat planes in the right obital apex. 

Fig. 11.34 Carotid-cavernous fistula. (a) Axial 
computed tomography (CT) bone window shows 
an acute central skull-base fracture traversing 
through both temporal bones and sphenoid 
body. (b) Axial CT with contrast shows asym
metric enlargement of the cavernous sinus (
on the right, extending into the retroclival venous 
plexus ( ). (c) Axial enhanced CT higher in 
the orbit shows asymmetric enlargement of the 
right superior ophthalmic vein ( ) indicating 
increased venous pressure and flow on the right. 
(d) Lateral right internal carotid angiogram 

a partially inflated balloon (
inserted through the cavernous carotid fistula 

) into the cavernous sinus. Note the 
marked venous flow anteriorly into the superior 

) and inferior ( ) ophthalmic veins. 
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Fig. 11.37 Nail gun injury. (a) Lateral computed 
tomographic (CT) scout view showing a trans
orbital nail. The patient was accidentally hit in the 
eye with a pneumatic nail gun nail. (b) Coronal CT 
bone window demonstrates the transorbital to 
intracranial path of the nail foreign body. (c) Axial 
CT shows the intense streak artifact of the nail 
within the globe. 

Fig. 11.36 Post-traumantic V2 neuroma. (a) Axial 
and (b) coronal computed tomographic (CT) 
scans (CT) show asymmetric enlargement of the 
right infraorbital branch of the maxillar y division 
of cranial nerve V (V2) in a patient with a prior 
right zygomaticomaxillar y complex and orbital 
floor fracture. Note the normal left V2 (double 
arrows). (c) Sagittal CT shows the expansion of 
V2 (arrows) from the infraorbital foramen to the 
posterior infraorbital canal. 
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Fig. 11.38 Intraocular metal foreign bodies. (a) Axial and (b) coronal computed tomography (CT) bone window show a curvilinear metal foreign body 
lodged in the right anterior chamber in a patient who had a guitar string snap. Note the more subtle streak artifact from the small wire on soft tissue 
windows. (c) Axial CT in another patient demonstrates the metal foreign body lodged in the left retina near the optic nerve head. (d) The coronal CT in 
this same patient shows the intravitreal gas and bloody tract of the metal projectile. (e) Anteroposterior scout image in a third patient shows a C-
shaped metal foreign body from an archer hit in the right eye by his bow-string clip. (f) Coronal CT bone window confirms the bow string clip in the 
middle of the right globe. 
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Fig. 11.39 Transorbital metal foreign bodies. (a) Axial computed tomography (CT) shows a linear hemorrhagic penetration tract ( ) through the 
left globe in a sheet metal grinder. (b) A higher slice reveals the retro-ocular location of the metal fragment adjacent to the optic nerve ( ). (c) Lateral 
CT scout view in another patient suffering from a shotgun blast to the face with multiple pellets overlying the orbits and cranium. (d) Axial CT bone 
window reveals multiple intraorbital pellets in both orbital apices, as well as rupture of the right globe. (e) Axial brain window in same patient shows a 
large amount of acute subarachnoid hemorrhage. (f) Lateral right internal carotid angiogram shows an abnormal blush ( ) just behind the 
posterior margin of the precavernous internal carotid ( ) from a pellet (not shown) passing through the right superior orbital fissure and nicking the 
vessel, causing the subarachnoid hemorrhage. 
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Fig. 11.40 Metal streak artifact on thick and thin-
section computed tomography (CT). (a) Axial 5
mm CT slice through a 1-mm-thick metal anterior 
chamber shunt for glaucoma, showing equivocal 
metal artifact. (b) Axial retrospective 0.625-mm 
CT slice eliminates volume averaging to better 
identify the streak artifact and confirm the 
foreign body as metal. 

Glass/Silicate 
Glass foreign bodies often originate from windshields, windows, 
and glass doors. Rocks and silicates may also be driven into the 
orbital soft tissues from direct impact against the ground or fly
ing debris from machinery or explosions. Both glass and other 
silicates are denser (i.e., have higher HUs) than any of the nor
mal orbital soft tissues, but they are less dense than the orbital 
bones. So CT is excellent in the detection and localization of 
these foreign bodies (▶ Fig. 11.41). 

Wood 
Wooden orbital soft tissue foreign bodies may originate in the 
natural environment from sticks and branches of bushes and 
trees, or they may originate in a wide variety of wood products 
for use by humans. These may include pencils, broomsticks, 
yardsticks, rulers, brush handles, and similar objects 
(▶ Fig. 11.42). Flying wood debris from explosions can also pen
etrate the orbit. The interesting CT properties of wood foreign 
bodies arise from the degree of dryness or hydration of the 
wood. Dry wood contains gas and appears often as linear or 
rectangular gas collections on CT (▶ Fig. 11.43a,b). More 
hydrated wood may be isodense or somewhat hyperdense to 
orbital soft tissues on CT (▶ Fig. 11.43c,d). The linear or angular 
margins of the hydrated foreign body should raise suspicion. 

Plastic and Miscellaneous 
Plastic orbital foreign bodies are uncommon but could result 
from a stabbing injury with a plastic utensil or pen. However, a 
common example of plastic intraocular foreign bodies is intra
ocular lens implants for cataract surgery. Flying debris from an 
explosion could contain paper, plastic, metal, or chemical for
eign material (▶ Fig. 11.44). The CT density (HU) of a plastic 
may vary from hypodense to isodense to hyperdense relative to 
orbital soft tissues, but it would always be less dense than bone. 
Air can rarely be a penetrating force with a pressurize air hose 
or air gun (▶ Fig. 11.45). 
Use of MR for localizing suspected wood or plastic foreign 

bodies has been used in rare circumstances. In the setting of 
acute trauma, a CT should always be done first to exclude any 
metallic foreign body before placing the victim in the high mag
netic field of an MR scanner. MR can then be used when the in
dex of suspicion is high for a retained wood or plastic foreign 
body that is not detected on CT.11 

Iatrogenic Ocular and Orbital Foreign Bodies 
Knowledge of common implants in the orbit and globe is help
ful for differentiating a traumatic from an iatrogenic foreign 
body. Objects implanted by a physician include Silastic or Teflon 
cosmetic implants in the preseptal soft tissues, gold weight in 
the upper eyelid of a patient with facial nerve palsy, cataract re
placements, scleral bands (buckles) (▶ Fig. 11.46), eye pros
thetics, and spacers (▶ Fig. 11.47). 

Globe Puncture and Laceration 
Rupture of the globe can result from either blunt or penetrating 
ocular injury. Penetrating injury is sometimes seen in the lens 
(▶ Fig. 11.25b,c). The usual CT manifestation of globe rupture is 
a smaller globe size caused by extrusion of the aqueous or vit
reous globe fluids and a deformed or deflated appearance 
(“flat-tire sign”), absence of the lens, or frank disruption of the 
globe margin. Intraocular hemorrhage will appear more hyper-
dense than normal vitreous and may outline choroidal or reti
nal detachments (▶ Fig. 11.48). Gas may also be present in the 
collapsed globe. 

Penetrating Optic Nerve Injury 

Optic Nerve Laceration 
Traumatic optic nerve laceration is uncommon. It usually occurs 
with a penetrating injury from a projectile or a sharp, penetrat
ing object such as a knife or glass (▶ Fig. 11.49a). On occasion, a 
displaced bone fragment from one of the orbital margins can 
rotate and impact the optic nerve. CT may show perioptic hem
orrhage in the nerve or nerve sheath or a complete transection. 
Once CT has excluded a metal foreign body, then high-resolu-
tion MR of the optic nerve with short Tau Inversion Recovery 
(STIR) or fat saturation T2 imaging in the axial, coronal, or obli
que sagittal plane can show a focal injury to the optic nerve 
(▶ Fig. 11.49b,c,d). 

Optic Nerve Compression 
Optic nerve compression may be chronic, as seen in thyroid eye 
disease, or acute in the traumatized patient. The most likely 
cause of optic nerve compression is either soft tissue injury 
(such as a subperiosteal hematoma), foreign bodies, or dis
placed bone fracture fragments that impinge on the optic nerve 
at the orbital apex or within the optic canal (▶ Fig. 11.43b,d). 
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Fig. 11.41 Glass orbital foreign bodies. (a) Axial computed tomography (CT) shows right axial proptosis and acute globe tenting caused by a high 
density glass ( ) fragment in the medial orbit, missing the globe, but causing a medial orbital wall fracture. Note the relative lack of streak artifact with 
glass compared with metal. (b) Coronal CT shows the rectangular cross-section of the glass associated with an extraconal or subperiosteal hematoma 

) displacing the globe laterally. (c) Anteroposterior CT scout demonstrates the glass fragment ( ) end on. (d) Confirmation of the glass and 
the medial orbital wall fracture ( ) matching the position of the fragment seen on the scout. (e) Coronal CT soft tissue and (f) axial bone windows 
showing the glass foreign body lacerating the globe with vitreal hemorrhage caused by a different patient falling on a glass of water. Note even the 2
mm glass fragment ( ) in the preseptal soft tissues is easily seen on CT. 
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Fig. 11.42 Makeup brush skewering medial rec
tus. (a) Axial computed tomography (CT) soft 
tissue and ( ) axial bone windows demonstrate 
the brush end ( ) of a makeup brush (
jammed through the medial rectus into the 
orbital apex. The girlfriend stabbed her boyfriend 
during an argument. (c) Coronal CT confirms the 
right medial rectus ( ) location with muscle 
swelling and hematoma. Note the extremely dry 
wood of the makeup brush handle appears as gas 
density within the metal jacket of the brush 
holder. (d) Coronal CT bone window localizes the 
metal bristle containing metal tip ( ) deep in 
the orbital apex compressing the optic nerve 
from below. 

versus 

w)

a) 
arrows) 

d

arrows), 

Fig. 11.43 Dry hydrated wood foreign 
bodies. (a) Axial computed tomography (CT) in a 
patient was hit in the face by a dry log shows 
frontal bone and orbital injury. Two angular gas 
density foreign bodies ( are seen traversing the 
orbits and ethmoid sinuses suggesting dry wood. 
Gas bubbles should have round contours. (b) 
Axial CT with bone windowing reveals the subtle 
striations of the internal wood fibers in this dry 
wood. (c) Axial CT in a different patient hit in the 
eye with the end of a broken broomstick 2 days 
before this CT was performed. Note the peri
orbital and right lateral subperiosteal abscess (
with some linear gas ( near the orbital 
apex. Right globe tenting is present. (d) Axial CT 
3 days after drainage of the subperiosteal 
abscess; the retained drain ( ) is seen anteriorly. 
However, the former gas density area has now 
become hyperdense with linear margins (
confirming a retained subperiosteal wood frag
ment, which changed from initially dry wood 
mimicking gas, to denser hydrated wood after 5 
days. 
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Fig. 11.44 Blasting cap explosive debris in orbit. 
(a) Axial computed tomography (CT) at lens leve
shows periorbital soft tissue swelling, with 
multiple punctate high-densit y, preseptal foreign 
bodies that could be metal, plastic, or mineral 
components of the exploded blasting cap. Note 
the tiny gas bubble ( ) in the left globe 
anterior chamber. (b) Axial CT slice seen lower 
down reveals intraocular penetrating foreign 
bodies in the left globe. 

Fig. 11.45 Air-gun orbital injury. (a) Axial com
puted tomography (CT) soft tissue and (b) bone 
windows show left preseptal subcutaneous gas 
), as well as gas dissecting laterally in the 

subconjunctival layer ( ) of the left globe, 
but no intraocular gas or hemorrhage. (c) Coronal 
CT bone window reveals the extent of the gas 
blast into the periorbital soft tissues. This was 
caused by the victim being too close to the 
muzzle of the air gun when it discharged, with 
compressed air penetrating the skin and orbital 
soft tissues. 

Extraocular Muscle Laceration 
Laceration of one or more of the extraocular muscles is a rela
tively rare injury. It most often occurs with a penetrating injury. 
Clinical presentation would include dysfunction of the affected 
extraocular muscle. CT in the axial or sagittal plane can show a 
V-shaped partial laceration or a complete tear of the muscle 
(▶ Fig. 11.50). Eye position during the scan is not usually a diag
nostic finding because eye position is extremely variable in nor
mal patients. 

Orbital Infection Associated with Penetrating 
Trauma 
Any penetrating orbital injury has the potential for carrying 
bacteria or fungus into the soft tissues. Wood foreign bodies are 
most significant, as they frequently result in post-traumatic in
fection if they are not found and surgically removed. Infections 
can range from an endophthalmitis of the globe to diffuse orbi
tal cellulitis and/or orbital abscess (▶ Fig. 11.43c,d; ▶ Fig. 11.51). 

Postoperative Orbit 
Postoperatively, microplates and screws in the orbital rim, as 
well as Teflon or Porex sheet implants to reinforce the orbital 

floor or wall, may be seen (▶ Fig. 11.9a,b,c). Postoperative CT 
can be used to assess the surgical sites for complications. Three-
dimensional surface rendering may be helpful in assessing the 
postoperative bony alignment as well as hardware placement 
(▶ Fig. 11.52). 

11.6 Pearls 
● Many types of facial fractures involve the bony orbit. Thus, or
bital fractures, hematomas, foreign bodies, and globe injuries 
should be routinely evaluated. 

● Acute orbital mass effect with proptosis, especially with globe 
tenting, should be considered urgent or emergent, depending 
on the degree of acute orbital tension. Emergency surgical de
compression may be needed. 

● If penetrating orbital or ocular injury has occurred or is sus
pected, CT should be used to identify and localize any re
tained foreign body. Metal and glass foreign bodies are usually 
easily seen on CT; however, wood and plastic foreign bodies 
may be much more challenging to identif y. 

● Do not perform MR in the setting of trauma if metal foreign 
bodies are suspected until a CT has been performed. MR can 
then be done if no metal foreign bodies are seen close to the 
optic pathway or localized intracranially. 
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Fig. 11.46 Assorted iatrogenic lens and globe implants and fluids. (a) Axial computed tomography (CT) of unusual right metal lens replacement. (b) 
Axial CT and (c) axial T2 W magnetic resonance (MR) of bilateral plastic intraocular lenses, with a small right adjacent ganciclovir implant ( ) on the 
nasal side of the right lens implant for intraocular cytomegalovirus infection. Note the plastic lenses are easily identified on both CT and MR. (d) Axial 
CT of gas-filled scleral band. (e) Axial CT shows a right Silastic scleral band ( ) with high-densit y intraocular silicone oil ( ) after vitrectomy. (f) 
Axial T2 W MR reveals a right mixture of moderately high signal native vitreous ( ) and very high T2 signal silicone oil ( ) after partial vitrectomy. 
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Fig. 11.48 Punctured globe. (a) Axial and (b) 
coronal computed tomography (CT) in a victim 
mauled by a grizzly bear biting his face and left 
orbit, resulting in a left Le Fort III fracture. Note 
the left vitreal hemorrhage (black arrow), sub-
retinal bleed ( ), absence of the lens, and the 
slightly deflated globe and gas (white arrow
adjacent to the cornea. 

Fig. 11.47 Globe prostheses. (a) Axial computed 
tomography (CT) demonstrates a high-densit y 
porcelain sphere spacer ( ) implant supporting 
the external glass eye ( ) prosthesis. (b) Axial CT 
shows a left hollow porcelain sphere containing 
gas, supporting the external glass eye prosthesis. 

Fig. 11.49 Gunshot injuries to optic nerve. (a) 
Axial computed tomography (CT) shows the 
destructive path of the gunshot wound (GSW) 
traversing the orbital apices bilaterally. Note the 
complete transection of the right optic nerve 

) with the right globe dangling anterior to 
the eyelids, with subretinal and anterior chamber 
hemorrhage. (b) Axial CT in another patient the 
bullet traversed the midright orbit and struck the 
posterior left globe. A bone ( ) fragment abuts 
the midright optic nerve with some retro-ocular 
hemorrhage ( ). The left globe is ruptured 
posteriorly with vitreal ( ) and optic nerve (
head hemorrhage. (c) Axial and (d) coronal fat 
saturated T2 W images after left globe enuclea
tion with prosthesis ( ). Note the focal high T2 
signal within the midright optic nerve (
the axial slice, which is confirmed as a horizontal 
optic nerve tear on the coronal slice. 

Fig. 11.50 Acute and chronic rectus muscle 
laceration. (a) Axial computed tomography (CT) 
immediately postoperatively after surgical mis
adventure shows left extraconal hemorrhage (
obscuring the left lateral rectus muscle, with a 
focal higher density clot ( ) and laceration at 
the junction of the anterior third of the lateral 
rectus. (b) Axial CT 1 month later demonstrates a 
focal interruption ( ) of the left lateral rectus 
muscle with unopposed medial rotation of the 
left globe. 
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Fig. 11.52 Post open reduction internal fixation of facial fractures. (a) Three-dimensional computed tomography (CT) bone surface reconstruction in a 
patient with right Le Fort I/II and left Le Fort I-III fractures and right orbital implant placement to repair an orbital floor depressed fracture. The patient 
went to the emergency department 1 day postoperatively with new right-eye proptosis. Note the microplates and screws across the various fracture 
lines. (b) Coronal CT shows the microplates and screws along the medial buttresses. (c) Coronal soft tissue and (d) bone windows show a large right 
inferior postoperative subperiosteal hematoma ( ) elevating the inferior rectus. The right orbital floor implant ( ) repairing the depressed floor 
fracture is within the hematoma. 

Fig. 11.51 Subperiosteal abscess from penetrat
ing wood stick. (a) Axial contrast enhanced 
computed tomography (CT) shows a left sub
periosteal abscess (a) in the superior orbit 
surrounding hydrated wood stick fragments 

) with parallel straight high-densit y 
gins, which are nonanatomic. The left globe is 
proptotic on the axial. (b) Coronal CT shows the 
mass effect of the abscess (a) surrounding the 
hydrated stick (black arrow) displacing the supe
rior muscle complex (white arrow) inferiorly. 
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12 Advanced Imaging in Mild Traumatic Brain Injury and

Concussion 
Jalal B. Andre 

12.1 Introduction 
Mild traumatic brain injury (mTBI), sometimes referred to as 
concussion, can be a controversial diagnosis because imaging 
correlates of clinical findings and symptoms are relatively 
sparse on conventional computed tomography (CT) and mag
netic resonance imaging (MRI) studies.1–3 These conventional 
imaging techniques rely on gross morphologic disturbances to 
manifest as visually detectable “abnormalities,” which may be 
identif ied in patients with moderate to severe traumatic brain 
injury (TBI) but are relatively rare in mTBI (▶ Fig. 12.1). Yet each 
year at least 1.7 million persons sustain TBI in the United Sates,4 

leaving 80,000 to 90,000 of the survivors with significant long-
term cognitive and motor disabilities.5 Many TBI survivors show 
significant clinical improvement over the ensuing months to 
years after their injury, and reliable prognostic metrics to accu
rately measure long-term disability are of great importance. 
It is estimated that 75 to 85% of TBI is best categorized as 

mild, although the number of individuals who sustain mTBI is 
thought to be underestimated because up to 14% of mTBI pa
tients are seen in private clinics and an additional 25% receive 
no medical attention.6,7 About 15 to 30% of persons diagnosed 
with mTBI (currently based on cognitive and clinical symptoms 
alone), representing the “miserable minority,”8 may be chal
lenged by cognitive and clinical symptoms that persist beyond 
the first 3 months manifesting as long-term disability (i.e., post-
concussive syndrome, a controversial entity).9,10 These chronic 
symptoms have sometimes been attributed to psychogenic 

causes, given the paucity of conventional radiologic imaging 
correlates and the relative high frequency of associated comor
bidities such as depression and post-traumatic stress disorder 
(PTSD), which act to confound the exact underlying cause.11–13 

Adding to the difficulty in quantifying the true nature and ex
tent of the initial injury, it has been reported that conventional 
neuroimaging often does not reveal the brain pathology associ
ated with mTBI.14–16 For example, in a review of four neuroi
maging studies, Bazarian et al reported that 30% of TBI patients 
with normal CT examinations had intracranial abnormalities 
detected on MRI examinations.1 Other studies have suggested 
that MRI is more sensitive than CT in detecting lesions associ
ated with closed head trauma and TBI.17,18 However, conven
tional imaging techniques are not sensitive in detecting diffuse 
axonal injury (DAI), which is the most commonly associated 
brain injury following mTBI.19 Finally, conventional CT and MRI 
examinations do not reliably correlate with patient symptoms 
and are thereby inconsistent at predicting functional outcome 
in mTBI.2,20 

Advanced imaging methods may potentially aid in these ca
pacities by assessing for more subtle disturbances in mTBI, both 
with respect to morphology, including DAI (sometimes de
scribed as traumatic axonal injury, or TAI), and with respect to 
physiology. Although they are still investigational, many ad
vanced MRI techniques hold promise in their ability to better 
identify and quantify abnormal findings associated with mTBI. 
In this chapter, we focus on better defining the symptom com
plex attributed to mTBI and look at independent advanced MR, 

l sensitivities across 

arrows
’

Fig. 12.1 Differentia imaging techniques in detecting findings related to mild traumatic brain injury. This 12-year-old boy had 
sustained a concussion in a skateboarding accident. Eyewitness accounts estimate loss of consciousness (LOC) to be approximately 7minutes, but in 
the emergency department the patient was alert and not amnesic. Because of the positive LOC, however, a computed tomographic scan was 
performed (a), followed by the more routine gradient recalled echo sequence (b), which revealed only a hint of hemosiderin deposition; however, the 
susceptibility-weighted sequence (c) clearly demonstrated multiple foci of hemosiderin deposition ( ). (Reproduced by permission from Jill 
Hunter, M.D., Texas Children s Hospital, Houston, Texas. Bigler ED. Neuropsychology and clinical neuroscience of persistent post-concussive 
syndrome. J Int Neuropsychol Soc 2008;14:1-22.) 
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positron emission tomography (PET), and single-photon emis
sion computed tomography (SPECT) imaging metrics of mTBI. 

12.2 Symptoms 
The two categories of mTBI are (1) complicated mild TBI, with 
associated positive standard neuroimaging findings; and (2) un
complicated mild TBI, without neuroimaging findings on con
ventional imaging. Although the strict definition of concussion 
or mTBI may vary, most sources agree that “mTBI is defined as 
the consequence of blunt (nonpenetrating) impact with sudden 
acceleration, deceleration or rotation of the head with a Glas
gow Coma Score (GCS) of 13–15”.21 Additional criteria often in
clude loss of consciousness (LOC) lasting less than 30 minutes 
and post-traumatic amnesia lasting less than 24 hours.22 

Although this list is not exhaustive, common regions of injury 
have historically included the upper brainstem, inferior frontal 
and medial temporal lobes, hypothalamic-pitui tary axis, fornix, 
and corpus callosum (CC) (▶ Fig. 12.2 and ▶ Fig. 12.3, respec-
tively).23 It is worth noting that autopsy reports in persons with 
a known history of prior mTBI (who died of unrelated causes) 
suggest that the CC is the most frequent site of TAI.24 Other 

autopsy reported areas of common involvement include the 
brainstem and lobar white matter.25 

Most persons suffering from concussion (i.e., mTBI) develop 
symptoms that may resolve within minutes, hours, or days after 
the injury. The term postconcussive syndrome (PCS) is usually 
reserved for symptoms that last more than a week after the in-
jury.23,26 Headache and forgetfulness are the most commonly 
associated symptoms in the early phase of injury, often resolv
ing by 3 months after the injury.27 However, symptoms associ
ated with mTBI that persist longer than 3 months constitute 
what is commonly known as persistent postconcussive symp
toms (PPCS)28–32 and can include headache, nausea, dizziness, 
irritabilit y, fatigue, depression, anxiety, sleep disturbances, 
blurred versus double vision, hypersensitivit y to light and 
noise, and deficits in attention, memor y, concentration, exec
utive function, and speed of processing.23 Changes in emo
tional regulation have also been reported.27 It is estimated 
that 24 to 60% of mTBI patients report one or more such 
symptoms at 3 months after injury or later.27,33 The reported 
dominant symptoms in PPCS include impaired memor y, at
tention, and executive function, and associated changes in 
emotional regulation.27 

–
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Fig. 12.2 Reported common areas of greatest strain effects. All views are postmortem, adapted from Mai et al (a c) Axial views where the highlighted 
area represents some of the common regions where the greatest strain effects were demonstrated in studies by Bayly et al and Viano et al,
respectively. (a) 1 hippocampus, 2 subiculum, 3 cerebral peduncle, 4 III ventricle, 5 hypothalamus, 6 anterior cerebral artery; (b) 7 amygdala, 

hippocampus, 9 basilar artery, 10 temporal horn of the lateral ventricle, 11 internal carotid arteries; (c) 12 free-edge of the tentorium, 
entorhinal cortex, 14 basilar artery, P 5 pituitar y in the position of the sella turcica. (d and e) Sagittal views: 15 cerebral peduncle, 16 amygdala, 

17 temporal pole; (f) A coronal view: 18 hippocampus, 19 fornix, 20 corpus callosum, 21 cerebral peduncle, and 22 entorhinal cortex adjacent to 
the free-edge of the tentorium. Note the closeness of all of these regions and any movement, lifting or twisting of the brain at its base would 
simultaneously affect all of these structures. (Used with permission from Mai JK, Assheuer J, Paxinos G. Atlas of the Human Brain. Amsterdam: Elsevier; 
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2010;25(4):241-55.) 

Fig. 12.3 Fiber tractography of commonly dam
aged tracts in mild traumatic brain injury: (a) 
anterior corona radiata and genu of corpus 
callosum, (b) uncinate fasciculus, (c) cingulum 
bundle in green and body of corpus callosum in 
red, and (d) inferior longitudinal fasciculus. (Used 
with permission from Niogi and Mukherjee Niogi 
SN, Mukherjee P. Diffusion tensor imaging of mild 
traumatic brain injury. J Head Trauma Rehabil. 

12.3 Imaging Techniques 
12.3.1 Diffusion Tensor Imaging 
Diffusion tensor imaging, or DTI, measures the bulk directional 
Brownian (or random) motion of water, referred to as anisotro
py. DTI has shown promise as a potential biomarker of injury in 
the context of mTBI, specifically related to imaging TAI, based 
on its sensitivit y to the spatial orientation of the diffusion prop
erties of water, notably along the direction of individual axons. 
When axons are injured, such as in acceleration-deceleration 
injuries (common in motor-vehicle collisions), the normal di
rectionality, or anisotropy, of Brownian motion of water within 
axons decreases. This is due partly to restriction in axoplasmic 
flow versus increased flow across the axonal membrane and 
has been validated with animal models.34 Clinically, DTI has 
been shown to be more sensitive in detecting white matter in
jury than conventional MRI and CT, and it consistently detects 
more lesions than the latter two techniques, across multiple 
studies.35–38 Furthermore, DTI lesions have been shown to cor
relate with cognitive performance in mTBI.38 

The platform for all DTI work is based in diffusion-weighted 
imaging (DWI), which is a unique imaging technique that pro
vides physiologic information about the imaged tissue.39 DWI is 
a reliable and reproducible pulse sequence used to extract 
mean diffusivity of water on a voxel-by-voxel basis, is widely 
available, and can be rapidly acquired. It has been successfully 
implemented to routinely image the brain40,41 and is used to in
fer information regarding the microscopic behavior of water 
molecules in both the intracellular and extracellular compart
ments. The diffusive motion is based on the random, omnidir
ectional movement of free water molecules, both within and 
between tissues, resulting from the coupled thermal energy of 
these molecules, according to Fick’s law, known as Brownian 
motion. 

In biological tissues, the otherwise omnidirect ional diffusion 
of water molecules is hindered by tissue planes, cellular mem
branes, and organelles.42,43 Other factors that may play a role 
include cellular membrane permeability, relative size of free 
and bound water pools, interaction and size of the macromole
cules, as well as tissue viscosity and temperature. MRI can be 
adapted to measure this biophysical phenomenon by applica
tion of pulsed diffusion-encoding gradients, routinely used in 
conjunction with a spin-echo echo-planar imaging (EPI) se
quence. This method can be easily applied clinically, secondary 
to the rapid required imaging time, the facility of postimaging 
computation and generation of the diffusion maps, and the 
physical properties of water in biological systems. Finally, DWI 
is the basis for all DTI work and is of paramount importance in 
generating more robust and reliable DTI data. With the ever in
creasing number of diffusion-encoding directions as requested 
by some of the more advanced variants of DTI, the rapid acquis
ition of high-quality DWIs has become increasingly important. 
Several advances have allowed for increased sensitivit y in de

tecting the microstructural abnormalities associated with TAI. 
These include recent advances in DTI sequence design and dif
fusion tensor modeling but also include advances in MRI sys
tems (including higher field strength), further optimization of 
MR coil design, and advances in image acquisition (such as par
allel imaging and compressed sensing). These advances allow 
for increased assessment of changes related to the initial injury 
in mTBI, as well as reorganization and reversal of white matter 
changes following injury and the ability to monitor and charac
terize changes in brain injury over time. 
As mentioned, water diffuses more readily in the orientation 

of the axon fibers, especially in white matter tracts, and is lim
ited in other directions by the surrounding structural compo
nents of the axon. The degree of this directionality can be ex
pressed as anisotropy, which is altered in the setting of TAI, 
thought to be related to disruption of the myelin sheath.44 The 
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Table 12.1 Summary of potential changes in di usion tensor imaging 
metrics in the setting of acute and chronic mild traumatic brain injury 
(mTBI ) 

Acute mTBI Chronic mTBI 

Fractional anisotropy 

Radial diffusivity 

Axial diffusivit y 

DTI pulse sequence is used to elucidate the orientation and in
tegrity of white matter tracts by mathematically modeling the 
diffusion profile on a per voxel basis. A minimum of six noncol
linear measurements (or directions) is required to generate a 
tensor model for a given voxel, which is then used to generate 
several descriptive scalar metrics. The most common of these 
include apparent diffusion coefficient (ADC); the mean diffusiv-
ity (MD) averaged over all interrogated directions; and fraction
al anisotropy (FA), a normalized measure that describes the 
degree of directionality of diffusion, assuming a Gaussian distri
bution. Axial diffusivity (AD), a measure of the magnitude of 
diffusion in the direction of the fiver orientation, and radial dif
fusivity (RD), a measure of the average sum of diffusivity or
thogonal to the fiber orientation, are additional commonly ob
tained metrics. By using these parameters, healthy brain tissue 
is normally associated with lower ADC values and higher FA val
ues (the latter potentially approaching unity, indicative of in
creased directionality and nonuniformity). In the setting of 
traumatic injury, expected changes include a rise in ADC values 
and a decrease in FA (the latter might approach zero, indicative 
of uniform diffusion in all directions, and loss of directionality). 
A summary of expected changes in DTI metrics at acute and 
chronic time points is presented in ▶ Table 12.1. 
A general review of the literature unveils four common forms 

of DTI analysis that are routinely used to evaluate patients with 
suspected acute versus chronic mTBI. These include (1) whole-
brain histogram, (2) region of interest (ROI), (3) voxel-based 
morphometry (VBM); and (4) quantitative tractography analy-
ses.15 Some have performed an atlas-based approach, illustrated 
in ▶ Fig. 12.4. 
Of note, somewhat conflicting reports have been published 

describing use of the whole-brain histogram analysis, which 
cannot provide regionally specific information, and represents 
a limitation in the application of this analytical approach for 
prognostic utility. ROI analysis is the most commonly reported 
method of data analysis and is relatively easy to perform, but it 
is time-consuming, limited in application for individual cases, 
and has been criticized for possible introduction of sampling 
error. VBM, on the other hand, is an automated data-driven an
alytical method that is reproducible and able to interrogate the 
entire brain. The shortcomings of this technique include varia
ble spatial smoothing and requisite (and potentially error-
prone) spatial normalization and statistical correction. This 
technique is well-suited for group analysis, but intersubject 
differences are often lost in the analysis, thus reducing the 
apparent sensitivit y for detecting differences in findings 
related to mTBI. Quantitative tractography is able to identif y 
fiber tract discontinuit y, which has been identif ied in the 
setting of TBI,45,46 and may hold promise as a technique to 

better assess loss of fiber tract coherence but remains under-
investigated in mTBI. 
Older DTI pulse sequences were more prone to geometric dis

tortion related to the slow phase-encoding bandwidth of tradi
tional EPI sequences. Recent advances in imaging with DTI, 
however, has allowed for improved characterization of brain in
juries in mTBI, including the ability to detect subtle changes in 
white matter fiber tracts and microstructural axonal injury.47,48 

The use of parallel imaging, increased matrix size, motion cor
rection, and alternate readout schemes have allowed for reduc
tion in geometric distortion and increased fidelity of the DTI 
data set. However, performing DTI near the skull base, for ex
ample, is still challenged by relatively low signal-to-noise ratio 
(SNR) and residual geometric distortion, which reduces the reli
ability of tractography results because eigenvector orientation 
fluctuations are exacerbated considerably by low SNR. There
fore, it is imperative to monitor SNR levels and evaluate the raw 
DWIs or FA and color-FA maps for the presence of corruption by 
noise. A healthy skepticism should be maintained regarding 
tractography results. Furthermore, the lack of normative data 
and inconsistent methods of DTI acquisition (including number 
of directions, b-value, and voxel size) and analysis used in many 
studies prevent direct comparison of the respective results.49 

Standard DTI analysis methods are compromised by the in
ability to accurately distinguish crossing fibers50 and the obser
vation that derived values for FA erroneously assume that water 
diffusion has a Gaussian profile. These observations have led to 
the use of more complex tensor models, as suggested by Shen
ton et al (▶ Fig. 12.5),47 including Q-ball and other high-angu-
lar-resolution diffusion imaging (HARDI) techniques,51,52 which 
can provide diffusion measurements that can be used to infer 
the underlying tissue microstructure, such as orientation of 
crossing fibers. Thus, in evaluating DTI applications of mTBI, it 
is imperative to consider the metrics being investigated. FA, for 
example, is a measure derived from the diffusion tensor model, 
whereas f1 and f2 are derived from the partial volume model 
and have significant implications with respect to observed re
sults (▶ Fig. 12.6).53,54 

In a seminal study by Morey et al evaluating DTI metrics of 
chronic mTBI in military veterans who participated in the Iraq 
and Afghanistan wars (including veterans suffering from blast-
related TBI), 30 subjects were compared with 42 primary and 
28 confirmatory controls.55 These researchers used a HARDI dif
fusion model and obtained partial volume fractions for primary 
(f1) and secondary/crossing (f2) fibers modeled with second-or-
der tensor modeling, followed by whole-brain voxel-wise anal
ysis of crossing fibers as a metric of primary and secondary 
(crossing) fiber integrity. Their findings demonstrated that 
chronic mTBI was associated with loss of white matter integrity 
in primary fibers of major fiber bundles and smaller periph
eral tracts, including the CC (genu, body, and splenium), for
ceps major and minor, superior and inferior corona radiata, 
internal capsule, superior longitudinal fasciculus, and others 
(▶ Fig. 12.7). 
Notably, conventional three-dimensional (3D)-FSPGR (Fast 

Spoiled Gradient Echo) T1-weighted images failed to reveal 
any abnormalit ies.55 They reported that the distributed loss 
of white matter integrity correlated with subjects’ “feeling 
dazed or confused” and, to a slightly lesser extent, with dura
tion of LOC, but not with the diagnosis of PTSD or depressive 
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Fig. 12.4 Atlas-based regional approach: atlas with regions denoted by color to show major white matter tracts as regions of interest. (Used with 
permission from Kou Z, Wu Z, Tong KA, et al. The role of advanced MR imaging findings as biomarkers of traumatic brain injury. J Head Trauma 
Rehabil. 2010;25:267-282.) 

symptoms.55 In conclusion, compared with DTI, the measured 
variable, f1, was more specific to mTBI than DTI-derived FA. 
Serial short-term DTI assessment of brain structural changes 

were performed by Wilde, McCauley, and colleagues in evaluat
ing eight subjects with uncomplicated mTBI over the first 8 
days after injury.56 Imaging metrics, including DTI-derived FA, 
ADC, AD, and RD (of the left cingulum), at four time points were 
compared with neuropsychological testing and memory per
formance (via Hopkins Verbal Learning Test—Revised). The DTI 
sequence acquired 70 slices, obtained with 30 diffusion-encod-
ing directions, a sensitivit y encoding reduction factor of 2, and 
averaged two combined acquisitions to improve the SNR. The 
results of this study demonstrated that memory performance 
was transiently affected throughout the week, was most af
fected at the second assessment (between days 3 and 4 or 97 to 

144 hours after injury), and returned to baseline by 8 days after 
injury. FA transiently increased in some participants, but the 
pattern and degree of symmetry between FA and memory per
formance were complex and did not always correlate.56 

Although the authors cite the small sample and short imaging 
interval as limitations to the study, the results highlight the de
gree of complex variability within and between subjects, de
pending on time of imaging post injury, as demonstrated in 
▶ Fig. 12.8. Although several confounding variables are ac
knowledged, these results support the overall assumption that 
most patients with sports-related mTBI may exhibit transient 
symptoms that appear to spontaneously and completely resolve 
within 2 to 14 days after their injury57–60 and up to 3 months 
after alternate mechanisms of injury.61 A subset of subjects may 
demonstrate PPCS beyond 3 months, as previously described. 
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2012;6:137-192.) 

Fig. 12.5 Part of the corpus callosum fibers, where seeding was done 
in the midsagittal plane of the corpus callosum. Top figure shows the 
tracing using the standard single-tensor model, and bottom figure 
shows tracts generated with the two-tensor model. (Used with 
permission from Shenton ME, Hamoda HM, Schneiderman JS, et al. A 
review of magnetic resonance imaging and diffusion tensor imaging 
findings in mild traumatic brain injury. Brain Imaging Behav. 

In evaluating severe TBI with DTI, Betz et al revealed prog
nostic value in whole-brain and regional DTI measures.62 The 
authors evaluated DTI measures of ADC, FA, axial (AD), and radi
al diffusivity (RD) from whole-brain white matter, internal 
capsule, genu, splenium, and body of the corpus callosum com
pared with neurologic status at MRI and at discharge to acute 
TBI rehabilitation and demonstrated a significant correlation 
with GCS score on the day of MRI examination for whole-brain 
white matter averages of ADC, AD, and RD and their coefficient 
of variance.62 

Similar results have been demonstrated in evaluating mTBI 
with DTI. A systematic meta-analysis of the application of DTI 
in mTBI was performed by Aoki et al63 in evaluating 13 inde
pendent DTI studies investigating changes in FA and MD involv
ing regions of the CC. These researchers used a random-effect 
model and revealed significant reduction in FA with a concomi
tant increase in MD involving the CC in 280 mTBI patients and 
244 controls. When evaluating subregions of the CC, their re
sults suggested a significant reduction in FA and a significant 
increase in MD within the splenium of the CC, as determined 
by one-way sensitivity analysis of each meta-analysis. Interest
ingly, FA was identified as only marginally reduced in the 

midbody of the CC, and no significant change in FA or MD was 
identif ied within the genu of the CC. Given the hypothesis that 
linear and angular acceleration may damage callosal fibers, 
evaluating changes in FA and MD demonstrated that the poste
rior portion of the CC (including the splenium) was more vul
nerable to mTBI compared with the anterior portion.63 

Studies evaluating mTBI with DTI have demonstrated signifi
cant associations between aberrant white-matter anisotropy 
and various functional outcome measures.64–67 Because of this 
observation, differences in findings between studies have often 
been attributed to differences in methods. However, an addi
tional degree of spatial variability is present even when com
paring studies similar in design and methods, suggesting possi
ble inherent heterogeneity in the distribution of pathology, 
exemplified by VBM studies in mTBI. This is typified by one 
such study that identif ied regions of decreased FA involving the 
subcortical white matter, centrum semiovale, CC, internal cap
sule, and deep cerebellar white matter in both group and indi
vidual analyses.36 Using a similar VBM analysis, another study 
evaluating chronic mTBI demonstrated relative sparing of the 
internal capsule,46 whereas yet a third study demonstrated 
involvement of the external capsule.64 Interestingly, the above-
mentioned meta-analysis by Aoki et al demonstrated that 
decreased FA in the spenium of the CC represented the most 
frequently injured region of the CC,63 confirmed by ROI studies 
such as that performed by Inglese et al evaluating uncompli
cated mTBI at both acute and chronic time points post injury.2 

However, Niogi et al38 evaluated complicated and uncompli
cated mTBI with ROI analysis and concluded that the genu of 
the CC rather than the splenium, was among the most fre
quently injured brain region, based on decreases in FA. Such 
discrepancies are illustrative of this pathological heterogeneity, 
which may be exacerbated by inclusion of acute and chronic, as 
well as uncomplicated and complicated mTBI. These observa
tions are further complicated by the challenges inherent in the 
differing methods of DTI data acquisition and quantification, 
which include but are not limited to differences in head coil, 
number of gradient directions, b-value, voxel size, scanner 
manufacturer, software platform, and field strength. 
In conclusion, the currently used methods for obtaining and 

processing DTI data sets suggest that FA and other commonly 
DTI-derived metrics are sensitive in detecting changes associ
ated with mTBI and appear to be most sensitive in the posterior 
region of the CC, although some disparity between involved 
structures and their frequency of involvement is acknowledged. 
Whereas the sensitivit y of DTI in detecting mTBI-related abnor
malities is reassuring (▶ Fig. 12.9), the necessary longitudinal 
studies to evaluate the prognostic contribution of DTI in the 
workup and management of mTBI have yet to be performed. 
Moreover, the caveat that FA assumes that water diffusion has a 
Gaussian profile cannot be overstated; this likely represents an 
erroneous oversimplification of the derived tensors, which may 
be sensitive to acutely injured fiber tracts in the setting of mTBI 
but may not be specific in quantifying prognosis. Use of more 
complex tensor models will likely become more commonplace 
in the near future to improve specificity and microstructural 
assessment of crossing fibers and fiber tracts in the setting 
of mTBI. Finally, the analytical model used to evaluate both in
dividual DTI data and group data sets provide disparate infor
mation, each with their own caveats. The most beneficial DTI 
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Fig. 12.6 The differences in results between the conventional [DTI] approach [fractional anisotropy (FA); top panel] and the crossing fiber approach 
(f1; bottom panel) show grossly consistent abnormalities; however, notable differences in methods are apparent. In particular, no voxels were 
detected in the brainstem for the primary fiber (bottom row), but large clusters were present there with conventional FA (top row). Skeleton voxels are 
highlighted in green and between group differences are in red/yellow. (Used with permission from Mosey. Morey RA, Haswell CC, Selgrade ES, et al. 
Effects of chronic mild traumatic brain injury on white matter integrity in Iraq and Afghanistan war veterans. Human brain mapping, 2012.) 

metrics in evaluating mTBI have yet to be determined given 
these multiple challenges. Nonetheless, DTI appears to provide 
added value in allowing for potential imaging correlates to the 
clinical observations made in patients suffering from acute 
mTBI. Continued optimism in this technique in this capacity is 
certain to entice additional research in this arena. 

12.3.2 Single-Photon Emission 
Computed Tomography 
SPECT is a functional neuroimaging technique used to measure 
cerebral blood flow based on the distribution of intravenously 
injected radiopharmaceutical. Tomographic images represent
ing the cerebral activity of the radiopharmaceutical are pro
duced after the capture of emitted photons via 360-degree rota
tion of a gamma camera about the subject. 3D images are then 
constructed from this tomographic data set. The benefits of this 
technique include general availability to perform the examina
tion at most hospitals, relative low cost of radionuclides com
pared with those of PET, longer radionuclide half-life (generally 
using technetium-99m-hexamethylpropylene amine oxime 
[99mTc HMPAO]), and general increased clinical availability of 
the device. 
SPECT is a sensitive tool for detecting regional abnormalities 

in brain function and relative cerebral blood flow (CBF), but it 
differs from PET in that SPECT studies typically measure the 
brain at rest. In this context, measured CBF is considered an in
direct gauge of brain metabolism in healthy brain tissue, which 
may not hold true in the setting of TBI.68 Most SPECT imaging 
relies on comparisons between several ROIs to assess for re
gional differences in blood flow, which must be compared with 
regions that are presumably free of injury and may be difficult 
in the setting of TBI given the potentially diffuse nature of the 
injuries. Finally, the specificity of SPECT has been described as 

relatively poor.69 Although a recent study comparing SPECT 
findings in retired National Football League players with those 
of age-matched controls reported significant differences,70 the 
study methods have been called into question, making the re
sults difficult to interpret. 
Nonetheless, SPECT offers promise in evaluating mTBI given 

its clinical feasibility and increased sensitivity in detecting ab
normalities in the setting of mTBI compared with conventional 
MRI (▶ Fig. 12.10).71 The longitudinal predictive power of SPECT 
was demonstrated in a larger study by Jacobs et al that eval
uated 136 patients for 1 year who presented with a GCS greater 
than 13 and normal admission CT head examination.72 These 
researchers reported a conditional probability of a poor clinical 
outcome with abnormalities detected on initial SPECT scan of 
44% at 3 months and 83% at 12 months, and they reported a fa
vorable clinical outcome with initial normal SPECT scan of 92% 
at 3 months and 100% at 12 months. The high number of false-
positive results at 3 and 6 months (based on the predicted poor 
outcome given presence of abnormal finding on initial SPECT 
scan, which were not supported at 12 months) led these re
searchers to caution against predicting a poor recovery when 
initial SPECT scan is not interpreted as normal.72 The observa
tion that a normal initial SPECT scan is highly suggestive of a 
good clinical outcome has led the American Academy of Neu
rology to implement guidelines that recommend that SPECT 
imaging be used as an investigational tool only because the 
significance of “positive” findings is not known.73 

Although the number of studies performed examining the 
utility of SPECT imaging as applied to mTBI is beyond the scope 
of this chapter, most SPECT studies performed within the first 
few weeks after injury reveal hypoperfusion associated with 
acute mTBI (notably in the frontal and temporal lobes).71,74,75 

However, the prognostic and clinical value and the utility of 
abnormal findings on initial SPECT imaging were either not 
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Fig. 12.7 Regarding f1 correlation with loss of consciousness, a significant correlation showed lower partial volume fraction (P < 0.05; corrected TFCE) 
in the primary fibers (f1) and duration of loss of consciousness in a widespread distribution of voxels in the analysis using the primary control group 
(top) and the confirmatory control group (bottom). Skeleton voxels are highlighted in green and correlated voxels are in blue. (Used with permission 
from Mosey et al. Morey RA, Haswell CC, Selgrade ES, et al. Effects of chronic mild traumatic brain injury on white matter integrity in Iraq and 
Afghanistan war veterans. Human brain mapping, 2012.) 

demonstrated,71 reported qualitatively,74 or not reported. Stud
ies performed to evaluate chronic mTBI (6 months or more post 
injury) usually focused on symptomatic subjects and have also 
demonstrated hypoperfusion on SPECT imaging (generally 
involving the frontal and temporal lobes), but the relationship 
between findings identif ied on SPECT imaging and neuropsy
chological testing as well as reported symptoms and the clinical 
picture remain inconsistent.76–80 Future studies are required to 
better answer these questions. 

12.3.3 Positron Emission Tomography 
PET imaging uses positron emitting tracers (most commonly 2-
deoxy-2-(18F)-fluoro-D-glucose [FDG]) that annihilate with 
electrons within millimeters from their site of emission. This 
annihilation results in two gamma photons being emitted at 

180 degrees relative to one another, which are subsequently 
temporally detected in “coincident” fashion via rings of radia
tion detectors in the gantry of the PET scanner. The coincident 
detection provides higher spatial resolution than SPECT images 
(usually on the order of 1 cm). FDG PET assesses regional brain 
glucose metabolism since the FDG ligand behaves much like 
glucose in the body, which crosses the blood-brain barrier and 
is taken up and trapped by the brain cells. In this capacity, the 
trapped FDG (a nonmetabolized molecule) can be used for glu
cose metabolic imaging to evaluate for local brain damage, pro
viding information that is not significantly dissimilar from that 
obtained with 99mTc HMPAO SPECT. However, the PET isotopes 
have a shorter half-life than those used in SPECT imaging and 
require that the radiopharmaceutical be more readily available, 
increasing the cost of the examination. 
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Fig. 12.8 Line graphs illustrating measurement of (a) fractional anisotropy (FA), (b) apparent diffusion coefficient ( ), (c) axial diffusivit y ( ), and 
(d) radial diffusivity ( ) in the left cingulum bundle over the four assessment occasions in each participant. Comparison of the trajectories of 
apparent diffusion coefficient (b), axial diffusivity (c), and radial diffusivity (d) for each participant highlights the complex and variable nature of 
change as measured by diffusion tensor imaging. Considerable qualitative differences in the pattern of change are noted between metrics and 
between subjects, in which some metrics indicate a more prominent change within each individual, varying by the metric used. (Modified from Wilde 
EA, McCauley SR, Barnes A, et al. Serial measurement of memor y and diffusion tensor imaging changes within the first week following uncomplicated 
mild traumatic brain injury. Brain Imaging Behav. 2012;6:319-328.) 

For these reasons, few studies have been performed with findings such that one study identif ied changes in the bilat-
FDG PET in mTBI. In fact, no acute mTBI cohort FDG PET stud eral temporal lobes,80 whereas a similar study found no such 
ies have been published to date. Of the chronic mTBI studies changes.84 

performed with FDG PET, all evaluated mTBI months to years Most recently, Peskind et al studied repeated episodes of 
after the initial injury. Early studies provided quantitative explosive blast-related chronic mTBI in Iraq combat Veterans 
corroboration of neuropsychological testing in attention and evaluated with whole-brain FDG-PET, correlated with neuro
memory such that mTBI subjects demonstrated significantly psychological assessments and completed PCS and psychiatric 
worse performance, but these studies were faulted for lack of symptom rating scales.85 These researchers observed that veter
direct correlation between PET measures with testing re ans with or without PTSD demonstrated decreased cerebral 
sults.81,82 In a separate study evaluating 20 chronic mTBI metabolic rate of glucose in the cerebellar vermis, pons, and 
patients, a total of 82 ROIs were compared, revealing foci of medial temporal lobe (▶ Fig. 12.11) and exhibited subtle im
hypometabolism within the midtemporal lobe in three pa pairments in verbal fluency, cognitive processing speed, atten
tients and foci of hypermetabolism within the midtemporal tion, and working memory, similar to those reported in the 
lobe in another 12 patients.83 Similar contradictory findings literature for patients with cerebellar lesions. These recent re-
were identif ied in other brain regions, although all 20 sub sults, correlating FDG-PET imaging findings with neuropsycho
jects demonstrated some notable FDG PET abnormalities. logical assessment, provide new insights into blast-related 
Surprisingly, the combination of these presumably discordant mTBI and underscore the need for further investigation in this 
findings correlated with neuropsychological testing.83 Com area while increasing interest in FDG-PET as a potentially useful 
bined PET-SPECT studies have revealed similar contradictory biomarker for evaluating this population. 
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Fig. 12.9 Diffusion tensor images captured on a 3 T magnet analyzed with streamline tractography using Slicer 3. Control brain on the left and the 
brain of a former professional boxer in his 40 s on the right. The top two images are sagittal views with the callosal fiber tracts delineated; it is notable 
that the boxer s fiber tracts are markedly shorter than the control. The bottom two images are a coronal view of the same two individuals, and it can 
be seen that the athlete s corpus callosum (red structure in the middle of the brain) is noticeably thinner than the control. (Used with permission from 
Baugh. Brain Imaging and Behavior (2012) 6:244

Fig. 12.10 Images obtained from a 37-year-old 
bicyclist. (a) Single-photon emission computed 
tomography image shows a right frontal perfu
sion deficit. (b) Corresponding fluid-attenuated 
inversion recovery (FLAIR) image shows a hem
orrhagic contusion. (Used with permission from 
Hofman PA et al. Am J Neuroradiol 2001;22:441-
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Fig. 12.11 Magnetic resonance imaging (MRI) brain template (top row) and three-dimensional SSP Z-score map of cerebral glucose metabolism 
difference between mild traumatic brain injury (mTBI) veterans group (n = 12) and community volunteer control group (n = 12) (bottom row) showing 
patterns of hypometabolism in the mTBI veterans group relative to the latter. Views are right lateral (RT LAT), left lateral (LT LAT), right medial (RT MED
left medial (LT MED), superior ( ), and inferior ( ). Vertical bar shows image color vs. Z-score scale. (Modified with permission from Peskind ER, 
Petrie EC, Cross DJ, et al. Cerebrocerebellar hypometabolism associated with repetitive blast exposure mild traumatic brain injury in 12 Iraq war 
Veterans with persistent post-concussive symptoms. Neuroimage 2011;54 Suppl 1:S76-82.) 

Current specific PET ligands are available and useful in as
sessing general brain function and in assessing for Alzheimer 
disease, but no specific ligands have yet been developed for 
chronic traumatic encephalopathy (often considered the seque
lae of mTBI). Although the results of FDG PET studies in mTBI 
have been historically inconsistent, the strong correlation with 
neuropsychological performance does provide incentive for fur
ther investigation, especially with the advent of specialized li
gands that may be highly sensitive and specific for mTBI. Until 
recently, FDG PET did not appear to be diagnostic for mTBI, but 
perhaps this will change in the near future. 

12.3.4 Arterial Spin Labeling 
Arterial spin labeling (ASL) is often described as a relatively new 
MRI technique, but it has been used experimentally for more 
than 20 years. ASL employs radiofrequency (RF) pulses to elec
tromagnetically label water molecules contained within arterial 
blood in the neck (the usual placement of the labeling slab) en 
route to the brain. The labeled water molecules in the blood, 
unrestricted by the presence of the blood-brain barrier, act as a 
diffusible tracer to assess CBF. Labeled images are then com
pared with control (nonlabeled) images otherwise acquired in 
the same fashion. Because ASL relies on RF pulses to label water, 
it is an attractive alternative to other perfusion techniques such 
as gadolinium-based perfusion-weighted imaging (T2-based 
dynamic susceptibility contrast or T1-based dynamic contrast 
enhancement) techniques or nuclear medicine studies (PET and 
SPECT), which are dependent on the requisite intravenous in
jection of an exogenous substance to act as the detectable per
fusion agent. With ASL, knowable variables such as the decay 
rate of the label and the T1 of blood relative to magnetic 
field strength are abstracted from the literature.86 Multiple 
iterations of the ASL sequence are available, but all are based 
on three general techniques: pulsed ASL (PASL), continuous 
ASL (CASL), and pseudocontinuous ASL (pCASL). A newer ve-
locity-selective labeling technique has been more recently 

introduced (velocity-selective ASL), but PASL remains the 
most commonly used clinical technique. 
Although ASL has been used in the study of animal models87, 

88 of TBI and in human studies,89 little research has specifically 
looked at ASL in the context of mTBI. The Rafols laboratory 
demonstrated that endothelin-1 (a powerful vasoconstrictor) 
and its associated receptors (endothelin receptors A and B, re
spectively) are upregulated after brain trauma, identifying a di
rect association with chronic hypoperfusion up to 48 hours 
after TBI.90 Given these findings, they used a closed head accel
eration impact model of TBI in rats to evaluate TBI-induced hy
poperfusion and cell injury in the sensory motor cortex and 
hippocampus using ASL measures of CBF.87 By selectively block
ing endothelin-1 receptor A or B individually, 24 hours before 
TBI, they demonstrated that only blockage of endothelin-1 re
ceptor A prevented the (> 35%) reduction in CBF identified in 
nontreated injured rats, thereby also highlighting the use of ASL 
in detecting TBI-related changes in CBF.87 

A more recent study conducted in humans using ASL at 3 te
slas (T) to assess the relative differences in regional CBF in the 
setting of chronic mTBI demonstrated significant reduction in 
bilateral mean thalamic CBF (▶ Fig. 12.12).91 

Compared with 18 age-matched healthy controls, the eval
uated 21 subjects (with median time from prior mTBI of 24.6 
months) also demonstrated relative decreased CBF involving 
the caudate heads and bilateral frontal-lobe gray matter, 
although these findings did not reach statistical significance 
when Bonferroni correction was applied. However, the ob
served relative decrease in bilateral thalamic CBF was signifi
cantly correlated with neuropsychological testing results, in
cluding measures of processing and response speed, memory 
and learning, verbal fluency, and executive function.91 These re
sults suggest that regional chronic hypoperfusion is a possible 
sequela of mTBI, may be associated with measurable clinical im
pairment and neurocognitive dysfunction, and may be radio
graphically detected with perfusion metrics such as ASL. It is 
worth noting that relative hypoperfusion affecting the thalami 
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Fig. 12.12 True FISP ASL perfusion images and 
regional cerebral blood flow (CBF) maps in an 
age-matched normal control (a, b) and in a 
patient (c, d) with mild traumatic brain injury. 
Note the decreased leve of CBF within the 
thalamic region in the patient (d) compared with 
the normal control (b). (Used with permission 
from Ge Y, Patel MB, Chen Q, et al. Assessment of 
thalamic perfusion in patients with mild trau
matic brain injury by true FISP arterial spin 
labelling MR imaging at 3T. Brain Inj. 

(and posterior cingulate and bilateral frontal cortices) was also 
identif ied in a separate study evaluating a cohort of moderate 
and severe chronic TBI patients using ASL.89 

Thus, ASL appears to be a promising technique for use in 
mTBI research based on the ability to characterize regional 
brain perfusion, the potential to conduct serial measurements 
of CBF in the same imaging session, the relative reproducibility 
of the technique, and the use of ASL as a biomarker for pharma
ceutical trials. Given the relatively elevated baseline perfusion 
of gray matter relative to white matter, ASL might be better 
suited to specifically assess alterations in gray matter CBF and 
suspected regional hypoperfusion after mTBI. Furthermore, the 
ability to correlate changes in regional blood flow with cogni
tive deficits is an attractive feature of this technique. In addition 
to quantitative CBF maps, ASL can provide oxygen extraction 
fraction measurements and may be used to assess cerebral 
blood volume in the foreseeable future. Thus, ASL is a promising 
technique for evaluating acute, subacute, and chronic mTBI and 
may play a more significant role in assessing mTBI in the near 
future. 

12.3.5 Susceptibility-Weighted Imaging 
Susceptibility-weighted imaging (SWI) has been shown to 
be sensitive to microhemorrhages that can occur in mTBI, as 

demonstrated in ▶ Fig. 12.1.92–94 The SWI technique is tradi
tionally performed after the acquisition of a high-resolution 3D 
gradient recalled echo data set, for which additional phase and 
magnitude postprocessing is performed to accentuate the para
magnetic properties of mineralization and hemorrhagic prod
ucts, thereby providing an alternate type of MR contrast.95,96 

In the context of mTBI, the method is potentially useful in de
tecting tiny hemorrhagic foci (microhemorrhages) within white 
matter structures, which are thought to be a marker for TAI, 
often not detectable on conventional imaging.3 Whereas SWI 
affords increased sensitivit y in detecting hemorrhagic TAI rela
tive to more conventional MRI techniques, the potential prog
nostic value of this sequence (in the context of mTBI) remains 
unclear because the technique is relatively insensitive for the 
detection of nonhemorrhagic TAI.97 This insensitivity is compli
cated by the observation that TAI is not definitively associated 
with microhemorrhage,98 an observation supported by other 
mTBI studies that have reported no detectable postinjury mi
crohemorrhages or significant brain parenchymal changes 
when assessed with SWI.99 Thus, SWI appears to increase the 
sensitivity for detecting hemorrhagic TAI, likely of added value 
in moderate and severe TBI (▶ Fig. 12.13), but future studies 
will be required to further delineate the potential prognostic 
value of this technique as applied to mTBI. 
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Fig. 12.13 Computed tomography (a) shows only 
a few small hyperdense hemorrhages in the 
corpus callosum (dashed white arrow) of a child 
with traumatic brain injury. Axial T2-weighted 
image (b) is not sensitive to hemorrhage, 
although ill-defined T2 hyperintense areas of 
edema are detected in the corpus callosum and 
the periphery of the hemispheres (
black arrows). Conventional gradient recalled 
echo (GRE) image (c) is routinely used to detect 
hemorrhage, which demonstrates small hypoin
tense hemorrhagic contusions along the brain 
surface as well as hemorrhagic shearing injury in 
the corpus callosum (solid black arrows). However, 
susceptibility-weighted imaging (d) is signifi
cantly more sensitive to hemorrhage, and shows 
many more hemorrhages (white arrows) than any 
of the other images. (Adapted from Hunter JV, 
Wilde EA, Tong KA, et al. Emerging imaging tools 
for use with traumatic brain injury research. J 
Neurotrauma. 2012;29:654

12.3.6 Functional Magnetic Resonance 
Imaging 
Functional magnetic resonance imaging (fMRI) is based on 
blood oxygen level–dependent (BOLD) signal alterations that 
result from activated neurons with increased metabolic de
mands, which divert a surfeit delivery of oxygenated arterial 
blood to their immediate surroundings, resulting in a detectable 
overabundance of oxygenated venous blood in the effluent 
leaving these regions. The resulting conversion of oxyhemoglo
bin to deoxyhemoglobin in the immediate surroundings alters 
the paramagnetic and diamagnetic properties of the tissue, 
resulting in decreased signal, which can be detected using a 
T2*-based acquisition.100 Thus, the higher concentration of oxy
hemoglobin resulting from increased neuronal activity results 
in higher signal intensities that result from a reduction in local 
field inhomogeneities and signal dephasing caused by deoxyhe
moglobin. In this way, it is postulated that fMRI detects the 
secondary effects of neuronal firing, allowing an indirect as
sessment of responses to paradigms (specific cognitive or 
sensory patient tasks).101 These paradigms are then applied to 
generate repeatable stimuli, allowing for alternating periods of 
rest and stimulation, which are summed to generate statistical 
parametric maps. The T2*-based parametric maps are generally 

reapplied as an overlay to high spatial resolution T1-weighted 
anatomic images. 
In the context of mTBI, fMRI has shown promise in the ability 

to detect subtle, early, and chronic alterations in BOLD signal, 
which has been previously used to successfully differentiate 
among various forms of neurodegenerative diseases, including 
Lewy body, Alzheimer disease, and frontotemporal dementia.102 

Alterations in functional connectivity have been demonstrated 
with fMRI in mTBI,103 as well as disruption of thalamic resting 
state.104 In the context of sports-related mTBI, a recent study 
evaluated repetitive subconcussive trauma (determined by hel
met accelerometer data) in high school football players and 
demonstrated significant changes in preseason fMRI results 
compared with postseason results in the same athletes, includ
ing four of eight athletes who showed no clinically observable 
cognitive impairment (▶ Fig. 12.14).105 

Functional MRI has also been used to examine resting state 
functional connectivity (also known as resting state or rs-fMRI), 
which examines the interconnectedness and function of sets of 
neural networks, including the “default-mode network” (DMN) 
while subjects lie passively in the MR scanner.106 These 
networks appear to represent an orderly set or cluster of re
gions that have a particularly high local connectedness, with a 
limited number of relay stations or hubs. The DMN is thought 
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Fig. 12.14 Summary of observed football player categories, with representative function magnetic resonance imaging (fMRI) observations. Categories 
are based on both clinical observations by the team physician of impairment associated with concussion (clinically observed impairment; COI+ or COI-) and 
the presence or absence of significant neurocognitive impairment via ImPACT (functionally observed impairment; FOI+ or FOI-). fMRI activations 
are depicted for all players using a sagittal slice through the left inferior parietal lobule (L IPL) to illustrate the presence of many changes, relative to 
preseason assessment, for FOI+ players. Bottom right: As expected, all (three of three) players who were diagnosed by the team physician as having 
experienced a concussion (COI+) were also found to exhibit significantly reduced ImPACT scores (FOI+) and are categorized as COI+/FOI+ . Top left: 
Half (four of eight) of the players brought in for assessment, ostensibly for control purposes (i.e., presenting with no clinically observable impairments, 
COI-) were found to be neurocognitively consistent with preseason assessment (FOI-) and are categorized as COI-/FOI-. Top right: The other half (four of 
eight) of the intended control group, studied in the absence of diagnosed concussion (COI-), were found to exhibit significantly impaired ImPACT 
performance (FOI +) and are categorized as COI-/FOI+ . This group represents a newly observed category of possible neurological injury. Bottom left: No 
players who were diagnosed with a concussion (COI+) were found to exhibit ImPACTscores consistent with preseason assessments (FOI-). (Modified from 
Talavage TM, Nauman E, Breedlove EL, et al. Functionally-Detected Cognitive Impairment in High School Football Players Without Clinically-Diagnosed 

Neurotrauma, 2014;31(4):327-338.) 

to represent one of the resting state networks of the brain, and 
it includes structures such as the precuneous or posterior cin
gulate cortex), the medial prefrontal cortex, and medial, lateral, 
and inferior parietal cortex. The DMN is active during rest but 
deactivated during specific tasks and has been related to intro
spection, self-referential thought, and mind wandering. 
Mayer et al recently evaluated functional connectivity in 27 

subacute noncomplicated mTBI patients using rs-fMRI corre
lated to self-reported subjective emotional, cognitive, and 
somatic complaints.103 They evaluated subjects less than 3 
weeks after injury and at 3 to 5 months after injury and com
pared results with age-matched controls. Although only 15 sub
jects returned for follow-up imaging, these authors identif ied 

decreased functional connectivity within the DMN and in
creased connectivit y between the DMN and lateral prefrontal 
cortex in mTBI patients.103 Although the study identified associ
ations between functional connectivit y and predicted cognitive 
complaints at less than 3 weeks after injury, no changes in 
functional connectivity were identif ied at a 4-month recov
ery period. Interestingly, these authors report that functional 
connectivit y measurements were able to correctly classify 
mTBI patients and healthy, age-matched controls in 84.3% of 
the time and were predictive of cognitive complaints.103 

In a follow-up study, these same investigators used fMRI 
to evaluate potential differences in hemodynamic activation 
in mTBI patients and matched healthy controls during a 
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multimodal selective attention task,107 based on the observa
tion that impaired selective attention is one of the more en
during behavioral sequelae after mTBI.108 These investigators 
observed abnormalit ies in DMN regulation and in the top-
down allocation of visual attention during the semiacute 
stage of mTBI despite near-normal behavioral performance in 
these patients.107 More specifically, the mTBI patients failed 
to exhibit task-induced deactivation of the DMN during high
er attention load and failed to demonstrate attention-related 
modulations during top-down visual attention. 
In a seminal study, Stevens et al sought to evaluate the exten

siveness of functional connectivit y abnormalities in uncompli
cated mild TBI using independent component analysis based on 
the observation that moderate to severe TBI results in abnor
malities in coordinated activation among brain regions.109 They 
evaluated 12 independent networks from fMRI data obtained 
with patients in a task-unconstrained resting state (30 mTBI pa
tients and 30 demographically matched healthy control sub
jects; see ▶ Fig. 12.15). Abnormal functional connectivity was 
identif ied in every evaluated brain network in these mTBI pa
tients and included networks related to visual processing, mo
tor and limbic systems, and other circuits considered relative to 
executive function. Enhancements in several of these networks 
were also identif ied, suggesting possible compensatory neural 
processes. For nearly all interrogated brain networks, aberrant 
regional connectivity correlated with PCS severity.109 

The role of fMRI in evaluating and better-defining suspected 
mTBI appears to be increasing, based on the added sensitivity 
of this technique in detecting aberrant BOLD signal, consid
ered an indirect marker for altered neuronal activity. Con
tinued work in rs-fMRI is anticipated to be of added future 
clinical utility. 

12.3.7 Magnetoencephalography 
Magnetoencephalography (MEG) allows the detection of 
magnetic flux about the surface of the head, associated with 
intracranial electrical currents produced between synapses 
or within the axons or dendrites. As with electroencephalog
raphy and evoked potential recordings, MEG can detect ab
normalities in spontaneous brain activity. In addition, MEG 
can be used for localization, magnitude, and temporalizing 
the signals, allowing the generation of brain activity maps 
often referred to as magnetic source imaging. 
Few imaging studies have been performed that evaluated 

mTBI with MEG.37,110 However, one study found MEG to be 
superior to conventional MRI and marginally better than SPECT 
imaging in identif ying abnormalities related to mTBI.111 Fur
thermore, MEG abnormalities identif ied in the frontal, tem
poral, and parietal lobes were associated with cognitive 
impairment.111 In a separate study, MEG was able to detect 
abnormalities in select mTBI subjects that were not detect
able by DTI, suggesting that MEG may be sensitive in assess
ing for mTBI.37 However, MEG is reportedly suboptimal at 
evaluating subcortical structures such as the deep gray nu
clei, compromising its utility.111 The limited availability of 
the technique, confined to major research institutions, also 
decreases its clinical applicability. 

12.3.8 Magnetic Resonance 
Spectroscopy 
Magnetic resonance spectroscopy (MRS) is a powerful, noninva
sive technique for examining brain metabolism using clinically 
available MR scanners. It has shown increased sensitivit y in the 
evaluation of mTBI by detection of brain chemistry in the set
ting of neuronal injury, especially related to DAI.112–115 Unlike 
more traditional neuroimaging techniques, which often provide 
only structural detail, MRS can allow for in vivo assessment of 
neurochemistr y by detecting individual solute-derived signals 
in neuronal tissue, and it can thus be used to assess for the pres
ence of metabolic abnormalities after mTBI. Signal is most com
monly derived (in experiments evaluating mTBI) from measur
ing hydrogen nuclei (1H) or after radiofrequency excitation and 
allows for repeated measurements and therapeutic monitor
ing. Commonly measured metabolites in 1 H MRS include the 
following: 
● N-acetylaspartate (NAA): A quantitative marker of general 
neuronal, axonal, and dendritic viability, commonly de
creased in primary brain tumors, areas of demyelination in 
the setting of multiple sclerosis, and brain injury.116,117 

● Choline (Cho): A general marker for membrane disruption, 
synthesis, or repair and a marker of inflammation. Cho is in
creased in cell proliferation and membrane turnover and 
often is described as a marker of DAI in the context of brain 
injury.118,119 

● Myo-inositol (mI): A glial cell marker involved in metabo
lism, expected to increase after TBI resulting from mem
brane damage.120 

● Creatine (Cr) and phosphocreatine: Markers of, and propor
tional to, energy metabolism. Creatine is routinely used as an 
internal reference for the measurement of other MRS 
peaks.121 

● Lactate: An indirect marker of ischemia and hypoxia, gener
ally signaling a shift to anaerobic cellular metabolism. Its 
presence in the spectra is reportedly indicative of a poor out
come (in brain injury).122 

● Glutamate/glutamine (Glx): Coupled metabolites found in as
trocytes. Elevation of the Glx peak is reportedly predictive of 
poor outcome in severe TBI.123 

In MRS, the preceding metabolites are usually reported as ra
tios, such as NAA:Cho and NAA:Cr ratios, to allow for concen
tration differences related to cell density rather than metabolic 
abnormalities. 
Several techniques are used to interrogate MRS data in clini

cal practice; the most commonly used method is single-voxel 
spectroscopy (SVS), demonstrated in ▶ Fig. 12.16. This techni
que defines a single three-dimensional cubic ROI, usually 8 cc 
or larger, from which to inte a single MR spectrum. Of the vari
ous MRS techniques, SVS offers an optimal SNR and is relatively 
easy to perform. However, it has been criticized for being time 
consuming compared with other techniques because compari
son with other regions of the brain requires the placement of 
additional voxels, each with a requisite 2 to 5minutes of imag
ing time, depending on scanner parameters. Chemical shift 
imaging (CSI), on the other hand, allows for a larger ROI to be 
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Fig. 12.15 Depiction of the 12 resting-state neural networks identified by independent component analysis performed on the mild traumatic brain 
injury and healthy control participants. All images are thresholded at p < 0.05 (FWE ). (Used with permission from Stevens MC, Lovejoy D, Kim J, et al. 
Multiple resting state network functional connectivit y abnormalities in mild traumatic brain injury. Brain Imaging Behav. 2012;6:293-318.) 

defined by use of an additional phase encoding step and offers evaluation of a more regional distribution of metabolic altera
the advantage of allowing smaller “sub-ROIs” to be defined fol- tions rather than that of a single voxel (ROI). The shortcomings 
lowing the MR examination such that “retrospective” analysis of this technique include decreased per-voxel SNR, such that 
can be performed. Furthermore, use of this technique allows variability of metabolite measurements is greater than with the 
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Fig. 12.16 Axial magnetic resonance imaging of a normal volunteer showing the single volume of interest (single voxel) located in the right frontal 
lobe, along with the corresponding proton spectrum. The tallest peak on the right represents N-acetylaspartate (NAA), the middle peak creatine-
containing compounds ( ), and left-most choline-containing compounds (

SVS technique, and the limitations of the two-dimensional (2D) performed at 1.5 T and 3 T and multivoxel MRS performed at 
acquisition (metabolite analysis is limited to one slice only). 3D 3 T to prospectively evaluate 40 concussed athletes (and 30 
CSI methods are becoming more readily available but lack the control subjects) 3, 15, 22, and 30 days after injury.115 Ath
rigorous testing and familiarity of the former-mentioned tech letes and control subjects were imaged at three different in
niques. Both the 2D- and 3D CSI techniques suffer from the con stitutions with differing field-strength MRI systems for which 
tribution of metabolite signals arising from both gray matter the MR spectra (focused on NAA-, Cr-, and Cho-containing 
and white matter within the same voxel and possible unwanted compounds) were compared. These authors reported that 
CSF sampling. spectroscopic data obtained from controls using differing 
In the setting of moderate and severe TBI, significantly de- field strengths or modes of acquisition did not reveal any dif

creased NAA with associated increased Cho have been reported ferences in brain metabolite ratios. Compared with normal 
in both gray and white matter after injury (▶ Fig. 12.17).124–128 controls, the most significant alteration in metabolite ratios 
It is thought that reduction of NAA in regions of visibly injured in concussed athletes was noted at postinjury day 3 (NAA: 
brain are likely the result of the primary impact, whereas de- Cr = 17.6%, NAA:Cho = 21.4%). The authors reported that meta-
creased NAA in regions of normal appearing tissue may result bolic disturbances gradually recovered in these athletes, ini
from Wallerian degeneration versus DAI.128 The increased Cho tially slowly until day 15, then more rapidly, such that all 
within white matter is thought to represent a metabolic by- athletes demonstrated normal metabolic ratios at day 30, 
product of myelin shear injury.129 comparable with values detected in normal controls.115 

In evaluating mTBI, several longitudinal studies have been Interestingly, if a second traumatic insult is obtained during 
performed that have demonstrated a relative decrease in NAA the initial recovery period in adults with acute mTBI, there is 
with an increase in white matter Cr in the acute stages of mTBI, evidence to suggest prolongation of decreased NAA values after 
both of which reportedly return to normal levels by the con- the initial traumatic insult, which may take up to 45 days 
clusion of the respective longitudinal study.115,130–133 In one to approach, but not necessarily reach, baseline levels.130 

such study, for example, Vagnozzi et al used single-voxel MRS This evidence has important implications for a hypothesized 
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Fig. 12.17 Examples of 1H-MRS spectra acquired 
from one voxe for mTBI ( ) and normal 
volunteer ( ) group. Notice the increased Cho 
and decreased NAA peaks in the MTBI subjects 
compared to NV. (Modified from Brian Johnson, 
Kai Zhang, Michael Gay, et al. Metabolic alter
ations in corpus callosum may compromise brain 
functional connectivit y in MTBI patients: An 1H
MRS study, Neuroscience Letters. 2012; 509 

cumulative effect in mTBI. At the same time, Maugans et al 
used a similar longitudinal study design in a pediatric popu
lation and identif ied no significant change in NAA concentra
tions after acute mTBI, suggesting some possible age-related 
neuroprotection.133 This observation, although promising, 
warrants further investigation to substantiate these claims. 
With respect to chronic mTBI, several studies have suggested 

that NAA is generally decreased in white matter structures, in
cluding the splenium, centrum semiovale, and frontal white 
matter,125,130,134 This observation has also been confirmed in 
CSI studies of mTBI135,136 and is supported by evaluations of 
whole-brain NAA using volumetric spectroscopy.137 DTI studies 
evaluating mTBI corroborate these observations, demonstrating 
a similar distribution of injury and loss of neurons within the 
gray and white matter.138 

The often reported general increase in Cho levels in the set
ting of chronic TBI is thought to reflect diffuse glial prolifera
tion, supported by concomitantly increased mI, which persists 
months after the initial injury.139,140 However, further studies 
are needed to substantiate these observations. In a select few 
studies performed in the evaluation of mTBI using MRS have 
demonstrated somewhat conflicting results. For example, one 
study by Son et al determined that lactate levels are elevated 
acutely in mTBI,141 whereas a similar study by Garnett et al re
vealed no such lactate elevation.142 

Use of MRS in mTBI is advantageous because it can be easily 
performed, is safely repeatable because it does not require the 
use of ionizing radiation, and can be used in longitudinal stud
ies. Further investigation is needed to evaluate the sensitivit y 
and specificity of MRS in the context of mTBI and establish its 
prognostic value. Although it is a relatively nonspecific tool, 
NAA evaluation by MRS represents a noninvasive manner with 
which to measure transient changes in energy metabolism in 
the setting of mTBI. Further studies are needed to verify the ef
fects of a second traumatic insult within the recovery period 

and to define more clearly the observed differences in MR spec
tra in adults versus children. 

12.4 Conclusion 
Advanced MRI techniques have significantly contributed to re
cent research in mTBI and have at times suggested mechanistic, 
as well as structural, correlates to clinical observations and neu
ropsychological testing results. DTI, MRS, and fMRI appear opti
mal at evaluating for mTBI, based on their individual sensitiv
ities and specificities in detecting mTBI, as well as the potential 
prognostic value and strong correlation with patient symptoms. 
Research in these techniques has revealed that what was once 
considered mild traumatic brain injury (implicit in the name: 
mTBI) may have more significant long-term consequences and 
that even subconcussive blows may contribute to declines in 
various performance and cognitive metrics. The detection of ab
normalities using these advanced imaging techniques, in the 
setting of normal-appearing morphologic MRI, suggests a new 
baseline on which to assess changes related to mTBI. The in
creasing use of these advanced imaging techniques provides 
new insights into better identifying abnormalities related to 
suspected parenchymal injury, possibly allowing for more ap
propriate triage and earlier treatment of patients suffering from 
suspected TBI-related symptoms. Furthermore, specific re
search in sports-related concussion has unveiled substantive, 
specific concerns regarding the role of cumulative blows and 
multiple concussions that may increase the risk for developing 
chronic traumatic encephalopathy, psychiatric illnesses such as 
depression, and the possibility of long-term mild cognitive im
pairment. Although many unanswered questions remain, it is 
likely that advanced MRI techniques will continue to contribute 
to the current understanding and pathophysiology of mTBI and 
will become more commonplace in the clinical workflow. 
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