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Key Points

* The PECARN decision rule can help
identify children in whom imaging after
TBI is unnecessary (strong evidence).

* In the acute TBI setting, CT is the imag-
ing modality of choice because of avail-

ability, speed, and importance
deciding  emergent
approach (moderate evidence).
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neurosurgical

* MRI is the preferred imaging modality in
children with TBI who need additional
imaging and in children with subacute or
chronic TBI (moderate evidence).

¢ Advanced neuroimaging techniques are
emerging as a potential tool for diagno-
sis, to guide management and to predict
prognosis in pediatric patients with TBI
(limited or insufficient evidence).

Definitions and Pathophysiology

The definition of TBI used by the Centers for
Disease Control is a disruption in the normal
function of the brain that can be caused by a
bump, blow, or jolt to the head or a penetrating
head injury [1].

The pathomechanism in TBI relates to primary
and secondary brain injury. Primary brain injury
refers to effects that result directly from transfer
of external mechanical forces to the contents of
the brain. These include diffuse axonal injury
(Fig. 6.2a—c), focal contusions (particularly in
frontal and temporal lobes), and extra-axial
hemorrhages (epidural, subdural, subarachnoid)
(Fig. 6.3) [2]. Secondary brain injury is the result
of a cascade of molecular mechanisms that are
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initiated at the time of initial trauma and continue
for hours or days, such as excitotoxicity, oxidative
stress, mitochondrial dysfunction, apoptosis, and
inflammation [2]. In mild TBI, the underlying
mechanism is usually an acceleration-deceleration
event, not direct impact [3].

TBI can be classified based on clinical severity,
mechanism of injury, and pathophysiology, each
of which may impact prognosis and treatment.
Most commonly TBI is classified based on the
Glasgow Coma Scale (GCS) score, where a GCS
of 9-12 is moderate TBI and a GCS of <9-12 is
severe TBI [2]. Mild TBI is defined as a GCS of
13—15, loss of consciousness <30 min, and post-
traumatic amnesia <24 h [4].

Computed tomography signs of focal injury
(epidural and subdural hematomas, parenchymal
contusions) or diffuse injury (axonal injury, diffuse
cerebral edema) can be used as predictors for mor-
tality after moderate or severe TBI. The two most
commonly used systems for outcome prognostica-
tion are the Marshall classification [5] and the more
recent Rotterdam scale [6]. The Marshall classifi-
cation is a set of injury classes with fixed defini-
tions, while the Rotterdam score accounts for
individual patient differences in signs of cerebral
edema, degree of midline shift, presence of epi-
dural mass effect, and presence of intraventricular
or traumatic subarachnoid blood [6]. The majority
of patients with clinical criteria of mild TBI have
no CT imaging findings, but it has been shown that
a subset of 6-10% of these patients are CT positive
[7] and another subset of 27% of these patients are
CT negative and MRI positive [8].

Epidemiology

In the United States in 2010, there were 2.5 million
patients with TBI; approximately 87% of these
patients came to the emergency department, 11%
were admitted, and approximately 2% died. These
statistics likely underestimate the occurrence rate of
TBI because outpatient visits and TBI in patients
who did not seek medical care were not captured
[1]. In a large European study, the incidence of TBI
was reported as 235 per 100,000 per year [9].

Worldwide data show peak incidences in children,
young adults, and in the elderly population [10].

Mild TBI totals 80-90% of all TBI cases, and
it has been reported that one third of these patients
experience prolonged physiological or neuropsy-
chological complications and commonly take
long times off work [11].

In the United States, the following etiologies
are most commonly the cause of TBI: motor
vehicle accidents (20-45%), falls (30-38%),
occupational accidents (10%), recreational acci-
dents (10%), and assaults (5—-17%) [11]. TBI can
also occur in contact sports, such as American
football, ice hockey, soccer, boxing, and rugby.

Male gender doubles the risk for TBI. 50% of
patients with TBI are between 15 and 34 years
old, and age <5 years or >60 years are considered
a moderate risk for TBI.

Other risk factors are lower socioeconomic
status, lower cognitive function, and a history of
hospital admissions for intoxications [11].

Overall Cost to Society

For the year 2000, it was reported that the cost for
hospitalization of children with TBI was over
$1.0 billion, ranking fifth of most expensive
hospital diagnoses for children in 2000 [12].
The CDC reports that in 2010 estimated direct and
indirect medical costs of TBI were approximately
$76.5 billion [1].

Goals of Imaging

Neuroimaging is important for detecting and
delineating extent of traumatic brain injury in
children. Its main role is the timely detection of
brain injuries that require further management.
Advanced neuroimaging is used in the study of
primary and secondary brain injuries and their
relationship to outcomes after TBI.

In children it is particularly important to iden-
tify those with TBI who are at low risk and do not
need to undergo CT brain imaging in order to
avoid unnecessary radiation exposure to this
vulnerable population.



6 Pediatric Accidental Traumatic Brain Injury: Evidence-Based Emergency Imaging 67

Methodology

Information on definition, pathophysiology, risk
factors, epidemiology, and goals of imaging
were retrieved from the Centers for Disease
Control 2015 Report to Congress “Traumatic
Brain Injury in the United States: Epidemiology
and Rehabilitations” and from UpToDate.

The remaining information was obtained
through a comprehensive Medline search (United
States National Library of Medicine database)
for original articles published between January 1,
2005 and May 24, 2015 using the PubMed search
engine. The search was limited to English-
language articles and human studies. Additional
relevant articles were selected from the references
of reviewed articles and published guidelines. The
following search terms were used: “pediatrics,’
“brain injuries,” “traumatic brain injury,” “TBIL”

“costs and cost analysis,” “costs,” “analysis,’
“costs and cost analysis,” “guideline,” “guidelines
[as topic],” “decision rule,” “PECARN,”

“CATCH,” “CHALICE,” “applicability,” “imple-
mentation,” “‘compliance,” “research,” “CT proto-

col,” and “MRI protocol.”

Discussion of Issues

What Clinical Practice Guidelines Are
Available to Determine Which
Children Do Not Need Imaging

After Traumatic Brain Injury (TBI)?

Summary of Evidence The PECARN (Pediatric
Emergency Care Applied Research Network)
guideline has the highest sensitivity (100%) in
identifying children with TBI who are at low risk
for brain injury and do not need to undergo CT
brain imaging (strong evidence). The use of this
guideline reduces CT utilization, which may
result in a decrease of radiation-induced malig-
nancy rates, cost of care, and lower net quality-
adjusted life-year loss (strong evidence). The
CATCH (Canadian Assessment of Tomography
for Childhood Head injury) and CHALICE
(Children’s Head injury Algorithm for the predic-

tion of Important Clinical Events) decision tools
also demonstrated very high sensitivities (98 and
98.1%) in identifying high-risk children who
require brain CT imaging (strong evidence).

Supporting Evidence

PECARN (Pediatric Emergency Care

Applied Research Network)

The PECARN guidelines (Fig. 6.1) were pub-
lished in 2009 [13] and are the results of a pro-
spective cohort study performed in patients <18
years old across 25 emergency departments.
The goal of this study was to determine a set of
predictive criteria for clinically important TBI
(ciTBI) and to identify children at low risk for
ciTBI in whom CT imaging could be avoided.
The PECARN rule was shown to have a 99.95-
100% negative predictive value [13, 14], 100%
positive predictive value [15], and 100%
sensitivity [16]. Children with a GCS <14 are not
included in this rule.

Two studies compared PECARN, CHALICE,
and CATCH [17, 18]. It was shown that PECARN
had the highest sensitivity (100%) and that
CHALICE was most specific (84—85%) [17, 18].
CHALICE was applicable to most patients
(97%), followed by PECARN (76%) and CATCH
(26%) [19].

A study using decision analytic modeling in a
hypothetical cohort of 1000 children with minor
blunt head trauma, the PECARN strategy missed
slightly more children compared to hypothetical
“usual” care, but there was deceased utilization
of cranial CT scans. This could theoretically
cause fewer radiation-induced malignancies and
cost less, and there could be a lower net quality-
adjusted life-year loss (strong evidence) [20].

There is variability in adherence rates to the
PECARN rule. An Italian tertiary care academic
pediatric emergency department implemented
the PECARN rule and achieved a 93.5% adher-
ence [15], while an implementation across four
hospital emergency departments in Spain showed
that only one hospital achieved compliance in
>50%, of patients, and the other hospitals com-
plied in <50% [21].
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Fig.6.1 PECARN criteria for TBI in children <2 years of
age. (Used with permission from Kuppermann N, Holmes
JE, Dayan PS, et al. Identification of children at very low
risk of clinically important brain injuries after head trauma:
a prospective cohort study. Lancet. 2009 Oct
3;374(9696):1160-70). *Altered mental status: other signs
of altered mental status: agitation, somnolence, repetitive
questioning, or slow response to verbal communication.
**Severe mechanism of injury: motor vehicle crash with
patient ejection, death of another passenger, or rollover;

pedestrian or bicyclist without helmet struck by a motor-
ized vehicle; falls of more than 0.9 m (3 feet); or head
struck by a high-impact object. ***CT not recommended:
risk of ciTBI exceedingly low, generally lower than risk of
CT-induced malignancies. Therefore, CT scans are not
indicated for most patients in this group. ****Patients with
certain isolated findings such as isolated LOC, isolated
headache, isolated vomiting, and certain types of isolated
scalp hematomas in infants older than 3 months have a risk
of ciTBI substantially lower than 1%
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Fig. 6.2 (a—c) Grading of diffuse axonal injury (DAI).
Axial FLAIR images in a 14-year-old girl with TBI after
rollover motor vehicle accident. DAI is graded based on
regional involvements: Grade 1 is used for injuries of the
gray-white matter junction (a, b, ¢, long arrows). Grade 2
involves the corpus callosum (b, short arrow) in addition

Fig.6.3 Extra-axial hemorrhage. Axial non-contrast CT
in a 4-year-old boy with traumatic brain injury after fall
from a balcony. Note the mixed density, crescentic extra-
axial collection on the left (long arrows). There is associ-
ated mass effect with diffuse sulcal effacement and
midline shift (short arrows)

to the gray-white matter junction. Grade 3 refers to brain-
stem involvement (a, short arrow) in addition to the gray-
white matter junction and the corpus callosum. This
patient has DAI grade 3. In addition, this patient has a left
subdural hemorrhage

CATCH (Canadian Assessment

of Tomography for Childhood

Head Injury)

The CATCH guidelines were published in 2010
[22] and are the results of a prospective multi-
center cohort study performed in patients <16
years with a GCS of 13—15. The goal of this study
was to develop a decision tool for identifying
children with minor TBI who should undergo
CT imaging [22]. The CATCH rule was shown to
have a sensitivity of 98.1% [22]. A validation
study is pending [16].

CHALICE (Children’s Head Injury

Algorithm for the Prediction of Important
Clinical Events)

The CHALICE guidelines were published in
2006 [23] and are the results of a prospective
multicenter cohort study in England, performed
in patients <16 years. The goal of this study was
to derive a decision rule to aid in identification of
children at high risk who should undergo CT
imaging of the brain. The rule was applied to
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children, regardless of GCS, and was shown to
have a sensitivity of 98% [23]. A validation study
is pending [16].

Which Imaging Modality Should
Be Used in Children with TBI?

Summary of Evidence The benefits of non-
contrast brain CT imaging include availability
and speed of imaging, its ability to detect hemor-
rhages, mass effects, and fractures. The major
disadvantage is radiation exposure. In children of
any age with minor head injury, with a GCS of
14—15, and without neurologic signs or high-risk
factors, the PECARN rule (Fig. 6.1) can be
applied to determine who can safely be observed
and who needs to undergo CT brain imaging
(strong evidence).

In children <2 years of age, axonal injury is
more common, and therefore brain MRI plays a
greater role, although non-contrast CT brain
remains the modality of choice in the initial eval-
uation (moderate evidence). In children of any
age with minor head injury who are symptomatic
or in children with moderate and severe head
injury, non-contrast CT brain is most appropriate
in detection of any acute traumatic injuries that
require monitoring or treatment interventions
(strong evidence). In this patient population, it is
unlikely that MRI will detect neurosurgically rel-
evant lesions, but MRI may detect axonal injury
that could be missed by CT [24].

MR imaging is useful in patients with acute
TBI and neurological findings and negative
CT. MR imaging is superior in the detection of
brain pathology in patients with mild, subacute,
and chronic TBI (moderate evidence). CT crite-
ria in patients with moderate and severe TBI
play a role in predicting mortality (moderate
evidence) [6].

In children of any age with subacute or chronic
TBI, MRI is the imaging modality of choice
(moderate evidence).

The use of various imaging modalities in pedi-
atric traumatic TBI should be in agreement with
the American College of Radiology (ACR)
Appropriateness Criteria® Head Trauma — Child,
last updated in 2014 [24].

Supporting Evidence The American College of
Radiology (ACR) Appropriateness Criteria®
Head Trauma — Child, last updated in 2014, give
an overview of study results on which recom-
mendations are based upon [24].

In non-accidental head injury, there is consid-
erable debate regarding the selection of appropri-
ate imaging techniques. More details can be
found in Chap. 34 on non-accidental injury of
infants and children.

What Is the Role for Advanced
Neuroimaging in Pediatric TBI?

Summary of Evidence Magnetic resonance spec-
troscopic (MRS) imaging can help in predicting
outcome after TBI. Single-photon emission
computed tomography (SPECT) hypoperfusion
abnormalities may be an indicator of a worse out-
come in children (limited evidence). Brain posi-
tron emission tomography (PET) metabolic
abnormalities may also predict outcome (limited
to moderate evidence). Data about functional
MRI (fMRI), MR perfusion, and diffusion tensor
imaging (DTI) are limited in the adult popula-
tion, even more so in the pediatric population.
Susceptibility weighted imaging is helpful in
detecting microhemorrhages related to shearing
injury (or diffuse axonal injury) not seen on con-
ventional MRI. DWTI has been shown to improve
detection of non-hemorrhagic shearing lesions,
although there are only a few small studies
describing sensitivity in adults; please see
Chap. 5 on acute traumatic brain injury in adults
for more details. The role of advanced neuroim-
aging in pediatric patients is not entirely clear for
many of its applications, but some prognostic
information is obtained as will be described
below. Large studies are required with these
advanced imaging modalities to determine the
role and outcome after TBL.

Supporting Evidence

MR Spectroscopy (MRS)

MRS can detect subtle cellular abnormalities that
may more accurately estimate the extent of brain
injury, particularly in diffuse axonal injury (DAI)
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(limited to moderate evidence). Makoroff and
colleagues studied 11 children with TBI and
documented elevated lactate and diminished
N-acetylaspartate (NAA) in several brain regions,
in four children with global ischemic injury
(limited evidence) [25]. Holshouser and col-
leagues performed MRS in 40 children with TBI
1-16 days after injury and correlated this with
neurologic outcome 6—12 months after TBI [26].
A logistic regression model demonstrated a sig-
nificant decrease in the NAA/creatine and increase
in the choline/creatine ratios in normal-appearing
(P < 0.05) and visibly injured brain (P < 0.001).
In normal-appearing brain, NAA/creatine
decreased more in patients with poor outcomes
(1.32 £+ 0.54) than in those with good outcomes
(1.61 = 0.50) (limited evidence). Babikian and
colleagues studied 20 children and adolescents
and demonstrated a moderate to strong correla-
tion of decreased NAA and worse cognitive scores
(limited evidence) [27]. Ashwal and colleagues
demonstrated in 38 children with TBI that the
occipital glutamate/glutamine in the short-echo
MRS was significantly increased in TBI when
compared with controls (limited evidence) [28].
They also demonstrated that occipital gray matter
myoinositol in 38 children with TBI was increased
(4.30£0.73) compared with controls (3.53 £ 0.48;
P = 0.003). In addition, patients with poor out-
comes 6—12 months after injury had higher myo-
inositol levels (4.78 + 0.68) than patients with
good outcomes (4.15 + 0.69; P = 0.05) (moderate
evidence) [29], indicating that myoinositol eleva-
tion after pediatric TBI is associated with a poor
neurologic outcome. Ashwal and colleagues also
demonstrated significant decreases in NAA-
derived ratios and elevation of Cho/Cre measured
in occipital gray matter within 13 days of neuro-
logical insult. These metabolite changes corre-
lated with poor neurological outcome at 6—12
months after injury (n = 52) (limited evidence)
[30]. In a subgroup of these patients (n = 24), neu-
ropsychological evaluations were performed at
3-5 years after neurological insult. It was found
that these metabolite changes strongly correlated
with below average functioning in multiple areas
including full-scale IQ, memory, sensorimotor,
and attention/executive functioning (limited
evidence) [31].

Diffusion Tensor Imaging (DTI)

DTI requires special software that maps the
degree and direction of water diffusion along
major fiber bundles based on diffusion-weighted
imaging (DWI). DTI can detect the impaired con-
nectivity of white matter tracts, even in normal-
appearing tissue. Few studies have studied the
role of DTI in pediatric patients with TBI. Treble
and colleagues studied 74 children with TBI and
49 controls with DTI tractography of eight
callosal subregions in relation to measures of
verbal and visuospatial working memory [32].
They found that lower fractional anisotropy (FA)
and higher radial diffusivity in callosal subre-
gions connecting anterior and posterior parietal
cortical regions predicted poorer verbal working
memory. Additionally, higher radial diffusivity in
callosal subregions connecting the anterior and
posterior parietal as well as temporal cortical
regions predicted poorer visuospatial working
memory. They concluded that reduced micro-
structural integrity of the corpus callosum might
act as a neuropathological mechanism contribut-
ing to long-term working memory deficits in
TBI. This may help early identification of chil-
dren at higher risk of working memory deficits
and earlier intervention (limited evidence). Oni
and colleagues examined DT in 46 children with
moderate-to-severe TBI and 47 children with
orthopedic injury 3 months post-injury [33].
Significant group differences in frontal lobe
white matter DTT metrics (FA, apparent diffusion
coefficient, and radial diffusivity) were identified
that were predictive of later Glasgow Outcome
Scale (GOS) ratings (limited evidence).
Therefore, DTI could serve as an index of white
matter integrity in TBI and as a potential bio-
marker for the outcome. Levin and colleagues
studied DTI in 32 children with moderate-to-
severe TBI, compared to 36 children with ortho-
pedic injury [34]. They found that fractional
anisotropy and apparent diffusion coefficient
(ADC) values differentiated the groups and that
both cognitive and functional outcome measures
were related to DTI findings. Dissociations were
present wherein the relation of FA to cognitive
performance differed between the TBI and OI
groups. A DTI composite measure of white
matter integrity was related to global outcome in
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children with TBI (limited evidence). McCauley
et al. evaluated incentive effects in prospective
memory after TBI with DTI in 40 children with
TBI and 37 children with orthopedic injury [35].
Children underwent an event-based prospective
memory test under two motivational enhance-
ment conditions (low and high motivation)
and had concurrent DTT 3 months after injury.
The FA of the left cingulum bundle, left orbito-
frontal white matter, and bilateral uncinate fas-
ciculi  predicted  performance in  the
high-motivation condition. They concluded that
these white matter structures are important in
mediating event-based prospective memory
responses following moderate-to-severe TBI in
children (moderate evidence).

Mayer et al. examined FA, axial diffusivity,
and radial diffusivity in 15 pediatric patients with
mild TBI and in 15 healthy controls [36]. Results
showed that patients with TBI had increased
anisotropic diffusion and a higher number of
clusters with increased anisotropy. Measurements
of increased anisotropy differentiated TBI
patients from controls with 95% accuracy but
were not associated with neuropsychological
deficits (limited evidence). Wozniak and col-
leagues studied 14 children with TBI and 14 con-
trols aged 10-18 years who had DTI studies and
neurocognitive evaluations at 612 months [37].
The TBI group had lower FA in three white mat-
ter regions: inferior frontal, superior frontal, and
supracallosal. Supracallosal FA is correlated with
motor speed and behavior ratings (limited evi-
dence). Parent-reported executive deficits were
inversely correlated with FA. A few other small
studies (insufficient to limited evidence) have
shown decreased anisotropy in brain parenchyma
of TBI patients [38—40].

Functional MRI (fMRI)

Functional MRI (fMRI) can provide noninvasive
serial mapping of brain activation, such as with
memory tasks. This form of imaging can poten-
tially assess the neurophysiological basis of cog-
nitive impairment, with better spatial and
temporal resolution than SPECT or PET.
However, it is susceptible to motion artifact and
requires extremely cooperative subjects and

therefore is more successful in mildly injured
rather than moderate or severely injured patients
as well as in older children and adolescents.
There have only been a few small studies (insuf-
ficient evidence) with adults and even less with
pediatric patients, attempting to correlate fMRI
with outcomes. Fourteen pediatric subjects with
mild TBI who underwent fMRI to investigate its
effects on auditory orienting had decreased acti-
vation within the bilateral posterior cingulate
gyrus, thalamus, basal ganglia, midbrain nuclei,
and cerebellum, with spatial topography of hypo-
activation similar to previous studies in adults
[41]. These patients showed no significant defi-
cits in other measures of attention. The findings
suggest that fMRI could potentially serve as a
biomarker for subtle injury caused by mild TBI
and documenting the course of recovery (limited
evidence).

A pilot study by Krivitzky et al. examined 13
children with symptomatic mild TBI using fMRI
during tasks of working memory and inhibitory
control [42]. Children with mild TBI showed
greater activation in the posterior cerebellum and
addition of a demand for inhibitory control in
comparison with the control group (limited evi-
dence). These findings suggest that children with
mild TBI may experience disrupted neural cir-
cuitry. Newsome and colleagues studied eight
children with moderate-to-severe TBI and eight
matched, uninjured control children with fMRI
using an N-back task to test effects of TBI on
working memory performance and brain activa-
tion [43]. Two patterns in TBI patients were seen:
Patients whose criterion performance was
reached at lower memory loads than control chil-
dren demonstrated less extensive frontal and
extrafrontal brain activation than controls;
patients who performed the same highest mem-
ory load as controls demonstrated more frontal
and extrafrontal activation than controls (limited
evidence). These were small series, and further
longitudinal studies are needed.

Susceptibility Weighted Imaging (SWI)

Susceptibility weighted imaging (SWI) is a mod-
ified gradient echo (GRE) high-spatial resolution
3D MR technique that accentuates the paramag-
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Fig. 6.4 DAI in CT versus SWI; both exams were per-
formed the same day. An 11-year-old female with altered
mental status after motor vehicle accident, thus fulfilling
PECARN criteria for imaging. Axial head CT (a) shows a
hyperattenuating focus at the gray-white matter junction
in the left frontal lobe in keeping with a focus of hemor-
rhagic axonal shearing injury (black arrow). Axial MRI
using susceptibility weighted imaging (b) shows the focus
with low signal intensity representing susceptibility arti-
fact. This sequence proves that this dominant focus is only

netic properties of blood products, which disturb
the magnetic field and result in a loss of MRI sig-
nal. This technique is particularly helpful in
detecting cerebral microhemorrhages related to
DAI that are not seen on CT or conventional
MRI, and SWI has been shown to detect more
hemorrhagic lesions than GRE (Figs. 6.4a, b and
6.5a, b) [44-46].

Microhemorrhages can cause long-term defi-
cits, and detecting them is important for the treat-
ment and prognosis in patients with TBI,
particularly in those who have no ominous find-
ings with conventional imaging (moderate evi-
dence). Tong et al. studied 40 children with TBI
using SWI to detect hemorrhage (moderate evi-
dence) and found that children with lower GCS
scores (<8, n = 30) or prolonged coma (>4 days,
n=20) had a greater average number (P =0.0007)
and volume (P = 0.008) of hemorrhagic lesions
[47]. Beauchamp et al. evaluated the relationship

the tip of the iceberg as there are several other hypointense
foci representing bilateral microhemorrhages related to
diffuse axonal injury. For the astute viewer, linear areas of
hyperattenuation in the left subarachnoid space on CT
have no hypointense correlate in susceptibility weighted
imaging and are thus favored to represent vascular con-
gestion rather than subarachnoid hemorrhage. DAI diffuse
axonal injury, SWI susceptibility weighted imaging

of SWI to the outcome after TBI in 106 children
with varying levels of TBI who underwent SWI
[48]. Subjects completed an assessment of intel-
lectual functioning, processing speed, and behav-
ioral and adaptive skills 6-month post-injury. The
number and volume of SWI lesions were signifi-
cantly correlated with clinical outcome variables
including GCS, surgical intervention, length of
hospital stay, and length of intubation, as well as
with intellectual functioning. SWI and GCS
accounted for significant proportion of the variance
in 1Q. They concluded that SWI shows promise
in the prediction of cognitive outcomes in the ini-
tial stages post-injury (moderate evidence) [48].
Babikian and colleagues studied 18 children
and adolescents 1-4 years after injury using
susceptibility weighted imaging showing nega-
tive correlations between lesion number and
volume with neuropsychological functioning
(limited evidence) [49].
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Fig.6.5 DAI in MRI: GRE versus SWI in a 14-year-old
male following a motor vehicle accident. Axial GRE
sequence (a) shows a hypointense focus in the periphery
of the right frontal lobe (white arrow) representing hemor-
rhage of diffuse axonal injury. Axial SWI (b) shows sev-

Positron Emission Tomography (PET)

Positron emission tomography (PET) can mea-
sure regional glucose and oxygen utilization,
cerebral blood flow (CBF) at rest, and CBF
changes related to performances of different tasks.
Spatial and temporal resolution is limited,
although better than with SPECT. PET is not
widely available, uses high ionizing radiation, and
requires patient cooperation. A few PET studies
evaluating patients of different ages have reported
various areas of decreased glucose utilization,
even without visible injury. Bergsneider and col-
leagues prospectively studied 56 patients with
mild to severe TBI, evaluated with 18F fluorode-
oxyglucose (FDG)-PET within 2-39 days of
injury, 14 of which had subsequent follow-up
studies. They found that TBI patients demonstrate
a triphasic pattern of glucose metabolism changes
that consist of early hyperglycolysis, followed by
metabolic depression, and subsequent metabolic
recovery (after several weeks) (limited to moder-
ate evidence) [50]. Wu and colleagues evaluated
gray and white matter with PET in 14 TBI
patients, and 19 normal volunteers studied with a
quantitative FDG PET, a quantitative H, SO-PET,

eral other foci of microhemorrhage (white arrows) that
were not seen in the conventional GRE sequence, thus
better depicting the severity of injury. DA/ diffuse axonal
injury, GRE gradient recalled echo, SWI susceptibility
weighted imaging

and MRI acutely following TBI [51]. The gray to
white matter ratios for both FDG uptake rate and
changes of glucose metabolic rate were signifi-
cantly decreased in TBI patients (P < 0.001) (lim-
ited evidence). The changes of glucose metabolic
rate decreased significantly in gray matter
(P <0.001) but not in white matter (P > 0.1). The
glucose to white matter ratios of changes in glu-
cose metabolic rate correlated with the initial
GCS of TBI patients with r = 0.64. Patients with
higher changes in glucose metabolic rates (>1.54)
showed good recovery 1 year after TBI. Another
study by Lupi and colleagues examining PET in
58 consecutive patients (age range 14-69 years),
with 44 having TBI, demonstrated a relative
hypermetabolic cerebellar vermis as a common
finding in the injured brain regardless of the nature
of the trauma (limited evidence) [52]. A recent
clinical validation study of FDG PET and fMRI in
disorders of consciousness was performed by
Stender and colleagues in 126 patients (48 of
whom had TBI) with unresponsive wakefulness
syndrome (vegetative state), locked-in syndrome,
or in a minimally conscious state [53]. The valida-
tion of cerebral FDG PET and fMRI used the
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Coma Recovery Scale-Revised (CRS-R) as a ref-
erence for diagnostic accuracy. Outcome after 12
months was assessed using the GOS-Extended.
FDG PET was more sensitive for identification of
patients in a minimally conscious state than fMRI
(95% versus 45%, respectively). In addition, FDG
PET had higher congruence with behavioral
CRS-R scores than fMRI (85% versus 63%,
respectively). FDG PET correctly predicted out-
come in 74% and fMRI in 56% of the patients.
Therefore, they concluded that FDG PET could
be used to complement bedside examinations
and predict long-term recovery of patients with
unresponsive wakefulness syndrome (moderate
evidence).

Cost-Effectiveness Analysis

The advanced imaging modalities are not readily
available in many of the clinical settings.
Additionally, they can be expensive and time-
consuming and require patient cooperation. At
present, the role of advanced imaging modalities
in evaluating pediatric patients with TBI is uncer-
tain from an evidence-based standpoint. More
data is necessary in order to define what contribu-
tion these modalities can add to the diagnosis,
management, and/or prognosis of the patients.

Take-Home Figure

Figure 6.2a—c presents PECARN criteria to be
used for TBI in children less than 2 years old.

Imaging Case Studies

Case 1

Figure 6.3 presents the grading of a diffuse axo-
nal injury (DAI) in a 14-year-old girl with TBI.
Case 2

Figure 6.1 presents an extra-axial hemorrhage in
a 4-year-old boy with traumatic brain injury.

Case 3

In Fig. 6.4a, b, a diffuse axonal injury is pre-
sented in CT and SWI images of an 11-year-old
girl who experienced a motor vehicle accident
and altered mental status thereafter.

Case 4

Figure 6.5a, b presents diffuse axonal injury as
imaged by MRI (GRE and SWI) in a 14-year-old
male who experienced a motor vehicle accident.

Case 5

Figure 6.6a, b presents a parietal skull fracture as
imaged by CT 3D skull reconstruction and maxi-
mum intensity projection.

Suggested Imaging Protocols
CT Brain

When using CT imaging in children, in order to
decrease radiation exposure, (1) the kKVP and mA
should be adjusted for each size and age group,
(2) the area should only be scanned once, and
(3) only the area of interest should be included in
the field of view [Image Gently: CT]. A typical
trauma head CT acquisition includes helical
5 mm axial images with axial 2.5 mm reformat-
ted images in bone and soft tissue algorithm,
2.5 mm coronal soft tissue reformats, and 3D
bone reconstruction and maximum intensity
projections (MIPs) of the skull (Fig. 6.6a, b)
[54, 55].

MRI Brain

The use of brain MR imaging in children may
require procedural sedation. Access to MRI in
the emergency setting may be difficult, and image
acquisition times are long. The major benefits of
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Fig.6.6 Computed tomography: 3D skull reconstruction
and maximum intensity projection (MIP) of a parietal
skull fracture. This right parietal skull fracture in a
9-month-old patient was not identified on axial CT images

MRI are (1) the lack of radiation exposure and
(2) the ability to detect axonal injuries and small
bleeds with higher sensitivity compared to
CT. For children the routine brain imaging proto-
col includes sagittal T1 (5 mm or isometric
1.5 mm with multiplanar reconstructions), 5 mm
axial T2 with fat saturation, 5 mm axial FLAIR,
3 mm axial DWI, 5 mm axial susceptibility
weighted imaging, and 5 mm coronal T2.

Research Imaging

Advanced imaging techniques that have been used
in the study of TBI include susceptibility weighted
imaging (SWI), diffusion tensor imaging (DTI),
diffusional kurtosis imaging (DKI) cerebral
perfusion/permeability MR imaging, MR spec-
troscopy, resting-state functional MR imaging,
positron emission tomography, and magnetoen-
cephalography. These techniques allow for quanti-
tative rather than qualitative imaging assessments
and may facilitate statistical correlations to enhance
knowledge of TBI and its prognosis [56].

Future Research

e Validation of PECARN in abusive head
trauma

e Determination of actual cost savings related to
the use of PECARN criteria

due to its orientation parallel to the axial imaging plane.
3D reconstruction (a) and MIP (b) were instrumental in
identification of this fracture (arrows)

*  Multicenter studies to assess prognostic value
of various advanced neuroimaging methods

* Imaging predictors of outcomes after TBI

e Define the role of advanced neuroimaging
techniques in pediatric patients with TBI

References

1. Centers for Disease Control and Prevention. www.
cdc.gov/traumaticbraininjury/pdf/TBI_Report_to_
Congress_Epi_and_Rehab-a.pdf

2. TBI epidemiology and classification. Uptodate.com:
www.uptodate.com/contents/traumatic-brain-injury-
epidemiology-classification-and-pathophysiology

3. Buki A, et al. Advances and technical standards in
neurosurgery, 2015;42:147-92. Edited by Johannes
Schramm. Springer, October 2014.

4. Management of Concussion/mTBI Working Group.
J Rehabil Res Dev 2009;46:CP1-CP68

5. Marshall LF, Marshall SB, Klauber MR, et al. Spec
Suppl. 1991;75:S14-20.

6. Maas Al, Hukkelhoven CW, Marshall LF, et al.
Neurosurgery.  2005;57(6):1173-82;  discussion
1173-82.

7. Lee H, Wintermark M, Gean AD, et al. ] Neurotrauma.
2008;25(9):1049-56.

8. Yuh EL, Mukherjee P, Lingsma HF, et al. Ann Neurol.
2013;73(2):224-35.

9. Tagliaferri F, et al.
2006;148:255-68.

10. WHO 2006 report on “neurological Disorders Public
Health Challenges”. http://www.who.int/mental_
health/neurology/neurological_disorders_report_
web.pdf

11. Mild TBI. Uptodate.com: www.uptodate.com/
contents/concussion-and-mild-traumatic-brain-injury

Acta Neurochir (Wien).


http://www.cdc.gov/traumaticbraininjury/pdf/TBI_Report_to_Congress_Epi_and_Rehab-a.pdf
http://www.cdc.gov/traumaticbraininjury/pdf/TBI_Report_to_Congress_Epi_and_Rehab-a.pdf
http://www.cdc.gov/traumaticbraininjury/pdf/TBI_Report_to_Congress_Epi_and_Rehab-a.pdf
http://uptodate.com
http://www.uptodate.com/contents/traumatic-brain-injury-epidemiology-classification-and-pathophysiology
http://www.uptodate.com/contents/traumatic-brain-injury-epidemiology-classification-and-pathophysiology
http://www.who.int/mental_health/neurology/neurological_disorders_report_web.pdf
http://www.who.int/mental_health/neurology/neurological_disorders_report_web.pdf
http://www.who.int/mental_health/neurology/neurological_disorders_report_web.pdf
http://uptodate.com
http://www.uptodate.com/contents/concussion-and-mild-traumatic-brain-injury
http://www.uptodate.com/contents/concussion-and-mild-traumatic-brain-injury

6 Pediatric Accidental Traumatic Brain Injury: Evidence-Based Emergency Imaging 77
12. Schneier AJ, Shields BJ, Hostetler SG, et al. 34. Levin HS, Wilde EA, Chu Z, et al. J] Head Trauma
Pediatrics. 2006;118(2):483-92. Rehabil. 2008;23(4):197-208.
13. Kuppermann N, Holmes JE, Dayan PS, et al. Lancet. ~ 35. McCauley SR, Wilde EA, Bigler ED, et al.
2009;374(9696):1160-70. Erratum in: Lancet. 2014 J Neurotrauma. 2011;28(4):503-16.
Jan 25;383(9914):308. 36. Mayer AR, Ling JM, Yang Z, et al. J Neurosci.
14. Mihindu E, Bhullar I, Tepas J, et al. Am Surg. 2012;32(50):17961-9.
2014;80(9):841-3. 37. Wozniak JR, Krach L, Ward E, et al. Arch Clin
15. Bressan S, Romanato S, Mion T, et al. Acad Emerg Neuropsychol. 2007;22(5):555-68.
Med. 2012;19(7):801-7. 38. Ptak T, Sheridan RL, Rhea JT, et al. AJR Am
16. Babl FE, Lyttle MD, Bressan S, et al. BMC Pediatr. J Roentgenol. 2003;181(5):1401-7.
2014;14:148. 39. Arfanakis K, Haughton VM, Carew JD, et al. AJNR
17. Babl FE, Bressan S. Evid Based Med. 2015;20(1): Am J Neuroradiol. 2002;23(5):794-802.
33-4. 40. Jones DK, Dardis R, Ervine M, et al. Neurosurgery
18. Easter JS, Bakes K, Dhaliwal J, et al. Ann Emerg 2000;47(2):306—13; discussion 313-4.
Med. 2014;64(2):145-52, 152.e1-5. 41. Yang Z, Yeo RA, Pena A, et al. J Neurotrauma.
19. Lyttle MD, Cheek JA, Blackburn C, et al. Emerg Med 2012;29(12):2124-36.
J. 2013 Oct;30(10):790-4. 42. Krivitzky LS, Roebuck-Spencer TM, Roth RM, et al.
20. Nishijima DK, Yang Z, Urbich M, et al. Ann Emerg J Int Neuropsychol Soc. 2011;17(6):1143-52.
Med. 2015;65(1):72-80.e6. 43, Newsome MR, Scheibel RS, Hunter JV, et al.
21. Velasco R, Arribas M, Valencia C, et al. An Pediatr Neurocase. 2007;13(1):16-24.
(Barc). 2014. pii: S1695-4033(14)00505-0. 44. Tong KA, Ashwal S, Holshouser BA, et al. Radiology.
22. Osmond MH, Klassen TP, Wells GA, et al. CMAJ. 2003;227(2):332-9.
2010;182(4):341-8. 45. Scheid R, Preul C, Gruber O, et al. AJINR Am
23. Dunning J, Daly JP, Lomas JP, et al. Arch Dis Child. J Neuroradiol. 2003;24(6):1049-56.
2006;91(11):885-91. 46. Beauchamp MH, Ditchfield M, Babl FE, et al.
24. American ~ College  of  Radiology  (ACR) J Neurotrauma. 2011;28(6):915-27.
Appropriateness Criteria® Head Trauma -Child, last 47. Tong KA, Ashwal S, Holshouser BA, et al. Ann
updated in 2014.: http://www.guideline.gov Neurol. 2004;56(1):36-50.
25. Makoroff KL, Cecil KM, Care M, et al. Pediatr 48. Beauchamp MH, Beare R, Ditchfield M, et al. Cortex.
Radiol. 2005;35(7):668-76. 2013:;49(2):591-8.
26. Holshouser BA, Tong KA, Ashwal S. AJNR Am 49. Babikian T, Freier MC, Tong KA, et al. Pediatr
J Neuroradiol. 2005;26(5):1276-85. Neurol. 2005;33(3):184-94.
27. Babikian T, Freier MC, Ashwal S, et al. ] Magn Reson ~ 50. Bergsneider M, Hovda DA, McArthur DL, et al.
Imaging. 2006;24(4):801-11. J Head Trauma Rehabil. 2001;16(2):135-48.
28. Ashwal S, Holshouser B, Tong K, etal. J Neurotrauma. ~ 51. Wu HM, Huang SC, Hattori N, et al. J] Neurotrauma.
2004;21(11):1539-52. 2004;21(2):149-61.
29. Ashwal S, Holshouser B, Tong K, et al. Pediatr Res. ~ 52. Lupi A, Bertagnoni G, Salgarello M, et al. Clin Nucl
2004;56(4):630-8. Med. 2007;32(6):445-51.
30. Ashwal S, Holshouser BA, Shu SK, et al. Pediatr  53. Stender J, Gosseries O, Bruno MA, et al. Lancet.
Neurol. 2000;23(2):114-25. 2014;384(9942):514-22.
31. Brenner T, Freier MC, Holshouser BA, et al. Pediatr ~ 54. Ringl H, Schernthaner RE, Schueller G, et al.
Neurol. 2003;28(2):104—14. Radiology. 2010;255(2):553-62.
32. Treble A, Hasan KM, Iftikhar A, et al. J Neurotrauma. 55. Medina LS. AJNR Am J Neuroradiol.
2013;30(19):1609-19. 2000;21(10):1951-4.
33. Oni MB, Wilde EA, Bigler ED, et al. J Child Neurol. = 56. Wintermark M, Coombs L, Druzgal TJ, et al. AINR

2010;25(8):976-84.

Am J Neuroradiol. 2015;36(3):E12-23.


http://www.guideline.gov

	6: Pediatric Accidental Traumatic Brain Injury: Evidence-Based Emergency Imaging
	Definitions and Pathophysiology
	Epidemiology
	Overall Cost to Society
	Goals of Imaging
	Methodology
	Discussion of Issues
	What Clinical Practice Guidelines Are Available to Determine Which Children Do Not Need Imaging After Traumatic Brain Injury (TBI)?
	Supporting Evidence
	PECARN (Pediatric Emergency Care Applied Research Network)
	CATCH (Canadian Assessment of Tomography for Childhood Head Injury)
	CHALICE (Children’s Head Injury Algorithm for the Prediction of Important Clinical Events)


	Which Imaging Modality Should Be Used in Children with TBI?
	What Is the Role for Advanced Neuroimaging in Pediatric TBI?
	Supporting Evidence
	MR Spectroscopy (MRS)
	Diffusion Tensor Imaging (DTI)
	Functional MRI (fMRI)
	Susceptibility Weighted Imaging (SWI)
	Positron Emission Tomography (PET)
	Cost-Effectiveness Analysis



	Take-Home Figure
	Imaging Case Studies
	Case 1
	Case 2
	Case 3
	Case 4
	Case 5

	Suggested Imaging Protocols
	CT Brain
	MRI Brain
	Research Imaging

	Future Research
	References


