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17.1 Introduction

Traumatic brain injuries (TBI) are a common
cause of significant morbidity and mortality
worldwide. They are the most common cause of
death and permanent disability in the early
decades of life. Approximately 1.7 million people
are affected by TBI in the USA every year, out of
which 275,000 patients are admitted. TBI leads to
approximately 52,000 deaths annually in the USA
[1, 2]. The victims vary widely with regard to
their etiology, clinical presentation, pathophysiol-
ogy, and optimal treatment strategies.

Traumatic brain injuries may be focal or dif-
fuse or a combination of both. Focal brain inju-
ries are usually due to direct impact and result in
contusions and extra axial hematomas. Diffuse
brain injuries are usually caused by acceleration/
deceleration injuries and are typically seen fol-
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lowing high velocity vehicular accidents or
shaken baby syndrome. The clinical sequelae can
include concussions and/or diffuse axonal injury.
Traumatic axonal injury (TAI) results from shear
injuries that reflect sudden acceleration and
deceleration as well as rotational strain which
result in hemorrhagic and nonhemorrhagic foci at
gray-white matter junctions, in the corpus callo-
sum and in the dorsolateral aspect of the brain-
stem. The term diffuse axonal injury (DAI) is
defined by three or more lesions in two or more
lobes and corpus callosum [2].

Many of the survivors may suffer significant
long-term consequences. DAI is a major patho-
logic substrate of unconsciousness, persistent
vegetative state, neurological deficits, and cogni-
tive decline.

Diagnostic neuroimaging plays a pivotal role
in the management of these injuries. Non-contrast
CT scan of the head is the initial modality of
choice by consensus and provides extremely
valuable information for triage and trauma patient
management. Head CT is excellent for showing
traumatic lesions which require immediate surgi-
cal intervention such as decompressive craniot-
omy or craniectomy, hematoma evacuation, and
ventriculostomy catheter placement. However,
CT is very insensitive in the detection of TAI/
DALI and grossly underestimates nonhemorrhagic
contusions especially in the acute setting. MRI,
particularly diffusion-weighted image (DWI),
fluid attenuated inversion recovery (FLAIR),
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T2*-weighted gradient-echo (GRE), and
susceptibility-weighted image (SWI) sequences,
is much more sensitive than CT scan for the
detection of such TAI/DAI. MR is however
performed in relatively few selected patients,
generally where there is mismatch between the
CT findings and neurological symptoms or clini-
cal examination [3-5].

17.2 Diffuse Axonal Injury

Strich and colleagues first described DAI in 1956
and it was later characterized by Adams and
coworkers, who linked the histopathological fea-
tures of post-traumatic damage in the axons to
rotational acceleration-deceleration forces to the
head that result in stretch injuries [6, 7].

DALI refers to the shear injury at the tissue
interfaces with different density and is classically
located at gray white matter junctions such as the
centrum semiovale, corpus callosum, internal
capsules, fornix, posterolateral aspect of the
upper brainstem, and cerebellar peduncles. DAI
may be confined to the white matter of the frontal
and temporal lobes in mild head trauma
(Fig. 17.1). Lesions in the posterior half of the
corpus callosum indicate more severe injury.
With even more severe injuries, DAI lesions may
be seen in the anterior corpus callosum and dor-
solateral aspect of the upper brainstem (Figs. 17.2
and 17.3). DAI lesions may also be seen, but less
commonly, in other areas of the brain such as the
parietal and occipital lobes, internal and external
capsules, basal ganglia, thalami, fornix, and sep-
tum pellucidum (Fig. 17.4). Intraventricular hem-
orrthage may be seen in some patients due to
disruption of the subependymal plexus of capil-
laries and veins lining the ventricular surface of
the corpus callosum, septum pellucidum, and for-
nix [4, 8, 9].

DAI lesions are usually multiple, diffuse,
small (5-15 mm), and mainly T2-hyperintense
foci which are generally limited to white matter
and are rarely seen on standard CT scans. 10-30%
of the DAI lesions are hemorrhagic [4, 8]
(Fig. 17.3).

DAI is a common finding in patients suffer-
ing from severe TBI and is a more important

predictor of poor neurological outcome and
long-term outcome with respect to cognition
and behavior impairment than focal TBI [10].
The consequences are often devastating, and the
presence of DAI is a major adverse prognostic
factor in the majority of affected patients. These
patients also usually develop global atrophy
after few months.

Clinically, DAI typically manifests as
impaired consciousness and coma shortly after
trauma due to acute injury to the axons. While the
axons are injured on initial impact due to shear-
ing injury, major damage to the axons continues
to propagate after the traumatic event because of
delayed activation of complex biochemical pro-
cesses in the cells [11].

Pathologically, injury related to DAI is always
much more extensive microscopically than at
gross examination or as seen on imaging.
Microscopically, shearing injuries initially pro-
duce multiple, characteristic axonal bulbs, or
retraction balls, as well as numerous foci of peri-
vascular hemorrhage [1, 12, 13].

17.3 Grading of DAl and Location

There are three grades of DAI in the Adams clas-
sification which was first proposed by J.H. Adams
and associates in 1989; these grades are based on
the anatomic distribution of the injury and have
been shown to have a direct relationship to the
severity of injury and adverse outcomes [6].

Grade I is presence of lesions at gray white
matter junctions, which are most commonly seen
in the parasagittal regions of the frontal lobes and
periventricular temporal lobes. Parietal and
occipital lobes, cerebellum, and internal capsules
are less commonly involved. DAI may be con-
fined to the white matter of the frontal and tem-
poral lobes in mild head trauma [9] (Fig. 17.5).

Grade II includes involvement of the corpus
callosum in addition to grade I lesions and is seen
in approximately 20% of patients. The posterior
body and splenium of the corpus callosum are
most commonly affected with progression anteri-
orly as the severity increases (Fig. 17.6).

Grade III is defined by lesions in the dorsolat-
eral brainstem (Fig. 17.7).
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Fig.17.1 (a—d) Diffuse axonal injury in gray-white mat-
ter junction in a 7-year-old boy after a motor vehicle acci-
dent. (a, b) T2-weighted and coronal FLAIR images show
multiple hyperintense lesions in the gray-white matter
junction of bilateral frontoparietal lobes (arrows). (c)

Coronal GRE image shows multiple small hemorrhages
as low signal in these lesions (arrows). (d) DW image
demonstrates diffuse axonal injury as high signal intensity
(arrow) with decreased ADC (not shown), representing
cytotoxic edema
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Fig. 17.2 (a—d) Diffuse axonal injury in the corpus cal-
losum, internal capsule, and thalamus in a 29-year-old
woman after a motor vehicle accident. (a, b) T2-weighted
and FLAIR images show multiple hyperintense lesions in

the anterior and posterior corpus callosum, internal cap-
sules, and left thalamus (arrows). (¢, d) DW image dem-
onstrates these lesions as high signal intensity with
decreased ADC (arrows)
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Fig.17.3 (a—c) Diffuse axonal injury in the brain stem in
a 28-year-old man after a motor vehicle accident. (a) DW
image shows a hypointense lesion with a hyperintense rim
in the dorsolateral aspect of the midbrain, representing a
hemorrhagic lesion of diffuse axonal injury (arrow). (b)

Intraventricular hemorrhage can accompany
these findings. They have the same mechanical
origin and are due to disruption of the
subependymal plexus of capillaries and veins that
lie along the ventricular surface of the corpus cal-
losum, fornix, and septum pellucidum [8, 9, 14,
15] (Figs. 17.8 and 17.14).

Hamdeh et al. conducted a study on 30 patients
with severe DAI (Glasgow Motor Scale of <6)
examined with MRI within one-week post injury
and concluded after multivariate analysis that
there was an independent indicator of poor out-
come for patients with lesions in the substantia
nigra and tegmentum on SWI. They found that
lesions seen in these areas have a worse outcome
than patients with lesions in other parts of the
brainstem [10].

Once it was thought that edema following
traumatic brain injury was vasogenic, but recent
experimental studies using diffusion-weighted
imaging (DWI) have shown that edema after
head trauma consists of both vasogenic and cyto-
toxic edema [3, 16-19]. Since DW imaging is
also very sensitive in detecting small lesions of
cytotoxic edema and can differentiate cytotoxic
from vasogenic edema, it has become especially
useful in the evaluation and staging of patients
with DAL

ADC map shows decreased ADC of this lesion (arrow).
This might be due to a paramagnetic susceptibility arti-
fact. (¢) Coronal GRE image clearly shows hemorrhagic
lesions as hypointense in the brain stem (arrow) and in the
right frontoparietal region

17.4 Computed Tomography (CT)
and Magnetic Resonance
(MR) Imaging

Few DAI lesions are visible on head CT. Only
large lesions or those that are grossly hemor-
rhagic are seen. MR imaging has been proven to
be more sensitive for detection as well as for
characterization of DAI lesions. Conventional
MR imaging shows multiple, small, deeply situ-
ated elliptical lesions that spare the overlying
cortex. MRI is also more sensitive to detect sub-
tle and early ischemic changes and contusions on
the surface of the brain (Figs. 17.7 and 17.9).
FLAIR images are more sensitive than
T2-weighted images to detect small hyperintense
lesions adjacent to the cerebrospinal fluid, such
as in the fornix and septum pellucidum [4, 14, 20,
21]. DWI has been found to be equally or more
sensitive than FLAIR in multiple studies.
Nonhemorrhagic lesions (NHL) are more
numerous than hemorrhagic lesions. While DWI
can also detect some hemorrhagic lesions, GRE
and SWI are more sensitive for detecting hem-
orrhagic lesions. Small hemorrhagic lesions are
seen in 10-30% of all DAI lesions and are best
detected on GRE images because of their sus-
ceptibility effects. SWI uses the magnetic sus-
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Fig. 17.4 (a-d) Diffuse axonal injury in the basal gan-
glia in a 3-year-old boy after a motor vehicle accident. (a)
T2-weighted image shows hyperintense lesions in the
right lentiform and caudate nucleus (arrows). (b, ¢) DW

imaging shows these lesions as hyperintense with
decreased ADC (arrows). (d) Coronal GRE image clearly
shows no hemorrhagic foci in these lesions
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Fig. 17.5 (a—c) DAI grade | in a 34-year-old male after
MVA. CT head was negative (not shown). (a) DWI shows
multiple tiny foci of RD (decreased ADC not shown) in
bilateral cerebral hemispheres. (b) FLAIR shows fewer
lesions which are very subtle. (¢) SWI shows only one

Fig. 17.6 (a—d) DAI grade 2. 25-year-old female after
high-speed MVA. Multiple nonhemorrhagic and hemor-
rhagic (arrowhead in ¢) lesions seen on DWI (b, d) and
GRE (a, ¢) sequences. The nonhemorrhagic DAI lesions
in the splenium of the corpus callosum (b) and near the
right sylvian fissure (b) are better seen on DWI. DWI is

Fig. 17.7 (a-d) DAI grade III. 25-year-old male with
altered metal status after high-speed MCC. A mixture of
hemorrhagic and nonhemorrhagic DAI in bilateral frontal
lobes. CT (a) shows only one hemorrhagic lesion. Many
nonhemorrhagic lesions seen on DWI (¢) are not seen on

lesion in the left frontal lobe which was also seen on the
DWI. Adam’s grade I DAI as lesions are seen only in the
cerebral hemispheres, without involvement of the corpus
callosum or brainstem

more sensitive for nonhemorrhagic lesions. DWI can also
detect hemorrhagic DAI lesions but is less sensitive than
GRE. Hemorrhagic DAI lesions appear as central areas of
hypointensity surrounded by peripheral halo of hyperin-
tensity on DWI images (long arrows in d)

GRE (b). Multiple DAI lesions seen in the cerebral hemi-
spheres and in the posterior aspect of the brainstem on
both sides (¢ and d). DAI lesions in the brainstem (d) indi-
cates Adam’s Grade III DAI and are associated with a
poorer prognosis
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Fig. 17.8 (a—c) Diffuse axonal injury in the fornix of an
11-year-old girl after a motor vehicle accident. (a) On
T2-weighted image, it is difficult to detect a small hyper-

intense lesion in the fornix (arrow). (b, ¢) DW image
shows the lesion in the fornix and posterior corpus callo-
sum as hyperintense with decreased ADC (arrows)

Fig. 17.9 (a-d) 32-year-old male with high-speed MVA
presenting with altered mental status. Acute to subacute
SDH can appear hyperintense on DWI (a) and hypoin-
tense on ADC maps (b). The T1 image (¢) shows curvilin-
ear hyperintensity and CT scan (d) shows curvilinear

ceptibility differences between various tissues,
which gives phase differences between the
regions which contain paramagnetic deoxygen-
ated blood products and normal surrounding tis-

hyperdensity because of SDH over the left convexity. The
underlying brain parenchyma adjacent to the SDH also
shows RD (arrows in a and b) suggestive of ischemic
injury secondary to SDH and trauma

sues. SWI is 3—-6 times more sensitive than GRE
in detecting the size, number, volume, and dis-
tribution of hemorrhagic foci of DAI. However,
even these MR imaging sequences are thought
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Fig. 17.10 (a-b) MRI of a 55-year-old male after MVA
shows multiple hemorrhagic foci in bilateral cerebral
hemispheres seen on SWI (b) which were not as conspic-

to underestimate the true extent of DAI [20-23]
(Fig. 17.10).

Traumatic midline SAH in the perimesence-
phalic cistern and interhemispheric fissure on the
initial CT scan after trauma has been found to
strongly implicate shearing injury and severe
DAl in a study conducted by Meta-Mbemba et al.
They reported sensitivity of 60.8% and specific-
ity of 81.7% for severe DAI in a study on 270
patients with history of head trauma [24].

17.5 Diffusion-Weighted Imaging
(DWI)

DWI measures a unique physiological parameter
characterized by random microscopic motion of
water molecules in the tissues which can define
types of edema in various conditions. DWI can
detect lesions with both increased/ facilitated dif-
fusion and restricted diffusion (RD). Lesions
with increased/ facilitated diffusion are bright on
both DWI and ADC maps and have increased
extracellular water where water molecules are
more mobile. This finding reflects vasogenic
edema which is usually reversible. These lesions
appear hyperintense on DWI due to T2 shine
through. The diffusion maps are generated with
combined input from diffusion-weighted and
T2-weighted properties and therefore lesions
with long T2 relaxation time will also be bright
on DWI. This effect is removed on ADC maps,

uous on DWI (a). SWI or GRE are more sensitive for
detecting hemorrhagic lesions

which represent the apparent diffusion coeffi-
cient [25-28].

The lesions with cytotoxic edema show
restricted diffusion and are bright on DWI and
dark on ADC maps; this is the classic pattern of
acute infarcts. This phenomenon results from
the shift of freely mobile water molecules from
the extracellular space to the intracellular space
where movement of water molecules is
restricted. This indicates cellular swelling and
cytotoxic edema, which usually are considered
irreversible injury and cell death, with few
exceptions.

The exact mechanism of RD in DAI is still
uncertain, and proposed mechanisms include
excitotoxic edema due to release of a high con-
centration of glutamate and other neurotransmit-
ters, associated hypotension and hypoxia leading
to trauma induced ischemia or collapse of the
cytoskeleton of injured axons [15, 27, 29, 30]
(Fig. 17.11). There is increase in extracellular
levels of amino acids glutamate and aspartate
after TBI, and experiments have shown that
N-methyl-D  aspartate = (NMDA) receptor
antagonists have protective role. Glutamate
receptor antagonists help the neurons to deal with
the increased permeability of the cell membrane
to ions as well as reduced efficacy of Na + extru-
sion [31, 32]. Damage at the node of Ranvier
results in a traumatic defect in the axonal mem-
brane. This defect causes excessive neurotrans-
mitter release with increase in intracellular
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Fig.17.11 Leakage

of glutamate in diffuse
axonal injury. Diffuse
axonal injury is
presumably due to the
leakage of glutamate at
the node of Ranvier. The
astrocytic end-foot is
located on the axon at
the node of Ranvier and
may protect the axons

calcium ions, as in brain ischemia, which leads to
axonal and glial cell swelling (cytotoxic or neu-
rotoxic edema). These changes can eventually
lead to axonal degeneration or necrosis with
microglial and astrocytic reactive changes.
Accumulation of hemosiderin-laden macro-
phages is also seen in the chronic phase.
Glutamate is the most important excitatory amino
acid and is responsible for many neurological
functions such as cognition, memory, movement,
and sensation. Glutamate mediates neuronal
death in pathological conditions through the acti-
vation of NMDA receptor subtypes [33].
Cytotoxic edema, which seems to be the cause
of reduced ADC in ischemic brain injury, can
also occur in the early phase of DAI. However,
reduced ADC is presumably due to the develop-
ment of retraction balls and concomitant cyto-
skeletal collapse along the severed axons [25].
The time course of the ADC abnormality seems
to be different from that of ischemic brain injury.
Prolonged decrease in ADC, over 2 weeks, has
occasionally been observed in DAI [26], and
cytotoxic edema in the corpus callosum can be
partially reversible on follow-up imaging using
T2-weighted sequences. Axonal and glial cell
swelling in DAI is thought to be mainly due to
excitotoxic mechanisms that essentially propa-
gates through the white matter tracts. It can also
be a slower or reversible form of cellular swelling
than that seen in ischemic brain injuries [18, 27,

\strocvtic end-foot

“ Ieakage of

olutamate

e —

Node of Ranvier

28]. Hemorrhagic components, which often
accompany these brain injuries, will affect the
signal intensity on DW images.

The lesions with RD are usually not revers-
ible; however, lesions with increased diffusion
are partially reversible. A few isolated case
reports of reversible intramyelinic white matter
cytotoxic edema have been reported in traumatic
brain injury patients [29].

DWI can also detect some hemorrhagic
lesions but is not as sensitive as GRE or SWI
(Fig. 17.9). The acute hemorrhagic foci which
contain oxyhemoglobin are bright on DWI but
dark on ADC and have a surrounding halo of
increased diffusion because of vasogenic edema
(Fig. 17.12 and 17.13). The hemorrhagic lesions
then turn hypointense on DWI when they have
deoxyhemoglobin, intracellular methemoglobin,
or hemosiderin. Analysis of DWI and ADC data
are less reliable in the presence of blood products
[34, 35]. Moreover, the areas of the brain near the
skull base, petrous pyramids, sphenoid, and fron-
tal sinuses usually generate susceptibility artifact
and may lead to false-positive or false-negative
detection of lesions.

DWI images are helpful in predicting enlarge-
ment of the areas of hemorrhage seen on the ini-
tial CT scan after mild to moderate TBI. A study
conducted by Kin et al. in Japan on trauma
patients comparing CT and DWI MRI done in the
acute phase of trauma patients found that the
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Fig. 17.12 (a—d) 22-year-old female with high-speed
MVA shows multiple hemorrhagic contusions in bilateral
frontal and right temporal lobes and DAI involving the
splenium of corpus callosum. DWI (a) shows RD in the
splenium of corpus callosum and multiple hemorrhagic
contusions. ADC (b) shows dark SI in the splenium sug-

patients having a larger region of diffusion
restriction compared to the size of initial hemor-
rhage on the CT scan have a 71.4% chance of
increase in the size of hemorrhagic lesions on the

gestive of RD. FLAIR (¢) and GRE (d) images show the
DAL lesion in the splenium of corpus callosum has both
hemorrhagic (arrow on d) and nonhemorrhagic compo-
nents. The hemorrhagic component on the left side is bet-
ter seen on GRE and nonhemorrhagic component in the
midline is better perceived on the DWI (a)

follow-up CT scans. Only 3% of the patients
without a mismatch showed increase in the size
of the hemorrhagic lesions. The fact that CT and
MRI were performed at the same time makes this
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Fig. 17.13 (a—d) Diffuse axonal injury in the cerebellum
of an 18-year-old male patient after a motor vehicle acci-
dent. (a) T2-weighted image shows a hypointense lesion
in the right middle cerebellar peduncle (arrow), (b) DW
image shows a hypointense lesion with a hyperintense

rim, representing a hemorrhagic lesion (arrow). (¢) ADC
map reveals decreased ADC in this lesion (arrow). This
may be due to a paramagnetic susceptibility artifact. (d)
Coronal GRE image clearly demonstrates hemorrhagic
lesions as hypointense (arrow)
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study unique. The authors called this finding
CT-DWI mismatch and hypothesized that these
patients developed cytotoxic edema at the time of
injury, and subsequent vasodilation increased the
areas of hemorrhage. Therefore, the DWI may
have an impact in management of the patients
and decision-making during treatment [36].

Moen et al. conducted a longitudinal study to
see the evolution of the DAI lesions in patients
with moderate and severe TBI. They found that
many nonhemorrhagic DAI lesions seen on
FLAIR decrease in size and number in the scans
performed after three months when compared to
initial scans. The hemorrhagic lesions on GRE
attenuated at a slower pace and did so after three
months. MRI is the modality of choice for evalu-
ating sequelae of TBI in subacute to late phases.
However, MRI when performed earlier after
injury provides better prognostic information and
outcome. They found more lesions on FLAIR
images as compared to DWI in the initial MRI
scans, probably because half of the MRI scans
were performed after 7 days of trauma [37].
However, more lesions were detected on the DWI
as compared to FLAIR/T2 when MRI was per-
formed within 48 hours of trauma in a different
study [20]. They detected 310 shear lesions on
DWI and only 248 shear lesions on FLAIR/T2.
65% of the lesions seen on DWI had restricted
diffusion.

DWI is excellent in detecting the nonhemor-
rhagic lesions of DAI and the lesion load corre-
lates well with the initial GCS and duration of
coma in these patients. Multiple lesions are pre-
dictive of poorer outcome and lesion load in the
corpus callosum has been confirmed by multiple
studies to correlate with poorer outcome.
However, the timing of the scan is important, as
the lesion conspicuity and number on DWI
decreases as time passes.

DWI is comparable to FLAIR in the detection
of nonhemorrhagic DAI lesions [38, 39].
However, the GRE sequence is better in detecting
the hemorrhagic lesions and SWI is even more
sensitive and can detect a greater number of hem-
orrhagic lesions (Fig. 17.9). In a study conducted
by Bansal et al., they detected a mean number of

7.47 lesions on DWI, 13.27 lesions on GRE, and
22.13 lesions on SWI. SWI has been found to
detect 3—6 times more lesions as compared to
GRE because it uses the magnetic susceptibility
difference in the tissues resulting in phase differ-
ence between the paramagnetic deoxygenated
blood products and surrounding normal tissues
[22, 23]. However, there was no difference in the
grading of DAI between the three sequences.
Specifically, the grade of injury including
involvement of the brainstem carries a poorer
prognosis as compared to number of lesions in
the hemispheric white matter [38, 40].

Huisman et al. found that DWI found the max-
imum number and overall volume of lesions in
the brain in patients with DAI as compared to T2,
FLAIR, and GRE sequences [20]. Schaefer et al.
found that the larger volume of the DWI abnor-
malities in the brain in DAI cases have the high-
est correlation with GCS score at admission and
with subacute Rankin scale score [27]. They also
found a statistically significant correlation
between reduction in the FA values in the poste-
rior limb of the internal capsule and splenium of
the corpus callosum and the severity of head
injury measured by GCS score and Frankin score
at discharge [20].

The modified Rankin scale measures the
degree of disability and dependency in daily life
after neurological injuries. The overall volume of
the abnormal signal intensities on the DWI
images has been found to have the strongest cor-
relation with the modified Rankin scale at dis-
charge in one study. A study found that lesion
numbers seen on all sequences also strongly cor-
related with the modified Rankin scale. They
found that location of lesions in the corpus cal-
losum also had a strong correlation with this
scale [27].

Hou et al. concluded that quantitative ADC
measurements in different parts of the brain can
be used to detect non-visible DAI and this
information can be used to predict severity of
injury and long-term outcome in trauma
patients. They compared 37 trauma patients
with 35 controls who had no brain injury. Mean
ADC values in areas without visible DAI
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lesions were significantly different from the
normal controls. The patients with unfavorable
outcomes had significantly higher ADC values
as compared to patients with favorable out-
comes and normal controls. They concluded,
therefore, that ADC maps can be used to detect
non-visible lesions [41].

MR has a value in prognostication as a larger
number of DAI lesions seen on DWI predicts
poorer outcome and more disability. The initial
GCS, age, number of DAI lesions, and ADC
scores can predict the duration of a coma accord-
ing to a study conducted on 74 trauma patients.
They found that advanced age, higher number of
lesions, higher ADC values, and lower GCS
scores predict longer periods of unconsciousness
and poor prognosis [42].

17.6 Pediatric Patients

A study was conducted to evaluate the role of
DWI in infants and toddlers with shaken baby
syndrome (SBS), also called nonaccidental
trauma. All 26 children enrolled in the study had
SDHs, 18 cases of which were confirmed to have
SBS. All of these 18 cases had DWI abnormalities
in the brain and the lesions were larger on DWI
compared to other MR pulse sequences. Most of
these patients had SDHs, retinal hemorrhages,
and fractures. Traumatic axonal injuries are also
seen in these patients which are much better seen
on MRI as compared to CT. Hence, the American
Association of Pediatrics recommends an MRI
when the medical condition is not explained by
the CT findings alone (Fig. 17.14) [43].

Fig.17.14 (a—e) Four-month-old male child after nonac-
cidental trauma shows DAI with RD in the fornix (a is
DWI and b is ADC) and IVH (c is T2 and d is GRE) and
SDH (e is GRE) along the tentorium due to shaken baby

syndrome. Mild RD in right occipital lobe is also seen
(short arrow in a). Very subtle SAH is seen on the GRE in
temporal lobes (circle in d)
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A study was conducted on pediatric trauma
patients and found that ADC values have prog-
nostic significance in that lower ADC values in
the peripheral white matter predict poorer out-
come. The peripheral white matter had reduced
ADC values in patients with severe TBI and poor
outcomes when compared to patients with severe
injury who experienced a relatively good out-
come. They also concluded that average whole
brain ADC values can predict clinical outcome in
the trauma patients [40].

17.7 Hypoxic Ischemic Injuries

Hypoxic ischemic injuries (HII) in neonates can
also cause RD on DWI in the brain. Areas of RD
can be seen in the corpus callosum, basal ganglia,
ventrolateral thalami, periventricular white mat-
ter, and/or peri-rolandic cortex depending on the
gestational age, severity, and duration of the isch-
emic insult. Epelman et al. found that RD in the
corpus callosum is more common than previ-
ously thought when neonates with suspected HII
are scanned within the first week of age as
pseudonormalization of RD happens earlier in
the neonates [44].

17.8 Cerebral Fat Embolism (CFE)

Fat emboli to the brain is a rare entity which
occurs after severe trauma when multiple long
bone fractures lead to transfer of bone marrow
fat into the systemic and pulmonary circulation
by an unknown mechanism. This may lead to
either generalized encephalopathy or focal neu-
rological symptoms. This process should be
suspected when there is altered mental status
after a period of post-traumatic normal mental
function in a patient with long bone fractures or
after orthopedic fixation of long bone fractures
[45]. CT is very insensitive and usually misses
the findings. MRI generally shows patchy or
confluent areas of vasogenic and cytotoxic
edema in the deep white matter, basal ganglia,

cerebellum, and corpus callosum. This is better
seen on GRE or SWI as a diffuse pattern of
multiple lesions with micro-susceptibility arti-
facts because of vascular stasis, deoxygenated
blood, and microthrombi formation, as well as
larger areas of restricted diffusion (Fig. 17.15)
[2, 46, 47].

Appearance of lesions 2-3 days after injury in
a diffuse and symmetrical manner in addition to
involvement of the cerebellum favors fat emboli
over TAIL. The DWI and T2* are helpful to distin-
guish fat embolism from DAI. Diffuse confluent
larger lesions with restricted diffusion and a
greater number of small hemorrhages are seen in
CFE, while larger or more linear hemorrhages
and fewer number of scattered foci of RD are
more typical of DAI [46]. The prognosis is gener-
ally worse for DAL

17.9 Traumatic Optic Neuropathy
(TON)

DWI has high specificity for diagnosing trau-
matic optic neuropathy in patients with the
appropriate clinical setting. TON is usually a
clinical diagnosis, but in some comatose or oth-
erwise difficult to examine patients, MRI can be
very helpful. Specifically, identification of RD
in the optic nerve can indicate traumatic contu-
sion and ischemia and has been shown to have
27.6% sensitivity and 100% specificity in the
diagnosis TON (Fig. 17.16) [48]. One of the
reasons for low sensitivity in their study may be
the use of 5 mm slices for DWI; use of 3 mm
slices may increase the sensitivity of MR for
TON. The presence of high signal intensity on
DWI is useful to diagnose TON, but absence of
RD in the optic nerve has lesser negative predic-
tive value, in that the optic nerves may not be
well seen because of motion or susceptibility
artifacts. RD tended to be seen in the posterior
segment of the optic nerves in this study which
may be due to increased vulnerability of the
nerve in or near the optic canal and the potential
for compartment syndrome.
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Fig. 17.15 (a—g) 19-year-old man with MVA. T2WI (a)
and DWI (b) show starfield pattern of lesions associated
with numerous micro-hemorrhages on susceptibility-
weighted image (c). 7-day follow-up DWI (d) shows dif-
fuse white matter changes. 2 months follow-up CT (e)

demonstrates reversibility of the edema. Cerebral fat
embolism syndrome occurs in 2-5% of long bone frac-

tures (g). It is also associated with sickle cell disease, pan-
creatitis, and liposuction. Fat emboli and/or toxic free
fatty acids which disrupt capillary endothelium are the
cause of the syndrome and pulmonary edema (f).
Reversible diffuse white matter changes can be seen dur-
ing the course of the syndrome

Fig. 17.16 (a-f) 18-year-old male after MVC and loss of
vision in left eye. DWI (Image a) shows RD in the left optic
nerve and shows hypointensity on the ADC maps (b) sug-
gestive of optic nerve injury which was due to multiple frac-

tures around the left orbital apex and optic nerve canal (c, d).
DAL in the fornix (arrow in e) with multiple contusions in
frontal and temporal lobes (e) are also seen. T2 (f) shows
subtle hyperintensity and swelling of the left optic nerve
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17.10 DWI in Mild Traumatic Brain
Injuries (mTBI)

70-90% of all hospital-treated injuries are mild
with an incidence of approximately 300 in
100,000 [33]. These lesions are greatly underdi-
agnosed as they are not seen on the CT scan and
even on routine MRI pulse sequences. Very few
trauma patients with mild injuries receive MRI of
the head. Many of these patients will suffer long-
term cognitive deficits. Common issues of cogni-
tive impairment suffered by these patients after
mTBI are memory, information processing
speed, attention, and executive function. DWI
and DTI have been shown to detect cases of
mTBI [49, 50].

DWI is a sensitive technique to detect DAI as
it can evaluate structural integrity of the white
matter tracts [25, 51], even in patients with mild
traumatic brain injuries (mTBI). mTBI is defined
as patients with GCS > or equal to 13. 70 to 90%
of the patients with traumatic brain injuries have
only mTBI [2, 52]. Many studies have been per-
formed confirming structural damage to the white
matter tracts in some patients after mTBI which
is not seen on conventional MRI.

17.11 Diffusion Tensor Imaging
(DTI) and Fractional
Anisotropy (FA)

Diffusion tensor imaging (DTI) is a robust tool to
detect mild DAI and is superior to conventional
MRI. DTI is derived from directionally encoded
diffusion-weighted data by obtaining diffusion
parameters in multiple (minimum six but usually
many more) non-collinear planes and post pro-
cessing the data set to produce three-dimensional
white matter tracts. DTI measures directional dif-
fusion of water molecules in the white matter
tracts. The diffusivity of water in CSF and in the
gray matter is isotropic, as it can equally move in
all directions without any hindrance or preference.
The diffusivity of the water molecules in the
white matter tracts is anisotropic, which means
that water molecules cannot move equally in all
directions. The diffusivity is maximum along the
direction of the white matter tract and this phe-

nomenon is called fractional anisotropy (FA),
which can be measured. The FA of CSF in the
ventricles and FA of gray matter is close to zero
and FA of large white matter tracts in the corpus
callosum is close to one. DTI data when com-
bined with post-processing techniques can gener-
ate diffusion tensor tractography maps which
show the three-dimensional anatomy of the white
matter tracts [53-55].

Fractional anisotropy is the main quantitative
metric obtained from DTI and measures anisotro-
pic diffusion. Higher FA means homogeneity in
fiber orientation, increased fiber density and axo-
nal diameter. Reduced FA in white matter indi-
cates damage to myelin, damage to axon
membranes, a reduced number of axons,
increased edema, or decreased axonal coherence
[33, 56, 57]. DTI imaging can show two different
patterns of the early phase of DAI: (1) decreased
FA with decreased or isointense ADC which rep-
resents mixed intra- and extracellular edema and
broken fibers, and (2) normal FA with decreased
ADC which represents pure cytotoxic edema and
presumably  preserved fiber  connectivity
(Figs. 17.17 and 17.18). In the late phase of DAI,
decreased FA and increased ADC are observed.
DT imaging is thought to be useful in the early
detection of DAI and a prognostic measure of
subsequent brain damage [56].

Many studies have found changes in FA in
patients with mTBI in both acute and chronic
phases. Most reports are consistent in the finding
of reduced FA during the chronic phase
(>2 weeks) [33, 58]. However, the literature var-
ies in the FA values in the acute phase after mTBI
and they may be increased or decreased. Eierud
and colleagues published a meta-analysis in 2014
after reviewing 122 publications on DTI and
mTBI and found that increased FA was reported
more frequently than decreased FA in acute set-
tings [59]. This increased FA in acute settings
may be due to axonal injury in areas of crossing
fibers and markedly reduced extracellular diffu-
sivity in the setting of cytotoxic edema [33].

The FA is reduced, and diffusivity is increased
in cases of moderate to severe TBI and several
studies have validated this observation in adult and
pediatric patients [11, 25, 60]. The degree of reduc-
tion of FA also correlates with TBI severity [61].
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Fig.17.17 16-year-old male suffering from Post-Concussion syndrome after TBI after MVA shows decreased FA and
increased diffusivity in the left temporal lobe. (Case Courtesy by Dr. Gaurang Shah)

Axial diffusivity (AD) and radial diffusivity
(RD) are other DTI metrics. AD, also called lon-
gitudinal diffusivity, is the diffusivity along the
fastest direction of diffusion which is invariably
along the long axis of the fiber tract and is affected
by the pathologies of the axons. RD, also called
transverse diffusivity, measures the diffusivity
perpendicular to the fiber tract and is affected by
the pathologies of the myelin [62]. The AD and
RD show different patterns of increased or
decreased values based on the severity of injury
and time since injury.

Those patients who suffer from post-
concussion syndrome (PCS) after mTBI have
more structural impairment as compared to the
patients of mTBI without PCS. A study was
conducted on 53 patients with mTBI and 40
healthy volunteers. The DWI was performed on
a 3 T magnet in 50 non-collinear gradient direc-
tions in the subacute and late phases of the
injury. They discovered that patients with PCS
had decreased fractional anisotropy (FA) and
increased mean and axial diffusivity in associa-
tion, projection, and commissural white matter
tracts [63].

Many studies have cross-validated DTI detec-
tion of DAI by using microdialysis of CSF, where
reduction in the FA correlated to interstitial fluid
tau levels. Tau is a structural protein of axons and
increased levels in CSF are seen after TBI [11,
64].

The deterioration of white matter tracts con-
tinues for up to 2 years after initial injury accord-
ing to numerous investigations [60, 65]. Many
studies have seen continuous measurable deterio-
ration in the white matter integrity parameters
after the initial insult and linked this to ongoing
microstructural changes which continue after ini-
tial injury. The authors suggested that there is
delayed activation of complex intracellular bio-
chemical cascades after initial injury which lead
to axonal transection called secondary axotomy
and may be the cause of progressive clinical
decline after initial trauma [11].

DTT evaluation of the corpus callosum is supe-
rior to smaller white matter tracts because of the
large size of the bundle and unidirectional orien-
tation of tracts in the corpus callosum. However,
DTI cannot resolve crossing fibers as well, and
FA is usually decreased in regions of crossing
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Fig. 17.18 (a—e) Diffuse axonal injury in a 24-year-old
man after a motor vehicle accident. (a) FLAIR image
shows multiple asymmetric hyperintense lesions in the
bilateral frontal white matter and the corpus callosum
(arrows). (b) DW image shows diffuse hyperintense
lesion in the deep white matter and the corpus callosum.
(¢) ADC map reveals decreased ADC in the deep white
matter and the corpus callosum. The left frontal lesion

fibers which makes it difficult to evaluate the
areas of brain where white matter tracts are cross-
ing [66]. The changes in the metrics of DTI and
FA are not specific to DAI and can be seen in a
wide variety of white matter disorders.

Multiple studies have documented that many
patients of mTBI who had no radiological evi-
dence of trauma in the brain, and who then died
from other causes, had microscopic diffuse axo-
nal injuries on autopsy [6, 62]. Yuh and col-
leagues conducted a study on mTBI patients and

seen on FLAIR image has iso- to slightly increased ADC
(arrow). (d) FA is preserved in most of the diffuse white
matter abnormalities suggestive of a pure cytotoxic
edema. Decreased FAs are observed in the lesions in the
bilateral frontal white matter and splenium of the corpus
callosum seen on the FLAIR image. (e) GRE image dem-
onstrates hemorrhagic foci in the frontal white matter

concluded that the prognostic utility of DTT is
better than CT, clinical, or demographic socio-
economic variables in the prediction of 3- and
6-month outcome [67].

However, there are many limitations including
high cost, MRI safety issues, medical stability of
the polytraumatism patients, variable protocols,
lack of standardized metrics, post-processing
techniques, and lack of correlation with clinical
findings which impede routine use of DTI for
TBI patients [11].
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17.12 Diffusion Kurtosis Imaging
(DKI)

Diffusion kurtosis imaging uses multishell imag-
ing with numerous b-values of more than 1000 s/
mm? to quantify the non-Gaussian behavior of
diffusion. The diffusion images have a Gaussian
behavior when b values are equal or less than
1000 s/mm? and it becomes non-Gaussian at val-
ues above b-1000. Kurtosis is a measure of the
deviation from a Gaussian distribution and
depicts tissue microstructure complexity. This
technique can detect subtle injuries even in areas
where FA is low [62, 66, 68].

17.13 DWIThermometry

DWTI thermometry is a novel research technique
which can measure brain core temperature using
DWI data, calculations, and the principles of
kinetic theory. The diffusion coefficient of the
non-restricted water molecules in the lateral ven-
tricles can be measured which can help to calcu-
late the temperature [69]. Tazoe et al. conducted
a study in 2014 which measured brain core tem-
peratures in patients with mTBI and found that
they were reduced, which may be due to a global
decrease in metabolism or perfusion or both [70].
However, brain temperature increased after mod-
erate to severe TBI due to increased intracranial
pressure and higher resistance to blood flow.

17.14 DWI and Cognition

Conventional imaging findings in mTBI do not
predict the neurocognitive outcome. However,
Miles and colleagues found a positive correlation
between low FA and poor executive functions
[71]. In a different study, global burden of the
injuries in mTBI as measured by DTI correlated
with a decline in executive function and cognitive
processing speed [51]. The volume and total
number of traumatic lesions on DWI (whether
facilitated or restricted diffusion) in the acute
phase of head injury has shown strong correlation
with memory deficits in patients with mild trau-

matic injuries and with modified Rankin scale in
moderate to severe trauma [27, 72].

17.15 DWIin Focal Traumatic
Lesions

CT is excellent in the initial evaluation of extra-
dural and subdural hematomas, traumatic sub-
arachnoid hemorrhage, parenchymal hematomas,
brain contusions, fractures, and complications
such as midline shift and herniation. However,
MRI has its own advantages in certain situations
and is more sensitive for subtle lesions.

17.16 Contusions

Brain contusions are defined as traumatic injuries
to the cortical surface of the brain and are caused
by direct impact by the skull to the brain and can
be coup and/or countercoup injuries. They are
most commonly seen in the inferior surface of the
frontal lobes, anterior and inferior aspect of the
temporal lobes, and lateral aspects of the brain
due to impact from hard bony ridges of the skull
base. Contusions are large, multiple, bilateral,
more ill-defined, more likely to be hemorrhagic,
and are seen in the superficial aspect of the brain
(Figs. 17.12, 17.16, 17.19, 17.20, and 17.21).
Cytotoxic edema in brain contusions is also
related to excitotoxic mechanisms [73-75].

CT scan underestimates contusions especially
when they are smaller and nonhemorrhagic. MRI
is more sensitive in detecting these contusions
and DWI shows that they are heterogeneous and
have mixed areas of cytotoxic and vasogenic
edema. Brain contusions can show an interesting
appearance on DWI, with a core of low SI on dif-
fusion and increased ADC surrounded by a rim of
high SI on diffusion with decreased ADC. This
happens because of disintegration and homogeni-
zation of the intra- and extracellular components
in the central area, whereas cellular swelling is
predominant in the peripheral areas [74].

Occasionally MR may be performed in such
patients when there is unexplained neurological
deficit and a mismatch between CT findings and
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Fig. 17.19 (a-d) Brain contusion in the frontal lobe in a
37-year-old man after a motor vehicle accident. (a) On CT
obtained after evacuation of epidural hematoma, it is dif-
ficult to delineate the extent of contusion in the right fron-
tal lobe (arrows). (b) T2-weighted image delineates the
extent of the edematous brain contusion (arrows). (¢) DW

image shows heterogeneous signal intensity in these
lesions, representing mixed vasogenic and cytotoxic
edema with hemorrhagic necrotic tissues (arrows). (d)
ADC map reveals mixed increase and relative decrease of
ADC (arrows) in these lesions
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Fig. 17.20 (a—c) Brain contusion in the hippocampus in
an 1l-year-old girl after a motor vehicle accident. (a)
FLAIR image shows a hyperintense lesion in the left hip-
pocampus (arrow). (b) DW image shows this lesion as

hyperintense. (¢) ADC is decreased in the left hippocam-
pus and left side of the brain stem (arrows), representing
mainly cytotoxic edema

Fig. 17.21 (a—c) Brain contusion in the cerebellar tonsil
in an 11-year-old girl after a motor vehicle accident. (a)
T2-weighted image shows hyperintense lesions in the cer-

clinical examination. MR is more sensitive for
detection of nonhemorrhagic contusions, espe-
cially when they are small. FLAIR and DWI will
depict them as foci of abnormal signal intensity.
DWI may show them as restricted or facilitated
diffusion depending on various factors. Small
hemorrhagic contusions are better seen on GRE
and SWI sequences, with SWI 3-6 times more
sensitive. Most institutions perform either GRE
or SWI, as they serve the same purpose.

ebellar tonsils (arrows). (b) DW image shows this lesion
as hyperintense. (¢) ADC is partially decreased

17.17 Extra-axial Hematoma

Traumatic hemorrhages result from injury to a
cerebral vessel (artery, vein or capillary) [4].
Subdural hematomas originate from disruption of
the bridging cortical veins, which are vulnerable
to rapid stretching. Epidural hematoma can have
either an arterial or a venous sinus origin, typi-
cally associated with a skull fracture. MR imag-
ing is extremely helpful to detect hematomas,



17  Trauma

509

especially along the vertex and skull base, and
can in certain questionable cases differentiate

between subdural and epidural hematomas [4,
76-79] (Figs. 17.22, 17.23, 17.24, and 17.27).

Fig. 17.22 (a—d) Epidural and subdural hematoma in a
26-year-old man after a motor vehicle accident. (a) CT
shows a left epidural hematoma (arrow) but it is difficult
to depict the isodense small subdural hematoma in the
right side (arrowheads). (b) T2-weighted image shows the
left epidural hematoma (arrow) as a hypointense lesion
and the right subdural hematoma as partially hypointense
lesions (arrowheads). (¢) DW image shows the epidural

hematoma as very hypointense due to deoxy-hemoglobin,
and the subdural hematoma as very hyperintense presum-
ably due to high viscosity or hypercellularity of hema-
toma. (d) ADC map shows hypointensity due to loss of
pixels with background masking in the left epidural hema-
toma (arrow). ADC map also shows decreased ADC in the
right subdural hematoma (arrowheads)
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Very thin (1-2 mm thickness) SDH are better
seen on MRI on T1-weighted images as thin cur-
vilinear areas of hyperintensity due to methemo-
globin formation. These can also be seen on
FLAIR, DWI, T2, or GRE and will have different
signal intensities based on the age of hemorrhage
and other factors. MRI is more sensitive than CT

for detecting these thin SDH because of high
imaging contrast between hematoma and signal
void of bone. However, subdural hematomas that
are missed on CT are almost always very thin and
of doubtful clinical significance. MRI can also
help to predict the approximate age of the hema-
toma [2, 4, 8, 80] (Figs. 17.22, 17.23, and 17.27).

Fig. 17.23 (a—d) Acute subdural hematoma. 38-year-old
male patient after fall from roof shows thin right convex-
ity SDH as RD on DWI (a) and is difficult to see on the

Fig.17.24 (a-d) Subarachnoid hemorrhage in a 68-year-
old man with ruptured aneurysm of the right middle cere-
bral artery bifurcation. (a) Postoperative CT shows subtle
high density of subarachnoid space in the right frontopari-
etal area (arrows). (b) FLAIR image shows subarachnoid

CT scan (d). DWI and other MR sequences (b is ADC and
¢ is T2) are more sensitive for thin SDH because of better
contrast resolution and signal void of the adjacent bone

hemorrhage as hyperintensity. (¢) DW image also shows
subarachnoid hemorrhage as hyperintensity with mildly
increased ADC (not shown). (d) Coronal GRE shows the
hemorrhage as low signal intensity
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Fig. 17.24 (continued)

Fig. 17.25 (a—c) Cerebral infarction after carotid artery
dissection with pseudoaneurysm in a 20-year-old female
patient after a motor vehicle accident. (a) T2-weighted
image shows hyperintense lesions in the right middle
cerebral artery territory including the right basal ganglia

17.18 Diffusion in Vascular Injuries
and Infarcts

Traumatic arterial and venous injuries (dissec-
tions, lacerations, occlusions, pseudoaneurysm,
arteriovenous fistulas) are more prevalent than
generally believed. Many asymptomatic lesions

(arrows). (b) DW image also shows these lesions as
hyperintense with decreased ADC (not shown), represent-
ing acute infarction. (¢) Conventional angiogram shows
pseudoaneurysm of the right carotid artery (arrow)

probably escape detection, and others are recog-
nized several days to months after the injury
(Fig. 17.25). Vertebral artery injuries are more
common after blunt trauma, mainly due to frac-
tures of the cervical spine, LeFort II and III facial
fractures and skull base fractures. Carotid artery
injuries are more common Wwith penetrating
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trauma. These injuries may cause dissection,
occlusion, pseudoaneurysm, and other abnormal-
ities which can lead to thromboembolism or
obstruction of flow with resultant infarction.
Fractures of the occipital and temporal bones and
the skull vault may also predispose to dural sinus
thrombosis leading to venous infarcts within a
few days after the initial trauma [2, 31, 81].

CTA and CTV have high accuracy to detect
vascular injuries and are the best initial tests to
evaluate the arterial and venous structures when-
ever vascular injuries are suspected. MR head
along with MRA or MRV can be performed for
the evaluation of possible infarcts, or when iodin-
ated contrast is contraindicated. Diffusion-
weighted imaging is the most sensitive sequence
for the detection of acute infarcts as it can show
restricted diffusion within minutes of clinical
onset.

Conventional angiography is still the gold
standard in the diagnosis of vascular injuries but
is usually reserved for neurointervention,
problem-solving cases or in cases marred by
metallic artifact after gunshot injury.

17.19 Diffusion in Secondary
Injuries and Postoperative
Complications

Prolonged and prominent midline shift because
of large SDH or EDH can cause compression on
the anterior and posterior cerebral arteries lead-
ing to infarcts. Descending transtentorial hernia-
tion can cause duret hemorrhages, contusions,
and edema in the brainstem. DWI is extremely
sensitive in picking up these findings of acute
infarction and edema, if the patient is a candidate
for an MRI [2, 4]. However, in many such cases,
the patients are very sick and too unstable to
undergo an MRI. CT head is then usually
performed.

DWI is very sensitive and accurate for the
diagnosis of hypoxic-ischemic brain injuries
which may result from catastrophic cardiac or
vascular problems. Restricted diffusion is seen in
the affected areas which usually involve the

cerebral cortex, cerebellar hemispheres, and
basal ganglia [82].

Some patients develop intracranial infections
after craniotomies and skull base fractures which
cause persistent CSF leaks. These patients may
develop subdural or extradural empyema,
abscesses, or cerebritis. MRI brain with and
without contrast is extremely valuable in such
patients. Diffusion images show restricted diffu-
sion within abscesses, as well as in empyema
because of pus accumulation. However, hemor-
rhage in acute phases can also show restricted
diffusion due to blood degradation products;
hence these cases should be interpreted with cau-
tion. DWI has limitations in differentiating post-
operative subdural empyema from hemorrhagic,
noninfected fluid collections after intracranial
surgeries and accuracy improves approximately
three months after surgery [83]. One study found
a 37% rate of false-positive DWI findings for
infection in the postoperative period [84]. This
was because noninfected hemorrhagic fluid col-
lections due to craniotomies or subdural hemato-
mas may show restricted diffusion in the acute to
subacute stages. Evaluation of precontrast
T1-weighted images is helpful as hemorrhagic
fluid collections will be hyperintense. They also
found that infections in extradural fluid collec-
tions are less likely to show restricted diffusion.
The imaging appearance on all pulse sequences,
comparison with all prior imaging studies,
change in size and morphology with time, and
clinical parameters should be carefully assessed
to distinguish hemorrhagic fluid collections from
empyema (Figs. 17.26 and 17.27).

17.20 Summary

TBI are very common and CT is the mainstay for
the management and triage in the majority of
these patients. However, MR plays a significant
role in problem-solving cases when there is an
unexplained neurological deficit not explained by
the CT, or if certain complications are suspected.
Injuries can be focal or diffuse and DAI is a dif-
fuse injury which is often missed on CT. FLAIR,
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Fig. 17.26 (a—f) 46-year-old female patient with history
of MVA and left-sided craniectomy for evacuation of left-
sided hematoma shows a fluid collection in left temporal
lobe on T2 (a) with some areas of RD on DWI (b). These
areas are hypointense on ADC (e), hyperintense on DWI
(b) and have some hyperintensity on TIWI (¢) and
hypointense rim on T2WI (a) and GRE (d) (arrow). This
represents a hemorrhagic fluid collection and not an
abscess as there was no supporting clinical features and

DWI, GRE, and SWI are all very helpful in the
evaluation of nonhemorrhagic and hemorrhagic
DALI as well as other traumatic injuries on MRI.
Patients with moderate and severe DAI will
have obvious findings on the DWI, FLAIR, GRE,
and SWI sequences and many patients will even
have some abnormalities on the CT to suggest
damage to the brain. However, many patients
with mild TBI will have a normal or near-normal
CT and conventional MRI but will suffer from
long-term cognitive problems. Both biomarkers
and autopsies have shown that most such patients
have microscopic injuries to the white matter
tracts which are not revealed by conventional
imaging. DTT is a promising tool to diagnose and

patient remained stable for next 9 months. A CT scan (f)
after 9 months shows interval resolution without any sur-
gery or antibiotic treatment. The DWTI has limitations after
surgery to detect infection and both sensitivity and speci-
ficity are reduced. The presence of T1 hyperintensity due
to methemoglobin as seen in ¢ and T2 or T2* hypointense
rim due to hemosiderin as seen in a and d are suggestive
of hematoma rather than infection

prognosticate patients with mild TBI and is cur-
rently a topic of intense research. However, there
is as yet insufficient evidence to support the
routine clinical use of advanced neuroimaging
studies such as DTI for diagnosis and/ or prog-
nostication of individual patients [66].

17.21 Treatment of Head Injury

Hiroto Kawasaki

Head injury causes damage to the brain through
two processes, primary brain injury, and second-
ary injury. The primary injury occurs at the time
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Fig. 17.27 (a—e) MR brain of 22-year-old male with
MVC and ejection shows bilateral subacute SDH which
are hyperintense on precontrast T1 (a) and show RD on
DWI (d) and ADC (c). There is dural and leptomeningeal
enhancement on postcontrast T1 (e) on the surface of
brain on the right side near the larger SDH due to vascular

of trauma that include contusion of cerebral cor-
tex or brain stem, and diffuse axonal injury. The
secondary injury develops subsequent to the ini-
tial injury, such as cerebral edema, intracranial
hematoma, ischemia, anoxia, and infection [85].
Head trauma is often associated with other type
of injuries in not only head and neck areas but
also in other part of bodies which may contribute
development of secondary injuries [86].
Treatment of head injury is aimed for controlling
the secondary injury because the primary injury
is already occurred [87]. The secondary injury
develops over wide range of time lines. It is
important to predict and find out evolution of the
secondary injury in timely manner in order to

congestion. RD on DWI and contrast enhancement in a
subdural fluid collection may indicate empyema; however
history of traumatic SDH and hyperintensity on precon-
trast T1 and clinical picture should discourage the
misdiagnosis

address promptly to mitigating ongoing problems
and preventing further progress of deterioration
(Fig. 17.28).

17.21.1 Space-Occupying

Lesion

Since the brain is confined in the rigid skull, any
increasing volume of pathologic processes
increase intracranial pressure, which results in
decrease of cerebral perfusion pressure that
would subsequently lead to temporary or perma-
nent brain injuries. Such space-occupying lesion
includes hematoma in subdural, epidural, and
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intracerebral space, hydrocephalus, depressed
fracture, foreign bodies, and brain swelling due
to contusion, infection, or infarction. Depending
on the size, location, and speed of development,
some of such lesions must be addressed surgi-
cally without delay [86, 88-90]. Goal of surgery
is to reduce intracranial pressure. Decompressive
craniectomy, removal of space-occupying lesion,
and ventriculostomy are often performed.

Open skull fracture and leakage of cerebrospi-
nal fluid render patients to high risk for intracra-
nial infection. Debridement of open wound must
be performed in timely manner and if there are
free bone fragments they must be removed [91].
CSF leak indicate there are fracture of skull and
laceration of dura matter. It may be addressed by
placing CSF diversion by either lumbar drain or
ventriculostomy. If there is a sizable displaced
skull base fracture over the nasal sinus, it often
has to be surgically repaired.

Blunt trauma to the head or neck may cause
injury to the carotid artery and vertebral artery

[92]. Dissection of major vessel walls may
progress into occlusion of the blood vessel in
delayed fashion, which could result in cerebral
infarction [93]. Dural sinus thrombosis also
could occur after head trauma, which may result
in elevated ICP and venous infarction of the
brain [94].

Patients of head trauma frequently have inju-
ries to other part of body which may affect pro-
gression of the secondary brain injury, for
example, excessive bleeding either internal or
external may cause hypotension and hypoperfu-
sion of the brain [85, 86]. Fractures of long
bones or pelvis may cause fat embolism in the
brain [95, 96]. Severe trauma regardless of head
or body could causes coagulopathy which
results in intracranial hemorrhagic disease [97].
Severe trauma also causes derangement of
metabolism, for example, hyponatremia is fre-
quently seen after head trauma, which would
induce exacerbation of brain swelling and cog-
nitive state [98].
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