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Each year, the annual hospitalization rates of traumatic brain
injury (TBI) in children in the United States are 57.7 per 100K in
the o5 years of age and 23.1 per 100K in the 5–14 years age
group. Despite this, little is known about the pathophysiology
of TBI in children and how to manage it most effectively.
Historically, TBI management has been guided by clinical
examination. This has been assisted progressively by clinical
imaging, intracranial pressure (ICP) monitoring, and finally a
software that can calculate optimal brain physiology. Multi-
modality monitoring affords clinicians an early indication of
secondary insults to the recovering brain including raised ICP
and decreased cerebral perfusion pressure. From variables
such as ICP and arterial blood pressure, correlations can be
drawn to determine parameters of cerebral autoregulation
(pressure reactivity index) and “optimal cerebral perfusion
pressure” at which the vasculature is most reactive. More
recently, significant advances using both direct and near-
infrared spectroscopy–derived brain oxygenation plus cere-
bral microdialysis to drive management have been described.
Here in, we provide a perspective on the state-of-the-art
techniques recently implemented in clinical practice for
pediatric TBI.

The early management phase of traumatic brain injury
(TBI) aims to achieve hemodynamic stability, limit

secondary insults (e.g., hypotension, hypoxia), obtain accurate
neurological assessment, and appropriately select patients for
further investigation (1). The primary brain injury leads to
brain edema, elevated intracranial pressure (ICP), and
disruption of cerebral autoregulation that can lead to
hyperperfusion and worsening edema or hypoperfusion and
ischemia. Our understanding of how escalating brain edema
leads to an increase in ICP, which, in turn, causes reduction in
cerebral perfusion pressure (CPP; mean arterial blood
pressure minus ICP), cerebral blood flow (CBF), and
oxygenation, has improved greatly over the past few years
(2). Moreover, how these changes impact on cellular
metabolism in the adult brain has been described through

the use of cerebral microdialysis studies (2,3). This self-
escalating process is further complicated by the presence of
other organ injuries that cause instability of ventilation and
circulation. The intensive management of an infant or child
with TBI thus involves careful monitoring and manipulation
of the factors that affect oxygen delivery to the brain: blood
gas tensions, blood pressure, ICP, fluid balance, blood
viscosity, and hematocrit; however, there is very little evidence
available to direct optimal patient care in children. Optimiza-
tion and individualization of intensive care after TBI is the
goal of multimodality neurologic monitoring.
Detection of secondary events (such as intracranial

hypertension, ischemia, worsening edema, excitotoxicity,
seizure, or spreading depressions) remains a major target of
neuromonitoring and an area of ongoing research. ICP and
CPP are the most widely accepted neuromonitoring para-
meters and have been shown in many studies to be related to
mortality after TBI; however, these studies were specifically
adult studies (4–6). More recently, studies in adult patients
demonstrated that cerebral autoregulation (7,8) and brain
tissue oximetry (9–12) have been linked to outcome after head
injury. Although there is no conclusive proof that optimiza-
tion of these parameters may influence neurological recovery,
indirect evidence of better outcomes in adults managed in
specialized neurocritical care units (13,14), where tiered
therapy is based on neuromonitoring, supports their use,
and further exploration of their clinical value within a
pediatric cohort. Pineda et al. (15) support the concept that a
pediatric neurocritical care programme can improve the
outcome in children who sustain a TBI. Direct monitoring of
cerebral extracellular chemistry by microdialysis is a promis-
ing technique that has enhanced our understanding of the
pathophysiology of brain injury and is maturing as a clinical
monitor that can be employed in combination with other
monitoring methods (such as cerebral oximetry and ICP
monitoring) to assist in the management of patients on an
individual intention-to-treat basis (16,17). Furthermore, the
implications with regards to pediatric studies may be different
in the sense that we have no knowledge of the evolution of the
inflammatory/metabolic burden in children after injury,
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despite accounting for up to 35% of head injuries in pediatric
patients (18). Non-accidental head injury is more closely
linked with repeated injuries to the brain (19). As a result, the
pathophysiology of the disease and indeed the treatment of
non-accidental TBI is different to single injury, high impact
trauma. For these reasons it is excluded from this review as it
is regarded as a different mechanism of injury and less
frequently are these patients as dependent on high-frequency
monitoring.

NEUROIMAGING
The use of neuroimaging has become increasingly valuable in
predicting prognosis in severe pediatric TBI, particularly in
the initial hours post ictus (20). Computed tomography (CT)
is important for the rapid detection of different types of
intracranial injury including extra-axial hemorrhage (e.g.,
subdural or epidural hematoma), acute hydrocephalus,
fractures, or other intracranial lesions that may require acute
neurosurgical intervention. The early CT is also useful for
triage of patients to detect those who are likely to need
neurosurgery, require management in an intensive care unit
vs. general hospital setting as well as those who can be safely
discharged from the emergency department and managed
at home.
It is understood that acute CT imaging is universally

performed in the developed world for patients with severe
TBI. Two studies (21,22) show that children with severe TBI
have a high incidence of intracranial injury on CT scan (75%
and 62%, respectively). In these studies, intracranial injury
included brain contusion, extracerebral hematoma, intracer-
ebral hematoma, diffuse axonal injury, acute brain swelling,
penetrating craniocerebral injury, pneumocephalus, subar-
achnoid hemorrhage, alterations to cisterns, midline shift, or
fractures (Figure 1). Neither study included treatment-related
outcome data related to the findings on CT scan and thus
could not be used as specific evidence for this guideline.
Although CT is always obtained acutely in patients with

severe TBI, the use of two or more CT studies is not agreed

on. Repeating a CT scan in children with severe TBI is usually
considered when there is (1) no evidence of neurologic
improvement; (2) persistent or increasing ICP; or (3) an
inability to assess neurologic status (e.g., sedation, paralytic
agents) (23). Studies have reported delayed or progressive
lesions in 1 to 50% of adult/pediatric patients with TBI (24).
Because epidural hematoma/subdural hematoma requiring
surgical intervention can develop hours to days after the acute
injury, some investigators have suggested that a follow-up CT
scan be routinely acquired at 1–3 days post injury even when
clinical deterioration is not evident under the assumption that
early diagnosis prompts early intervention leading to a better
long-term outcome (25). However, because children with
severe TBI are medically unstable and (if portable CT is not
available) may further deteriorate during transport to the CT
scanner (hemodynamic instability, increased ICP, oxygen
desaturation), the decision to order a repeat scan is a
treatment decision, weighing the knowledge gained against
the risk of additional secondary brain injury. Likewise,
because of the long-term effects of CT radiation exposure
(lifetime risk of fatal cancer resulting from one head CT in a
1-year-old child is as high as 1 in 1,500), the neurosurgical
decision to order a CT scan also should be considered a
treatment decision, weighing the knowledge gained against
the risk of long-term radiation exposure (25). This guideline
addressed the issue of the value of routinely acquiring repeat
CT scans in children with severe TBI.
Although magnetic resonance imaging sensitivity is under-

stood to be superior to CT for intracranial evaluation, it is not
as easily obtained acutely after injury and has not been as
widely validated in large studies, particularly regarding
influence on management decisions. Nevertheless, recent
advances in rapid magnetic resonance imaging has demon-
strated comparable results to CT (26,27) without the concerns
over radiation. In addition, particular sequences can be used
to provide correlations with intracranial variables. Specifically,
arterial spin labeling can be used to determine CBF in
children (28); however, these are only at the stage of
preliminary testing and have yet to be brought forward into
clinical practice.

INTRACRANIAL PRESSURE
Multimodality monitoring of cerebral physiology encom-
passes the application of different monitoring techniques and
integration of several measured physiologic and biochemical
variables into assessment of brain metabolism, structure,
perfusion, and oxygenation status (29). The primary aim of
multimodality monitoring is to identify evolving changes in
neurophysiology that are detrimental and correct these before
permanent deficit occurs (2). Multimodality monitoring
issued routinely in adult TBI (30–35) and is beginning to
gain momentum in children. Among others, trends in ICP
(36) has been identified as a key variable that can separate
outcome groups in children.
For over 40 years, significant improvements in both survival

and functional outcome after severe TBI have been achieved

Figure 1. Clinical images of pediatric diffuse axonal injury. (a)
Computed tomography (CT) scan of a 7-year-old girl with diffuse axonal
injury and widespread petechial hemorrhages and small contusions
measuring up to 9 mm in size. (b) Axial T2 FLAIR magnetic resonance
imaging (MRI) demonstrating hyperintensity in the subcortical white
matter of the left superior frontal gyrus consistent with small amount of
edema. (c) Axial T2 FSE sequence MRI of a 7-year-old girl with
hemorrhagic contusions with cortical thickening in the left inferior
frontal and anterior temporal lobes. (d) CT scan of of a 9-year-old girl
with There is a 15 mm left to right midline shift and left uncal
herniation with effacement of the basal cisterns and compression of the
midbrain.
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using intensive care management protocols that center on the
measurement of ICP and medical and surgical treatment of
intracranial hypertension in adult patients (37).
Several studies demonstrate an association between intra-

cranial hypertension and/or systemic hypotension and poor
outcome after severe TBI in both adults and children
(34,36,38–40). Nevertheless, due to the nature of these trials,
the majority being small, single center, observation studies,
there has been mixed adoption of guidelines-directed
management in the United States and abroad (41,42). It has
been reported that in the United Kingdom only 59% of
children presenting with severe TBI underwent ICP monitor-
ing with only half of clinical units caring for such children
using monitoring technology (41,42). This becomes even
more problematic in infants under the age of 2 years (43).
Nevertheless, pediatric ICP monitoring after TBI has been
demonstrated to have a beneficial effect. Specifically, ICP
monitoring was associated with lower in-hospital mortality
(adjusted odds ratio (OR) 0.50; 95% confidence interval (CI):
0.30–0.85; P= 0.01) in a multicentered Canadian study (44).
In a pediatric study of 56 severely brain-injured patients (39

of whom had severe TBI), 32% of children had an initial ICP
measurement 420 mmHg, but 50% had ICP maximum
420 but 5 at some point during their intensive care course
(45). Intracranial hypertension (ICP 420 ion () may also be
significantly more prevalent in children with severe TBI who
do not demonstrate spontaneous motor function (80%) than

those who do (20%) (46). In another multicenter study the
duration of ICP burden was compared between adult and
pediatric patients after a TBI (47). Interestingly, it was found
that intracranial pressures above 20 mmHg lasting longer
than 37 min in adults were associated with worse outcomes;
this was found to be the case in children after 8 min (47).
These studies suggest that children presenting with severe

TBI are at notable risk of intracranial hypertension. No
specific markers have been identified that reliably determine
the presence or absence of intracranial hypertension without
monitoring in this population. Two studies of combined
treatment strategies also suggest that improved clinical
outcomes are associated with successful control of intracranial
hypertension (48,49). A prospective observational study of
100 children with severe TBI treated with varying combina-
tions of hyperventilation, diuretics, cerebrospinal fluid
drainage, sedation, pharmacologic paralysis, and barbiturates
reported that children whose intracranial hypertension was
successfully lowered had better 1-year outcomes than children
whose intracranial hypertension was uncontrollable (but
worse than those without intracranial hypertension) (49). A
retrospective review of a prospectively acquired TBI database
showed that reduced survival and worsened outcome in
children with severe TBI were associated with intracranial
hypertension refractory to treatment rather than peak ICP
per se (48). In this study, successful control of intracranial
hypertension, irrespective of treatment modality (osmolar
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Figure 2. Multimodal monitoring during plateau waves in intracranial pressure (ICP) after traumatic brain injury (TBI). A 9-year-old boy who sustained
severe TBI with moderate diffuse axonal injury (Marshall grade 3) on initial computed tomography (CT) scan. During the monitoring on the pediatric
intensive care unit, the patient developed rapid and short-lived increases in ICP in a pattern known as intracranial plateau waves. These waves occur
in up to a quarter of patients and are thought to be due to vasodilatory cascade in patients with intact vascular pressure reactivity. In the patients, a
vasodilatory stimulus (e.g., a decrease in cerebral perfusion pressure (CPP)), increases cerebral blood volume and ICP, further decreasing CPP. This
patient demonstrated intact pressure reactivity index (PRx) before the plateau waves (PRx ~− 0.5 a.u.) and during the plateau wave developed both
depressed CPP (down to o50u.) Hg), increased ICP (~50 50u i), decreased brain tissue oxygenation, and impaired PRx.
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therapy, cerebrospinal fluid drainage, decompression, etc.),
was deemed to be important.
Although they represent only class III evidence for long-

term outcome related to ICP monitoring and are only
correlative, these studies support the association of successful
ICP monitor-based management of intracranial hypertension
with improved survival and neurologic outcome.
The need to prevent raised ICP is recognized as central to

current neurocritical care of children after severe TBI. To
target this management appropriately, thresholds for ICP
treatment are essential. The consensus is that brief increases
in ICP that return to normal in o5 min may be insignificant;
however, sustained increases of ≥ in may be insig min likely
warrant treatment (50); Figure 2. Pathological and sustained
rises in ICP are often referred to as a plateau waves. Plateau
waves of ICP are usually identified using the following
criteria: (1) an increase of ICP to levels 440 0eate for at least
5 min associated with a significant decrease in CPP and
increase in pulse amplitude of ICP; (2) a mean ICP o25 5ss t
in the 30 min before the start of the plateau wave; and (3) a
decrease in ICP below 25 elow in the 30 min following the
plateau wave (51). Plateau waves of ICP are at least as
frequent in children as in adult TBI patients (52).
Based in large part on studies in adults, an ICP treatment

threshold of 20 ased has been used in most centers for
decades. However, the optimal ICP target or targets for
pediatric TBI remain to be defined. Normal values for mean
arterial blood pressure and hence CPP are lower in children,
particularly in infants and young children. It has also been
shown in anesthetized children without TBI that the lower
CPP limit of autoregulation of CBF is, surprisingly, similar in
young children vs. older children—and does not decrease
below ∼ 60 0prox (53). Thus, young children have less
autoregulatory reserve than older children—i.e., the difference
in CPP between normal and the lower limit of autoregulation
is smaller in infants and young children than it is in older
children. This suggests the possible need to set a lower ICP
therapeutic target for infants and young children than older
children or adults with TBI.
Multiple reports specific to pediatrics support an ICP

threshold of 20 an IC (45,48,54,55); however, individual
reports do support lower ICP thresholds (as low as 15 howe)
(56). However, some pediatric studies suggest higher thresh-
olds (35 or even 40 Howe) (57). Thus, although an ICP
threshold of 20 Thus is generally used, and even lower
threshold may physiologically make sense for infants and
young children, the optimal threshold for ICP-directed
therapy and whether or not it should be adjusted for children
of different ages deserves additional investigation. It should
also be recognized that some of the studies defining the ICP
threshold used therapies that are not contemporary, such as
aggressive hyperventilation. Finally, in light of the hetero-
geneity of the pathology and pathophysiology in pediatric
TBI, ICP management may need to be individualized in
some cases.

CEREBRAL PERFUSION PRESSURE
CPP, defined as mean arterial pressure (MAP) minus the
mean ICP, is the pressure gradient driving blood flow to the
brain. In a healthy brain, the CBF is regulated and tightly
linked to the metabolic demand for oxygen. In the acutely
injured brain decrease in CBF can result in global or regional
cerebral ischemia, potentiating secondary insult.
With the use of continuous multimodality monitoring

optimizing CPP is a critical target in the management of acute
brain injury. The optimal CPP (CPPopt) threshold and
therapeutic approach to achieve it both remain to be defined.
Due to the variability in cardiovascular parameters with age
and in particular, age-related differences in in MAP, it is
assumed that there is a range of CPPopt from infancy to
adolescence. There is also a presumption that these targets
should be age defined when treating acute brain injury in
children.
CPP is relatively simple to calculate, the main technical

consideration is the calibration of measurements (Figure 2).
For technical accuracy, the MAP and ICP should be zero
calibrated at the same level. The microsensor of the ICP
monitor is usually placed in the frontal lobe 2–3 cm within the
parenchyma. If using an external ventricular drain, the ICP is
calibrated to the level of the foramen of Monro. The MAP
pressure on the other hand is classically calibrated to the right
atrium; however, some neurocritical care units now advocate
the MAP being zeroed to the level of the external acoustic
meatus (13). The primary reason for this is that the
calculation of CPP will underestimate actual perfusion
pressure by an error proportional to the distance between
the two calibrated points multiplied by the sine angle of the
bed. Usually managed at a bed elevation of 30°, the error
range will increase with age and adolescents will have almost
doublet error to infants (11 vs. 6 The ). In addition to this, the
difference between managing an adult patient flat with spinal
injuries vs. a 30° elevation will also double the error (5 vs.
10 nce b) (58,59).
The main reason for undertaking the invasive monitoring

required for calculating this number is to titrate treatment
using the level of each of the constituent parameters as a guide
(i.e., CPP, ICP, and MAP) (59). There is extensive debate on
whether management of acute brain injury should be targeted
by ICP thresholds, by CPP thresholds, or both. Only a small
number of pediatric studies have demonstrated CPP-directed
intervention. In two studies, the lower limit of the scale that
was used was 40 or bo (61,62), and in two other studies, it was
45 and (59,60). The upper threshold in the scale was 50–70
The . It is evident from these data that low level of CPP will,
therefore, also indicate failure to achieve the CPP target as
well as a failure to respond to treatment. A consensus from
these studies was that CPP o40 re f is associated with poor
outcome (59–61). There have been some retrospective studies
which have suggested that the CPP should be more aggressive
in children with a CPP o60 Ther being linked with poor
outcome. Nevertheless, there is no evidence in pediatrics to
demonstrate that an excessively high CPP has been linked
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with poor outcome. In adults, the guidelines suggest that
aggressive attempts to maintain CPP 470 ively with fluids
and pressors should be avoided because of the risk of adult
respiratory distress syndrome; CPP of o50 with should be
avoided; and CPP values to target lie within the range of 50–
70 et li (59).
What also remains unclear is whether the CPP target is

particularly critical over certain time points after injury. Some
of the studies report averaging values daily for 5 days (59) and
others are averaged over the entire monitoring period when
assessed for impact on outcome (62,63). However, this could
become important depending on the type of injury, e.g., in
those patients who have contusions, during the period when
these “blossom” there may be a greater or lesser demand on
CPP for the unaffected tissue.
Taken together, caution should be exercised when inter-

preting the results from the pediatric TBI CPP studies and
applying the information to treatment strategies for TBI. As
with recommendations for ICP, a large multicenter study with
high-resolution data will be required to identify thresholds for
pediatric treatment.

CEREBROVASCULAR AUTOREGUATION
Cerebral autoregulation describes the intrinsic ability of
cerebral vasculature to maintain a stable blood flow despite
changes in blood pressure or, more accurately, CPP (63).
Work in adult patients has demonstrated that CBF is
regulated by changes in cerebrovascular resistance (64–66).

Calculation of autoregulation from CBF at different blood
pressure levels using direct perfusion methods is considered
to be the best available technique for testing autoregulation;
however, its application in a clinical setting is often difficult
(67). Cerebrovascular pressure reactivity indicates how ICP
changes in relation to changes in MAP and can be assessed
using the pressure reactivity index (PRx). PRx is calculated as
a moving, linear correlation between slow waves of MAP and
ICP, and can be considered an estimator of cerebral
autoregulation (7); Figure 3. A negative PRx indicates intact
pressure reactivity, whereas a positive PRx indicates impaired
pressure reactivity. In children, a deranged PRx has been
observed to be closely linked to outcome, particularly
mortality (36,40,68). Although only performed in a small
number of patients, there have been studies that have
indicated that pressure reactivity index has prognostic value
and can identify CPP targets that may differ from treatment
protocols (68). Most prominently, PRx may be useful for
defining age-specific and possibly patient-specific optimal
targets for CPP after TBI (40).
Using PRx, a method for finding the CPP at which the

vasculature is most reactive has been proposed (68–70). By
plotting the average PRx across different ranges of CPP, the
CPP with the most negative (or best) PRx can be depicted
automatically as a continuous time-dependent variable—the
CPPopt (71) (Figure 3).
In adults, patients with a median CPP close to CPPopt were

more likely to have a favorable outcome than those in whom
median CPP was widely different from CPPopt (71).
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Figure 3. Screenshot from multimodality monitoring after pediatric traumatic brain injury (TBI) depicting deranged pressure reactivity index (PRx) A
11-year-old boy who presented with diffuse axonal injury (Marshall grade 3) after a road traffic accident. Despite having relatively well-controlled
intracranial pressure (ICP) (mean ICP~ 15 mm Hg)in the pediatric intensive care unit, this patient had impaired cerebrovascular pressure reactivity as
denoted by a PRx approaching +1 towards the end of day 2. Plotting PRx in intervals of cerebral perfusion pressure (CPP) can sometimes reveal a
“U-shaped” curve as depicted in the bottom panel; this indicates the CPP at which the brain had the best pressure reactivity may represent a
potential therapeutic target. In this case, the mean CPP was 65 ean C, whereas the bottom of the “U-shaped” curve, a theoretical optimal CPP, was
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Deviations from individualized CPPopt were more predictive
of outcome than deviations from a common target CPP (71).
This has also been observed in children, although in a
significantly smaller cohort (36,68); nevertheless, early con-
sensus suggests that CPP Opt could play a role in optimizing
the management of pediatric TBI.

BRAIN OXYGENATION
Figaji et al. (59) has provided the most extensive study of
brain tension oxygenation (PbtO2) and long-term outcome in
52 children with severe TBI. PbtO2 was maintained to a
threshold of dren with by modulating intracranial pressures.
In a cohort with a mortality of 10%, a PbtO2 o5o5Pbt for
41 h or o10 or o1 for 42 h were associated with a
significantly increased risk of unfavorable outcome (Glasgow
Outcome Scale and Pediatric Cerebral Performance Category
scores) and mortality. This was independent of factors such as
ICP, CPP, Glasgow Come Scale, CT classification, and
systemic hypoxia. What can be inferred is that in this sample
of patients, those with higher PbtO2 and fewer episodes of
PbtO2 o10o10 f had better outcomes. However, it is unclear
whether this is a direct response to treatment.
Changes in PbtO2 in relation to changes in CPP have also

been described in small groups of children (Figure 2). Similar
parameter were targeted (PbtO2 level lar param) (72). Survival
was associated with normal initial PbtO2 (Survival ). There
was no difference in the mean initial PbtO2 among the 10
survivors and 6 deaths at 3 months. Only six patients had
elevated ICP, making the relationship between ICP and PbtO2
difficult to interpret.
An emerging theme from the PbtO2 experience is instructive

in general for multimodal monitoring: physiologic responses to
TBI are heterogeneous, and interpretation is facilitated by
context (73). PbtO2 is poorly correlated with changes in
intracranial pressure, although both are associated with outcome.
The temporal relationships between PbtO2 and other

neuromonitors are dependent on the type of edema, the arterial
blood gas tensions, the presence of hyperemic responses, and the
metabolic state of the brain tissue interrogated (74).

Extracellular cerebral chemistry
Direct monitoring of cerebral extracellular chemistry by
microdialysis is a promising technique that has enhanced our
understanding of the pathophysiology of brain injury. It is
maturing as a clinical monitor that can be employed in
combination with other monitoring methods (such as cerebral
oximetry and ICP monitoring; Figure 4) to assist in the
management of adult patients on an individual intention-to-
treat basis (15,16). The relationship between commonly used
microdialysis markers and ratios, and neurological outcome
following TBI has been established in adult patients (3). This
area of multimodality monitoring is gaining interest in
children with a small number of centers in Europe and South
Africa adopting the technique. It is hoped that this will
complement the current standard of monitoring and improve
outcomes.

CONCLUSION
The evolution of multimodality monitoring techniques has
made significant progress over the past 10 years. Currently, a
combination of neuroimaging, continuous pressure, cerebral
autoregulation, and brain tissue oxygenation monitoring
provides a powerful platform to help guide the treatment of
these patients. In addition to these techniques, extracellular
cerebral chemistry monitoring is gaining interest.
However, there is a risk of overintensifying patients and

prolonging intensive care unit care with it is attendant risks
balanced against the benefit of providing an optimal and
individualized milieu for healing of injured brain tissue. This
conundrum has been difficult to resolve with outcome data
due to the difficulties studying a critically ill and vulnerable
population (75).
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The overall lack of progress with an evidence-based
approach to TBI combined with the divergence of practice
that results from a paucity of data has prompted a multicenter
relative-efficacy study model, the Approaches and Decisions
for Acute Pediatric TBI trial. This approach to large data
aggregation and comparison may lead to a better under-
standing of multimodal monitoring interpretation (76). As
such the care of pediatric patients with TBI has never been
more comprehensive and, as we hope, can lead to improved
outcomes in these patients.
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