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Traumatic brain injury (TBI) is the leading cause of trauma-
related death and permanent disability in children. Worldwide, it
affects more than three million children annually [1] and in the
United States alone, TBI contributes to the death of more than
1000 children every year [2].

When a child is admitted to the hospital after a moderate or
severe TBI, management is targeted at avoiding secondary dam-
age to the injured brain. In order to achieve this goal, maintaining
an adequate cerebral blood flow (CBF) is crucial. Guidelines have
traditionally used intracranial pressure (ICP) monitoring and
treatment of increased ICP as the main objective to improve out-
come following TBI. In children, adequate randomized controlled
studies to evaluate the role of ICP monitoring and treatment have
not been performed and the strength of recommendation of the
latest guidelines on ICP monitoring and ICP treatment thresholds
is weak (Level III) [3].

Cerebral perfusion pressure (CPP) is defined as the difference
between mean arterial blood pressure (ABP) and mean ICP, and it
is the pressure gradient driving cerebral blood flow. In normal
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conditions, CBF is autoregulated to maintain an adequate oxygen
and glucose delivery to the brain across physiological range of
CPP. After TBI, cerebral autoregulation might be impaired and
decreases in CPP could lead to cerebral ischemia. Thresholds for
adequate CPP in children with TBI have recently been published
suggesting that CPP targets should be age-specific: above
40 mmHg in children under 6 years-old and above 50 mmHg in
children from 6 to 17 years-old [4]. If CPP is the driving pressure
of CBEF, it is logical that treatment protocols should focus on CPP,
rather then on ICP. CPP by definition can be manipulated by
changing ICP or ABP.

Traditionally, an ICP bolt and an arterial line are used to moni-
tor ICP and CPP invasively. In children, invasive I[CP-CPP moni-
toring is reserved for patients in whom the severity of the clinical
conditions demand ICP-CPP guided treatment. Otherwise, the
risks associated with invasive neuromonitoring, such as bleeding
and infection, may not represent a beneficial intervention. In these
cases, non-invasive methods, like transcranial Doppler ultraso-
nography (TCD), for assessment of these parameters could offer
an alternative for treatment or a screening tool to determine the
need for invasive monitoring.

Role of transcranial Doppler ultrasonography on Pediatric
TBIL:

Non-invasive Estimate of ICP

One of the most studied roles of TCD in TBI is the ability to esti-
mate or predict ICP non-invasively.

There are two indices commonly used to estimate ICP with
TCD:

¢ Resistance index (Pourcelot) [5]:
— (peak systolic velocity — end diastolic velocity)/peak sys-
tolic velocity
e Pulsatility index (Gosling) [6]:
— (peak systolic velocity — end diastolic velocity)/mean
velocity
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Although the accuracy of TCD to estimate ICP in adult patients
with TBI has been studied over the years with generally good
results [7], there is less evidence in children and results are con-
flicting. Some authors state that transcranial Doppler pulsatility
index is not a reliable indicator of intracranial pressure in children
with severe traumatic brain injury, based in data from 34 children
and 275 examinations [8]. A threshold PI of 1 was used to detect
ICP 20 mm Hg or higher and the sensitivity and specificity was
25% and 88%, respectively. But if the PI threshold was increased
to 1.2 the specificity would be 100%. This is in line with our expe-
rience that a high PI, in face of a normal arterial pressure and
normal pCO2, implies a high ICP. There are also studies with
good results in children [9-11]. The largest study, included 117
children with severe TBI and PI >1.31 had a sensitivity of 94%
and a specificity of 41% to identify patients with ICP >20 mmHg.
The authors conclude that TCD examination is a safe, reproduc-
ible, and reliable method to identified children at increased risk of
ICH and decreased CPP after severe TBI, and its use should be
encouraged in PICU [11]. In our own experience we evaluated 18
children with severe TBI with TCD and invasive ICP. Sixteen
patients had ICP values above 20 mmHg, with a mean highest
value of 35.7 = 11.2 mmHg. The first measurement of PI had a
mean of 1.12 = 0.33. There was a significant correlation between
the first PI determination and the corresponding ICP value
(Pearson correlation coefficient » = 0.755, p < 0.0001) [10].

Other studies on mathematical models for continuous non-
invasive ICP prediction using simultaneous measurements of sys-
temic arterial blood pressure and transcranial Doppler flow
velocity waveforms have shown better ability of TCD to estimate
and track ICP changes [12-14].

In summary, TCD can accurately predict a raised ICP in pedi-
atric TBI, especially if a higher cut-off value for PI is used. In our
clinical practice we use a threshold of 1.4 using the Gosling
PI. We have to take into consideration arterial blood pressure and
pCO2 as these parameters can change PI and give false negatives,
in case of arterial hypertension, and false positives, in case of
hypotension or hyperventilation. This non-invasive technique can
be extremely useful at admission to help determine the level of
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Fig. 1 TCD examinations in a 17-year-old girl with severe TBI revealing
severe compromise of blood flow in the left middle cerebral artery (a).
After draining a large subdural hematoma, TCD showed normal velocities
and PI (b)

care and prioritize actions to take in children who suffered a TBI
[15]. This is best exemplified by the case of a patient where TCD
at admission revealed a very high PI and prompted an emergent
surgery instead of invasive ICP monitoring in the PICU (Fig. 1).

Non-invasive Estimate of CPP

Among the several non-invasive methods reported for CPP assess-
ment (nCPP) [7, 16, 17], ultrasound-based alternatives are of spe-
cial interest since these techniques are low-cost and widely
available in the neurocritical care settings. TCD has been one of
the most used methods for determination of nCPP in TBI [7].
Several studies have tested the feasibility of TCD for these pur-
poses in children [8, 11, 18]. Although Figaji et al. concluded that
PI was not a reliable indicator of ICP, they found that the correla-
tion of PI with CPP was much better and significantly related
(p=0.001) [8]. These data were corroborated in more recent stud-
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ies that found a sensitivity of 80% of PI to detect a CPP of less
than 50 mmHg [11] and in another study where a novel estimator
of CPP was calculated using TCD-spectral accounting method
that showed a good correlation of nCPP and CPP (Spearman cor-
relation coefficient, R = 0.67 (p < 0.0001) and the ability of nCPP
to predict values of CPP below 70 mmHg was excellent as dem-
onstrated by an area under the curve of 0.91 (95% CI =0.83-0.98)
using a receiver operating curve analysis [18].

It is not a surprise that PI correlates better with CPP than with
ICP. It has been elegantly demonstrated by de Riva et al. that PI is
not dependent solely on cerebrovascular resistance but it is a
product of the interplay between CPP, pulse amplitude of arterial
pressure, cerebrovascular resistance and compliance of the cere-
bral arterial bed as well as the heart rate. Therefore, PI is not an
accurate estimator of ICP and it describes CPP in a more accurate
manner [19]. This is consistent with our practice where we have
found cases of pediatric TBI with high PI and normal ICP in
patients with low arterial blood pressure (Fig. 2) [15].

Fig.2 TCD of a 16-year-old girl with severe TBI with normal ICP and raised
PI due to hypovolemic shock and decreased CPP (a). PI and CPP improved
after fluid boluses in order to optimize cerebral blood flow (b)
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Autoregulation and Continuous Monitoring
of TCD Signals

Cerebrovascular autoregulation is a hemodynamic mechanism
that allows cerebral blood flow to remain constant with changes of
CPP. This is fundamental to protect the brain against inappropri-
ate CBF. If cerebrovascular autoregulation is impaired, CBF
becomes dependent on CPP and any changes in arterial blood
pressure will reflect directly on CBF. It has been shown that after
a TBI, impaired autoregulation is independently associated with a
worse outcome and mortality [20-22].

The requirements to measure and monitor dynamic autoregu-
lation over time are:

e Continuous arterial blood pressure monitoring (invasive or
non-invasive)

e A surrogate for CBF:
— Non-invasive (TCD, Near-infrared spectroscopy — NIRS)
— Invasive (PbtO2, ICP, Laser Doppler Flow)

* A mathematical model to quantificate the relationship between
ABP and CBF
— Time domain analysis (PRx, COx, Mx, Lx, ORx)
— Frequency domain analysis (coherence, gain of transfer,

phase shift)

In the case of TCD, autoregulation monitoring uses the signals
of ABP, ICP and cerebral blood flow velocities to calculate indi-
ces of autoregulation [23]:

e Mx index is the correlation coefficient between mean flow
velocity and CPP

e Sx index is the correlation coefficient between systolic flow
velocity and CPP

If Mx and Sx are positive it means autoregulation is impaired and
this is associated with a bad outcome after TBI. In the example
below, we can see a patient with adequate autoregulation and a
negative Mx (Fig. 3).
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Fig. 3 Monitoring of blood flow velocity in the left mean cerebral artery for
a period of 2 h using TCD. Mx is almost always negative indicating a pre-
served cerebrovascular autoregulation

One of the major challenges in using TCD signals to evaluate
autoregulation is the necessity to be able to record flow velocities
for a long period of time. This can be accomplished with probe
holders, but the signal can be lost with positioning of the patient or
spontaneous movement. Children represent an additional chal-
lenge because of different head sizes and some holders are difficult
to use in small children. More recently, new devices using robotic
probes allow for continuous monitoring over extended time peri-
ods with good results for at least 4 hours of monitoring [24].

In summary, dynamic cerebrovascular autoregulation monitor-
ing can be done non-invasively with TCD but it is difficult to
accomplish due to the necessity of long-term acquisition of the
TCD signals. New technological advances in this area will make
it more usable in clinical practice.

Detect Regional Variations on Cerebral
Hemodynamics

One of the challenges in studying the injured brain is that many
devices only allow for measurements in one particular area of the
brain. This is the case with ICP bolts or PbtO2 probes. TCD has
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Fig. 4 TCD at admission of an eight-year-old boy with severe TBI after a
road traffic accident. (a) Right middle cerebral artery with normal flow veloc-
ities and PI of 0.80. (b) Left middle cerebral artery with low diastolic flow
velocity and PI of 1.64, compatible with raised ICP/low CPP

the major advantage of allowing insonation of different territories.
This is particularly important in pathologies like TBI that can
have focal lesions. Although a raised ICP, especially if severe, will
ultimately be transmitted to the whole brain, we have found cases
with important asymmetries at an initial phase (Fig. 4).

Diagnosis of Brain Death

Use of TCD as a tool to aid in the diagnosis of brain death is
beyond the scope of this chapter. Nonetheless, TBI is one of the
major indications for organ donation and TCD can identify cere-
bral circulatory arrest and can be extremely useful in determined
circumstances. Although TCD is not accepted in all countries for
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the diagnosis of brain death, it is commonly used in others. The
indications for using an ancillary test of no cerebral blood flow
are:

e Impossibility to complete components of the examination or
the apnea test

e Uncertainties about the results of the neurological examination

e [If a medication effect may be present

e To allow a shorter period of time between the two examina-
tions (in children an interval of 12 h is necessary if no ancillary
test is used)

In our practice we use TCD in every patient that is considered for
organ donation. We find it reassuring for both family members
and staff.

Conclusions

An experienced operator only needs a few minutes to understand
if CBF is normal or compromised when performing a TCD. PI is
calculated instantaneously and, as previously described, it will be
high in cases with decreased CPP. This can be extremely useful
for point of care decisions at the bedside in cases of pediatric TBI.

Although TCD can and has been used for cerebrovascular
autoregulation monitoring this is more difficult to accomplish in
clinical practice and is often performed in investigation settings.
New technological advances will make this tool easier to use and
help guide patient management.
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