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Severe traumatic brain injury (TBJ) is frequently associated with an elevation of intracranial
pressure (ICP), followed by cerebral perfusion pressure (CPP) reduction. Invasive
monitoring of ICP is recommended to guide a step-by-step “staircase approach” which
aims to normalize ICP values and reduce the risks of secondary damage. However, if
such monitoring is not available clinical examination and radiological criteria should be
used. A major concern is how to taper the therapies employed for ICP control. The
aim of this manuscript is to review the criteria for escalating and withdrawing therapies
in TBI patients. Each step of the staircase approach carries a risk of adverse effects
related to the duration of treatment. Tapering of barbiturates should start once ICP control
has been achieved for at least 24 h, although a period of 2-12 days is often required.
Administration of hyperosmolar fluids should be avoided if ICP is normal. Sedation
should be reduced after at least 24 h of controlled ICP to allow neurological examination.
Removal of invasive ICP monitoring is suggested after 72 h of normal ICP. For patients
who have undergone surgical decompression, cranioplasty represents the final step, and
an earlier cranioplasty (15-90 days after decompression) seems to reduce the rate of
infection, seizures, and hydrocephalus.

Keywords: trauma, intracranial hypertension (ICH), escalation, traumatic brain injury, staircase algorithm

INTRODUCTION

Traumatic brain injury (TBI) is a major public health problem, affecting ~64-74 million people and
causing 5 million deaths every year, although its true impact seems to be underestimated owing to
incomplete data from developing countries (1). TBI carries high rates of hospitalization, morbidity,
and mortality. Its pathophysiology is characterized by an elevation of intracranial pressure (ICP),
followed by a reduction in cerebral perfusion pressure (CPP) with possible secondary brain damage
(2, 3). Monitoring of ICP and surveillance of risk factors for secondary brain injury is reccommended
by international guidelines (2-4), despite a randomized multicenter international trial investigating
monitored and non-monitored patients did not reveal substantial differences in term of
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outcome (5). Besides, 23-89% of patients are managed without
ICP monitoring both for limited resources and expertise,
although this can occur also in high-resource countries (6, 7).

A step-by-step approach to treatment escalation, known as
the “staircase approach” (3), aiming to obtain normal ICP values
and adequate CPP as well as to reduce the risks of secondary
damage is recommended for ICP management in patients who
present an invasive ICP (inv-ICP) monitoring device (3, 4).
Otherwise, in case of non-availability of ICP monitoring, the
SIBICC Consensus Protocol for escalating treatments should
be followed (6). Hence, two different approaches have been
described to manage severe TBI patients, depending on the
standard of care, resources-limit, and expertise: (1) pursuing
the indications of inv-ICP monitoring, or (2) following brain
imaging and clinical examination to escalate therapies. Even
though inv-ICP monitoring is not easy to manage, it is
recommended by most guidelines (3, 4, 6, 8, 9). Concerning
inv-ICP placement, the Brain Trauma Foundation (BTF) and
the 2019 SIBICC Consensus Conference leave the decision to
the clinician, because previous recommendations were not as
strong as needed—previous indications included patients with
pathological findings on computed tomography (CT) and a
Glasgow Coma Score (GCS) < 8, or impossibility to perform
the neurological examination, and patients with normal CT-scan
with unavailable neurological examination and two or more of
the following risk factors: age > 40 years, hypotension, and
abnormal flexion/extension in response to pain (4, 10). TBI is
frequently complicated by HICP, which is defined as an increase
in ICP over 20-22 mmHg (in inv-ICP monitored patients) (3, 4),
while in non-invasively monitored patients who are managed
according to imaging and clinical criteria, HICP can be suspected
when one major or two minor criteria are met. Major criteria
include compressed cisterns (CT classification of Marshall diffuse
injury III), midline shift of more than 5mm (CT classification
of Marshall diffuse injury IV), and non-evacuated mass; minor
criteria include GCS motor score < 4, pupillary asymmetry,
altered pupillary reactivity, midline shift 0-5 mm, and/or lesion
of 25 or less cm® (CT classification of Marshall diffuse injury IT).
The risk of not monitoring ICP could be an overtreatment of
patients with acceptable ICP and an undertreatment of patients
with potentially harmful HICP (6, 11). Refractory HICP is
defined as intracranial pressure that exceeds 22-25 mmHg for
30 min, or 30 mmHg for 15 min, or 40 mmHg for 1 min (12), and
this is the recommended ICP threshold to pursue more aggressive
therapies (3, 4). According to the most recent guidelines for the
management of TBI, the treatment of HICP is divided into several
steps, until the most aggressive including surgical decompression

Abbreviations: AQP4, aquaporin-4; BBB, blood-brain barrier; BTE, Brain Trauma
Foundation; CBE, cerebral blood flow; CMRO, cerebral metabolic rate of oxygen;
CPP, cerebral perfusion pressure; CSE, cerebral spinal fluid; CT, computed
tomography; DC, decompressive craniectomy; EEG, electroencephalographic;
ETCO,, end-tidal carbon dioxide; EVD, external ventricular drainage; FiO,,
fraction of inspired oxygen; GABA, gamma-aminobutyric acid; GCS, Glasgow
coma scale; HTS, hypertonic saline; HICP, intracranial hypertension; ICP,
intracranial pressure; Inv-ICP, invasive intracranial pressure; MAP, mean arterial
pressure; MRI, magnetic resonance imaging; NW'T, neurologic wake-up test;
PaCO,, partial pressure of carbon dioxide; PaO,, partial pressure of oxygen; PbtO,,
brain tissue oxygen tension; SpO;, peripheral saturation of oxygen; TBI, traumatic
brain injury; THAM, tromethamine; VPS, ventriculoperitoneal shunt.

(4, 9, 10). A main concern in neurointensive care unit practice
remains how to manage and de-escalate the employed therapies
once ICP and CPP targets have been achieved. In fact, each
step of treatment escalation carries potential side effects (e.g.,
hypotension, infection, pneumonia, brain ischemia, electrolyte,
and fluid disturbances), frequently related to the duration
of treatment (3). Although the management of intracranial
hypertension has been widely explored in literature, little
evidence is available for withdrawing these treatments and
returning to baseline condition.

Therefore, the aim of our narrative review is to briefly describe
current practice for the management of intracranial hypertension
and to analyze how and when it is reccommended to de-escalate
HICP therapies in patients with severe TBI, with or without
inv-ICP monitoring.

ICP PATHOPHYSIOLOGY

The normal ICP value in adults is around 15 mmHg, increasing
physiologically during cough or sneeze. The skull is a closed
and rigid container, whose volume consists of three components:
cerebrospinal fluid, blood, and brain parenchyma. Cranial
volumes and pressures are normally self-equilibrated and self-
regulated, thereby keeping cerebral blood flow (CBF) constant in
case of variation in any one of these compartments or additional
volume. Under normal conditions, the compliance curve that
describes the relationship between ICP and intracranial volume
is exponential. In the first part of the curve, ICP increases
slowly, then rises steeply when the compensatory systems are
saturated (as in the case of CSF displacement through the
foramen magnum, compression of the cerebral venous system,
displacement of brain tissue, and herniation syndromes) (3, 8, 9).
After TBI, these mechanisms occur in case of an ICP increase
and progressive neurological deterioration. ICP values over 20
mmHg (2, 3, 13) or 22 mmHg (4) are considered pathological
in adults, and should follow a conservative “staircase approach”
or the surgical evacuation of any hematoma if present (3), with
the goal of achieving CPP values between 60 and 70 mmHg (4).
Any rise in ICP leads to CPP reduction; indeed, CPP is calculated
as the mean arterial pressure minus ICP. CBF impairment may
progress until the onset of inadequate oxygenation and ischemia
(secondary brain injury), which can lead to cytotoxic edema,
resulting in further increase in ICP (2-4, 9, 10). Brain trauma
or metabolic impairment can cause tissue ischemia, leading to
failure of the sodium-potassium pump with subsequent water
influx into the cells, followed by brain swelling and lysis. Other
compensatory mechanisms are activated after TBI, such as the
sympathetic nervous system, which increases cardiac output and
blood pressure and triggers systemic vasoconstriction (14). An
overview of ICP pathophysiology is depicted in Figure 1.

INTRACRANIAL HYPERTENSION (HICP):
HOW TO ESCALATE THERAPY

The standard management of intracranial hypertension after
TBI includes an escalation of therapies, that consists of
gradual steps of intervention, which could be skipped when

Frontiers in Neurology | www.frontiersin.org

November 2020 | Volume 11 | Article 564751


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Battaglini et al.

Escalation and De-Escalation After TBI

100
75
£
B Preserved
(=] .
e autoregulation
= 50
£ I
[T |
om
) I
|
25 1
|
1
1
1
|
o/ @ !

Pial arterioles

Brain
Trauma
Contusion

N

Malignant
edema

A\

4

Herniation

0 50 100

MAP (mmHg)

FIGURE 1 | Cerebral autoregulation. Cerebral autoregulation in healthy people is reached at a MAP of 50-150 mmHg and ICP below 20-22 mmHg. After TBI,
autoregulation is initially preserved, and compensatory mechanisms act to control ICP and to perfuse the brain (CT scan on the left). When these mechanisms are
saturated, cerebral autoregulation is lost, ICP increases, and CBF reduces; if left untreated, this culminates in the worst-case scenario of cerebral herniation (CT scan
on the right side). When autoregulation is preserved, pial arterioles dilate in response to ICP increase in order to maintain adequate CBF. When autoregulation is lost,
arterioles constrict or dilate causing further reduction of CBF (ischemia) or unnecessary increase of perfusion (hyperemia and contusion evolution or malignant edema).
MAP, mean arterial pressure; ICP, intracranial pressure; TBI, traumatic brain injury; CT, computed tomography; CBF, cerebral blood flow, DAD, diffuse axonal damage.

felt indicated; hence, it is not always fundamental to ascend
all the steps prior to advancing (i.e., early decompressive
craniectomy in selected cases), except for hyperosmolar
drugs. While the indication for initiating HICP treatment
is clear in case of inv-ICP monitoring (ICP > 20-22
mmHg), the clinical examination and CT-based approach
for non-invasively monitored patients is less straightforward.
Based on clinical and radiological findings, escalation of
therapy should be considered in case of neuroworsening, no
improvement or impairment on CT scan, or no response to
initial therapy (6). Neuroworsening is defined as a decrease
in GCS motor score > 2, loss of pupillary reactivity, new
pupillary asymmetry, and/or deterioration of neurological
status (6).

The “staircase approach” usually starts from basic advisory
(tier zero), till the need for the most aggressive treatments
(tier one to three) (15). Stepping from a “baseline” to a
higher tier is a potential indicator of increased severity.
The higher the tier—the higher the risk, thus in case of
non inv-ICP monitoring and neuroworsening, transferring the
patient to a tertiary care hospital with more resources is highly
recommended (6).

Tier Zero

Tier “zero” denotes those basic interventions that should be
implemented irrespective of ICP elevation, and that can be
pursued in all sub-populations of neurocritical care patients.
Although no clear consensus has been reached as to which
interventions compose this toolset, they include ICU admission,
endotracheal intubation and mechanical ventilation, serial
neurological evaluation, head-up position (15-30°), analgesia
for pain management, sedation to prevent ventilator-patient
asynchronies, normothermia, central line placement, end-tidal-
CO; monitoring, a CPP threshold of 60 mmHg, hemoglobin
> 7 g/dL, normal values of serum sodium, an arterial line
for invasive continuous pressure monitoring, and a peripheral
oxygen saturation (SpOz) > 94% (8, 9).

Tier One to Three

Tiers one to three comprise those interventions initiated only
in case of HICP: (1) CPP maintenance (between 60 and 70
mmHg) (4), increasing analgesia and sedation, intermittent bolus
administration of osmotic agents, cerebrospinal fluid (CSF)
drainage if an external ventricular drainage (EVD) device has
been placed, partial pressure of carbon dioxide (PaCO;) between
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35 and 38 mmHg, electroencephalography (EEG) monitoring,
and prophylactic anticonvulsants if risk is deemed high; (2)
mild hypocapnia (32-35 mmHg), neuromuscular paralysis, mean
arterial pressure (MAP) challenge to assess autoregulation using
inotropes/vasopressors, and use of inotropes/vasopressors when
necessary if autoregulation is intact; (3) barbiturate coma, mild
hypothermia (35-36°C), hyperventilation with a goal of 30-
32 mmHg PaCO;, and secondary decompressive craniectomy
(4, 8,9). These treatments may be implemented with (1) further
increase of fraction of inspired oxygen (FiO;) up to 60%, (2)
ventilator management to reach a partial pressure of oxygen
(PaO;) up to 150 mmHg, CPP above 70 mmHg, and (3)
transfusion of red blood cells if hemoglobin < 9 g/dL to increase
the oxygen delivery in case of HICP with hypoxic brain (if brain
tissue oxygen tension (PbtO,) measurement is available), taking
care to avoid moderate-severe hyperventilation in these specific
cases (4, 8, 9), Figure 2.

Non-Barbiturate Sedatives and Analgesics

Analgesics and sedatives carry the risk of hypotension, which
might reduce CPP and increase the risk of brain ischemia. After
TBI, it is essential that cerebral oxygen delivery be increased,
and cerebral metabolic demand be attenuated to achieve an
adequate energy balance and oxygen availability. Sedatives and
analgesics are used to suppress metabolism, reduce oxygen
consumption and CBE and improve ICP control (metabolic
coupling) (16). Since the main problem of HICP is the decrease
in CBF and tissue perfusion, the metabolic effect of sedatives
on oxygen consumption becomes marginal (15). The metabolic
suppression of cerebral metabolic rate of oxygen (CMRO,)
induced by sedatives is dose dependent. In particular, CBF
reduction should be considered as an adaptive mechanism to
reduce brain metabolism, which is dose-dependently suppressed
by all intravenous sedative agents (17). Sedatives can exert
hemodynamic side effects such as myocardial depression, MAP
decrease, and peripheral vasodilatation. These effects should
be carefully monitored in patients with impaired cerebral
autoregulation, in order to avoid a critical reduction in CPP
and oxygen delivery to the brain with possible secondary
brain ischemia (18). Otherwise, in patients with preserved
autoregulation, the use of sedatives with MAP reduction and
compensatory vasodilatation may increase ICP (17). Thus, the
use of sedatives and analgesics is essential to protect the brain
in the acute phase (within 48 h of injury), and to control HICP.

How to Use Sedatives and Analgesics

Suggested sedatives and analgesics for protecting the brain within
the first 48 h after TBI (in case of no ICP elevation) include
propofol, followed by midazolam, and fentanyl, followed by
morphine (17). The use of deeper sedation in mechanically
ventilated general ICU patients has been associated with worse
outcomes, while in the neuro ICU, it reduces the ability to
assess a neurological response (15). The ideal sedative in TBI
patients would be able to reduce the CMRO,, while maintaining
CBF/CMRO; coupling, CPP, cerebral autoregulation, and not
raising ICP. Sedatives with antiepileptic and short-term activity
should be preferred (19). Moreover, sedation and analgesia

should reduce pain and agitation, improve tolerance of the
endotracheal tube, and prevent high intrathoracic pressures (e.g.,
cough) in order to maintain normal ICP values (17).

In presence of HICP, propofol, fentanyl, and rocuronium are
used in more than 80% of cases, while midazolam and ketamine
are less frequently used (20). Propofol and midazolam seem
effective for ICP control (21), although propofol shows greater
effects on brain metabolism. These effects are dose-dependent: at
<4 mg/kg/h, propofol ensures CBF/CMRO; coupling, adequate
brain oxygenation, and cerebrovascular reactivity, while at higher
doses (> 5 mg/kg/h) it can cause burst suppression (17). Propofol
doses can be increased if the EEG monitoring does not suggest
metabolism suppression and ICP control is not achieved (16).

Midazolam is supplied as a high-lipid formulation that
may cause tissue accumulation irrespective of its short
half-life, thus prolonging the weaning phase. Although
controversial, midazolam can be suggested over propofol
in case of hemodynamic instability (22, 23), but the need for
higher doses for ICP control could lead to accumulation, leading
to prolonged coma, mechanical ventilation, and ICU length of
stay (21).

Ketamine has been avoided for many years to control ICP;
however, when compared with opioids, it does not increase
ICP and provides an optimal hemodynamic stability, reducing
the need for vasopressors (20). Nevertheless, given the limited
evidence and persistent doubts concerning its effect on ICP,
ketamine is not included among the first-line sedatives for
ICP control (24). Ketamine alone is not suggested for ICP
management, but it may be administrated (dosage 1-5 mg/kg/h)
together with other sedatives to reduce their doses (20).

In summary, a classical protocol for analgesia-sedation in
patients with HICP may include propofol 4-6 mg/kg/h and
fentanyl 1-4 pg/kg/h, plus vasopressors as needed for the
maintenance of CPP at acceptable levels (15). Maintenance of the
intravascular volume is mandatory to avoid hypotension during
deep sedation (3, 4, 8, 13).

Hyperosmolar Therapy

Bolus administration of hyperosmolar therapy represents a
fundamental step of the “staircase approach,” which acts by
inducing a gradient between the vascular circuit and the
brain, determining free passage of water across the blood-
brain barrier (BBB) with ICP reduction. Continuous infusion
of hyperosmolar drugs is not recommended (25). Three main
paths for evacuation of excess fluid from acute cerebral edema
have been identified in animal models: (1) via the glia limitans
externa to the subarachnoid space, (2) via the glia limitans
interna and ependyma to the ventricles/central canal, and (3)
via the BBB into the lumen of blood vessels (26). Fluid is also
lost into the site of injury, which is converted into a “cavity of
injury” (27). Recent research has confirmed that excess edema
fluid leaves the brain through an integrated system of astrocytes
which overexpress acquaporin-4 (AQP4) (28-30). After infusion
of hyperosmolar therapies, plasma volume expansion, higher
viscosity, and reduction in CBV are observed. These effects may
last for hours, until the normal osmolar gradient is restored. Two
medications are currently recommended as first-tier therapies
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FIGURE 2 | Escalation management for controlling ICP in TBI patients with or without inv-ICP monitoring. Escalation of care in patients with HICP or
neuroworsening/radiological impairment [Modified from Hawryluk et al. (9) and Carney et al. (4)]. inv-ICP, invasive intracranial pressure; ETI, endotracheal intubation;
MV, mechanical ventilation; CPP, cerebral perfusion pressure; Hb, hemoglobin; PaCO,, partial pressure of carbon dioxide; CSF, cerebral spinal fluid; SpO,, peripheral
saturation of oxygen; HOB, head of the bed; CT, computed tomography; HICP, intracranial hypertension; PbtO,, brain tissue oxygen tension; EVD, external ventricular
drainage; EEG, electroencephalography; FiO», fraction of inspired oxygen; MAP, mean arterial pressure; PaO,, partial pressure of oxygen; GCS, Glasgow coma scale.

for lowering ICP via osmotic mechanisms: hypertonic saline and
mannitol (17).

Mannitol is a mannose sugar alcohol. In addition to moving
free water from brain tissue to the interstitial space and vascular
compartment, it modifies the osmolarity of glomerular filtrate
because it is not reabsorbed by the renal tubules, thereby
inhibiting sodium and chloride reabsorption and increasing
diuresis (31, 32). However, mannitol has been implicated in
the occurrence of renal tubular epithelial damage and acute
renal failure, especially in patients with hypo- or normonatremic
hyperosmolality. For this reason, both mannitol and hypertonic
saline should only be used in patients with normal/low plasma
osmolarity, with a target of 300-320 mOsm/Kg. Other negative
effects of mannitol include prolonged QTc interval, arrhythmias,
and myocardial ischemia. Therefore, many clinicians prefer
hypertonic saline over mannitol (9). Hypertonic saline can be
used at different concentrations of sodium chloride, each yielding
distinct responses (Table 1). Experimental studies have found
that hypertonic saline also reduce proinflammatory cytokine
levels in activated microglia (66).

How to Use Osmotic Agents

There is still no consensus as to which osmotic agent is superior
for controlling ICP without major side effects. Mannitol is
commonly administered at the dose of 0.25-1 g/kg every 4-
6 h, while the concentration of hypertonic saline can vary from

3 to 7% and even 23.4% (Table1). Their effects continue
for 4-6h until the normal osmolar gradient is restored. They
also lead to hemodilution, as well as increased cardiac output
and blood pressure (15). Possible adverse effects of mannitol
include dehydration, hypovolemia, and renal damage, whereas
hypertonic saline may lead to dangerous hypernatremia (3, 25).
In fact, if severe hypernatremia develops rapidly, it could causes
shrinking of the brain with vascular damage and subsequent
hemorrhage. Acute hypernatremia could also lead to central
nervous system demyelination, while chronic hypernatremia
may lead to encephalopathy (67). Although current guidelines for
the management of severe TBI suggest the use of mannitol (0.25-
1 g/kg body weight) over hypertonic saline for HICP control, the
debate between these two approaches is still open (3, 4, 25, 68).
Table 1 summarizes all studies available in literature from 1995
to 2020 concerning osmotic therapies for the treatment of HICP.
In this line, recent studies confirmed that mannitol is not superior
to hypertonic saline in terms of long-term efficacy and safety
after TBI (68-70). A useful strategy is to test both agents with
an equimolar bolus, in order to evaluate which therapy has the
greatest efficacy for each patient (15).

Limited, retrospective data on continuous infusion of
hypertonic saline suggest that patients with low serum sodium
require more hypertonic fluid than those with normal serum
sodium, while those with serum sodium >155 mEqg/L can
develop hypernatremia and renal dysfunction. Moreover,
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TABLE 1 | State of the literature concerning mannitol and hypertonic saline for intracranial hypertension.

Year Study design

HTS or M concentration

HTS or M dose

Effects

Randomized controlled
trial

Jagannatha et al. (33)

Mangat et al. (34) Retrospective
Major et al. (35) Prospective
observational
Colton et al. (36) Retrospective
Dias et al. (37) Prospective
observational

Ichai et al. (38) Randomized controlled

trial
Randomized controlled
trial

Roquilly et al. (39)

Eskandari et al. (40) Prospective
observational
Diringer et al. (41) Prospective
observational
Wells et al. (42) Retrospective
Scalfani et al. (43) Prospective
observational
Paredes-Andrade et al.  Retrospective

(44)

Sakellaridis et al. (45) Randomized controlled
trial

Roquilly et al. (39) Retrospective

Randomized controlled
trial

Bourdeaux et al. (46)

Rhind et al. (47) Randomized controlled

trial

Oddo et al. (48) Prospective
observational
Kerwin et al. (49) Retrospective

Randomized controlled
trial

Ichai et al. (50)

Froelich et al. (51) Retrospective analysis

of prospective data

Rockswold et al. (52)
Francony et al. (53)

Retrospective

Randomized controlled
trial

Sorani et al. (54) Retrospective
Sakowitz et al. (55) Prospective
observational
Soustiel et al. (56) Prospective
observational
Ware et al. (57) Retrospective
Gasco et al. (58) Prospective
observational

HTS 3%
M 20%

HTS 3-28.4% and M 20%

HTS 30%

HTS 3%

HTS 20%

Sodium Lactate
Isotonic Saline

Balanced isotonic
Isotonic saline

HTS 14.6%

HTS 20%

HTS 3 or 7%

HTS 23.4%
M 20%

HTS 23.4%

HTS 16%
M 20%

HTS 20%

HTS 5%
Na*HCO3~ 8.4%

HTS 7.5%
1S 0.9%

HTS 7.5%
M 25%

HTS 23.4%
M

Sodium Lactate
M 20%

HTS 3%

HTS 23.4%
HTS 7.45%
M 20%
M 20%

M 20%

M 20%

HTS 23.4%
M 759 or 0.86 g/kg

M 20%

2.5 ml/kg
2.5 mlukg

NR

10mL

250-500 mL

0.5 ml/kg

0.5 mlukg/h
0.5 ml/kg/h

30 ml/kg/day
30 ml/kg/day

40 mL

1 mg/kg

150 mL bolus,
continuous infusion
0.686 ml/kg

1 9/kg

30mL

0.42 ml/kg
2 ml/kg

Continuous infusion

100 mL
85 mL

250mL
250 mL

250mL
0.75 g/kg

30mL

1.5 ml/kg
1.5 ml/kg

1.5 ml/kg bolus,
continuous infusion
30 mL

100mL

231 mL

50-1009g

0.5 g/kg

0.5 g/kg

continuous infusion
bolus

100mL

At equimolar doses, HTS and M are equally effective
in reducing HICP, but HTS acts faster

HTS reduces HICP more than M, and is less
expensive for prolonged ICU stays

Highly concentrated HTS does not affect laboratory
values

When HTS reduces ICP for more than 2 h, it is
associated with decreased mortality and long-term
disability

HTS reduces ICP, improves CBF and CPP, and
does not affect cerebral oxygenation
Hyperosmolar lactate is effective in reducing HICP
without modifying plasma osmolarity

No effects on HICP

HTS administrated as repeated boluses reduces
ICP, even in refractory HICP

Mannitol reduces HICP, but does not reduce CBV

Patients with low serum Na+ require more HTS
than those with normal serum Na+

HTS and M reduce HICP, increase CPP, and
increase CBF

Boluses of HTS can reduce HICP without modifying
serum or CSF osmolarity

HTS and M are equally effective in reducing HICP

HTS continuous infusion does not cause HICP
rebound when stopped

HTS and Na*HCO3~ are equally effective in
reducing HICP

HTS reduces neuroinflammation and
hypercoagulation

HTS is an effective treatment for refractory HICP to
M, also improving CPP

HTS and M are equally effective in reducing HICP

Hyperosmolar lactate is effective in reducing HICP
and the effect is maintained longer than M

HTS can cause hypernatremia and induce renal
dysfunction (especially when serum Na+ >155
mEa/L)

HTS reduces HICP and increases CPP

M and HTS are equally effective in reducing HICP.
HTS is preferred in hypovolemic and hyponatremic
patients; M is preferred in hypoperfused patients
Each 0.1 g/kg increase in M decreases ICP by 1
mmHg, only in case of HICP

M reduces HICP by tissue dehydration

M reduces HICP and increases CPP as
hyperventilation does. CBF improves with M in
respect to hyperventilation

HTS and M are equally effective in reducing HICP.
HTS acts longer than M

M reduces HICP and improves cerebral oxygenation

(Continued)
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TABLE 1 | Continued

Year Study design HTS or M concentration HTS or M dose Effects

Munar et al. (59) Prospective HTS 7.2% 1.5 ml/kg HTS reduces HICP without affecting hemodynamics
observational for at least 2 h

Horn et al. (60) Prospective HTS 7.5% 2 ml/kg HTS can reduce HICP even in cases refractory to
observational mannitol

Suarez et al. (61) Retrospective HTS 23.4% 30mL HTS reduces HICP and increases CPP

Hartl et al. (62) Prospective M 20% 125mL M reduces HICP, increases CPP, and does not alter
observational cerebral oxygenation

Hartl et al. (63) Prospective HTS 7.5% Continuous infusion HTS reduces HICP, increases CPP, and does not
observational affect hemodynamics

Unterberg et al. (64) Prospective M 20% 125mL M reduces HICP. If CPP>60 mmHg, M does not
observational improve brain tissue oxygenation

Fortune et al. (65) Prospective M 259 M reduces HICP, but increases CBV
observational

M, mannitol; HTS, hypertonic saline; ICR, intracranial pressure; HICR, intracranial hypertension; CPP, cerebral perfusion pressure; CBF, cerebral blood flow,; CBV, cerebral blood volume.

continuous infusion of hypertonic saline does not cause rebound
HICP when stopped and has demonstrated equal efficacy in
reducing HICP than mannitol, increasing CPP without affecting
hemodynamics (Table 1). Therefore, the potential efficacy of a
continuous infusion over bolus may be related to the patient’s
osmolarity, but further studies are needed to corroborate
this hypothesis. In the absence of more conclusive evidence,
hyperosmolar therapies (whether hypertonic saline or mannitol)
should be administered by bolus; continuous infusion is not
recommended (25).

Cerebral Spinal Fluid (CSF) Drainage

In case of inv-ICP monitoring with an external ventricular
drainage (EVD) system, CSF drainage represent an effective
technique to reduce ICP, but there is no strong evidence of
ICP long-term reduction (3, 4). Intraventricular ICP monitoring
device consists of a catheter with a transducer (fiberoptic strain
gauge or pneumatic sensor) placed into the cerebral ventricle
system, which is connected to an external pressure monitoring
system capable of ICP detection (71). It is an EVD, which
allows CSF subtraction in case of HICP. Intraventricular ICP
is the first and oldest system of inv-ICP monitoring described
(72, 73), and still represents the more reliable device capable
to detect ICP and to assess intracranial compliance (71, 74,
75). The device is usually placed in the frontal horn of the
ventricle through the Kocher point, 2cm anteriorly to the
coronal suture and 2.5-3 cm laterally from the midline, directed
toward the intersection point between the sagittal plane on the
medial canthus of the ipsilateral eye and the coronal plane on
the external auditory meatus (approximately the location of
the foramen of Monro) (76, 77). The most correct calibration
point (zero-point) should be at the foramen of Monro (at level
of the external auditory canal). Complications associated to
the placement of intraventricular inv-ICP device may include
technical problems misplacement, dislocation, kinks, obstruction
from debris, and blood (74, 78-80), which ranges from 4.5
to 25% (81-83), hemorrhage [reported in 0.7 and 0.61% two
meta-analysis considering only the symptomatic bleeding (80,

84) and in 2.5% (considering all hemorrhages) (81), and
infection [which ranges from 1 to 27%, and is correlated with
the duration of device maintenance and number of tapping
(85)]. In short, intraventricular inv-ICP represents the best
device for intracranial compliance evaluation, but it needs a
careful management due to possible complications. Furthermore,
intraventricular device is often difficult to position in young
patients because of the smaller ventricle volume, and in TBI
patients with HICP in whom the ventricular system is collapsed
as a compensatory mechanism (75). Although ventricular inv-
ICP monitoring is usually considered the “gold standard,
variable impacts on long-term outcome have been shown
in studies comparing intraventricular and intraparenchymal
systems (7, 86-88). We therefore recommend either placement of
an inv-ICP device when indicated, or monitoring of the ICP by
non-invasive means (i.e., transcranial doppler, optic nerve sheath
diameter) (89).

Partial Pressure of Carbon Dioxide Management

Cerebral physiology is deeply modified by PaCO;, changes.
PaCO; can modulate vasomotor tone, leading to cerebral
vasoconstriction in case of hypocapnia, or cerebral vasodilatation
in case of hypercapnia (90, 91). A systematic review
demonstrated that both hypocapnia and hypercapnia are
associated with poor outcomes after TBI (92). Hypocapnia can
reduce CBF and cerebral blood volume (CBV) and is usually
achieved through hyperventilation. Hyperventilation decreases
ICP and induces brain relaxation. Despite the well-established
efficacy of hyperventilation for ICP control, the effect of this
practice on long-term outcome is unclear. Hypocapnia may
increase cerebral metabolic activity by raising oxygen and glucose
consumption, producing excitatory amino acids, and triggering
the switch to anaerobic metabolism, thereby increasing the risk
of seizures and hyperexcitability. Patients with TBI show less
CBF reduction than those with uninjured brains, due to the fact
that hyperventilation redistributes blood flow to injured tissue.
Finally, hyperventilation followed by hypocapnia may lead to

Frontiers in Neurology | www.frontiersin.org

November 2020 | Volume 11 | Article 564751


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Battaglini et al.

Escalation and De-Escalation After TBI

alkalosis by shifting the oxygen-hemoglobin dissociation curve
(Bohr effect) (91, 93).

Induction of Hypocapnia

Hyperventilation can be performed by increasing tidal volume
or respiratory rate in mechanically ventilated patients (4,
94). In general neurocritical care as part of the “tier zero,
PaCO, should be maintained between 35 and 38 mmHg,
while prophylactic moderate hyperventilation in case of HICP
should be weighted on risk/benefit to patients, considering
that it may be harmful for GCS < 4-5 (62), because PaCO,
levels between 20 and 25 mmHg correspond to a 40-50%
decrease in CBF (90). Particularly, literature on pre-hospital
TBI cares suggests to avoid hyperventilation within the first
24h following TBI, except in clear case of refractory HICP or
cerebral herniation (4). Besides, in case of elevated ICP mild
hypocapnia (32-35 mmHg) could be considered. On the other
side, a brief period (15-30 min) of hyperventilation in case of
refractory HICP, targeting PaCO; of 30-32/30-35 mmHg (for
the SIBICC/BTF guidelines, respectively), may be appropriate.
However, prolonged hypocapnia should be prevented (4, 8,
9). Hyperventilation is not devoid of complications. In fact,
brain ischemia may represent a potential harmful side effect
of this treatment. In a randomized controlled trial in which
patients were randomized to receive normal ventilation (PaCO,
35 mmHg), moderate hyperventilation (PaCO, 25 mmHg), or
tromethamine (THAM) plus hyperventilation, hyperventilation
for 5 days resulted in worse outcomes at 3-6 months. Better 12-
month outcomes were found in the THAM plus hyperventilation
group (95). This was also confirmed by Brandi et al. (96),
who showed that 50 min of hyperventilation do not change
glucose, lactate, or pyruvate concentrations, but can modify
brain tissue oxygenation tension. Hence, considering patients
with HICP and brain hypoxic damage, the SIBICC consensus
does not suggest hyperventilation (8, 9). As early as 1997, a
Cochrane review found that data were inadequate to conclude
whether hyperventilation could be considered detrimental or
beneficial for the treatment of acute TBIL; in 2008, an updated
review reached the same deduction (97). Notwithstanding these
conclusions, hyperventilation, is effective for HICP therapy
in non-hypoxic brain. However, since the PbtO, monitoring
is occasionally available and the hypoxic brain (PbtO, < 20
mmHg) difficult to detect without such specific monitoring,
hyperventilation should be used as a last resort.

Metabolic Suppression Management (Barbiturates)

Barbiturates are gamma-aminobutyric acid (GABA) receptor
agonists which suppress cerebral electrical activity, leading to
a reduction in CBE, CPP, and CBV. The reduction in CBF is
proportional to the CMRO, and lowers ICP. Barbiturate therapy
was widely employed for decades in the management of TBI
patients refractory to “second-tier” interventions (94), given the
ability of these agents to suppress brainstem reflexes, cerebral
activity and metabolic demand, until potentially reaching the
deepest state known as burst suppression (98). The aim of
barbiturates administration is to control ICP, and their effects
on cerebral metabolism should be observed through EEG

monitoring. A state of burst suppression is not the goal of
barbiturates, and if it appears, no further dose increases are
indicated (9, 94, 99). Barbiturates also induce vasoconstriction
and decrease cardiac output, thus modulating cerebral metabolic
demand, with no effects on mortality or disability. Barbiturates
are indicated only for the treatment of refractory HICP and
refractory seizures, and should be titrated to the lowest effective
dose (17). EEG should be used to guide titration of therapy, as it
is now known that burst suppression is not the aim of barbiturate
administration and must not be pursued if ICP control has
been obtained. Likewise, increasing barbiturate doses in case
of refractory HICP should be avoided if burst suppression is
already present, as it is unlikely to lead to further reduction of
ICP (9, 94, 99). One-fourth of patients treated with barbiturates
can develop hypotension, which mirrors the substantial effects
of CPP on ICP (100). Other complications include respiratory
depression, infections, immunosuppression, hepatic, and renal
dysfunction (101).

Induction of Metabolic Suppression

Initial therapy with barbiturates consists of a bolus followed
by continuous intravenous infusion for maintenance (14).
Thiopental and pentobarbital are the most used barbiturates.
Thiopental is metabolized into five metabolites, one of which
is pentobarbital (102); this may explain the higher efficacy of
thiopental when compared to pentobarbital. When compared to
thiopental, pentobarbital is less effective in reducing ICP as first-
line therapy (102). The classic dose of pentobarbital should be
5-7 to 10 mg/kg, while thiopental should be used with a median
loading dose of 15 mg/kg followed by continuous infusion of 100
mg/kg/day (99). Depressive effects on the central nervous system
occur within 15 min, but this varies from patient to patient.

Decompressive Craniectomy (DC)

Decompressive craniectomy (DC) consists in the removal of a
portion of skull in order to treat refractory HICP and represents
the most aggressive step of the “staircase approach” (103). When
the bone flap is not replaced after surgery for the evacuation
of an intracranial mass lesion, DC is named “primary,” while
it is considered “secondary” when DC is performed later after
other treatments have failed (104). DC can be performed as a
large frontal-temporal-parietal flap (at least 12 x 15 cm diameter)
(104) or as a bifrontal flap; both techniques have shown an
efficacy close to 100% for ICP control (1-4, 9, 13, 99, 105).
However, the optimal indications, technical aspects, and timing
for DC are still debated. Two major multicenter randomized
controlled trials (RCTs) comparing decompressive craniectomy
with medical management tried to provide guidance to clarify
timing and indications of DC: Decompressive Craniectomy in
Patients with Severe Traumatic brain Injury (DECRA) and
Trial of Decompressive Craniectomy for Traumatic Intracranial
Hypertension (RESCUEicp) (2, 13). The DECRA trial showed a
similar rate of mortality between medical and surgical cohorts,
with a higher rate of unfavorable neurologic outcomes in the
surgical group. On the other hand, the RESCUEicp study
observed lower mortality for DC, but higher rates of vegetative
state, as well as lower and upper severe disability at 6 months, in
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comparison to medical therapy (2). A key difference between the
two studies was that DECRA investigated the effects of DC for
early HICP, while the effects of DC for late HICP were analyzed
by RESCUEicp (104). In fact, DECRA included patients with
HICP (> 20 mmHg) for 15min over a 1-h period although
the tier 1 therapies within the first 72h after trauma, while
RESCUEicp included patients with HICP (> 25 mmHg) for 1 to
12 h despite the tiers 1 and 2 therapies within the first 10 days after
TBI (2, 13). Therefore, the interpretations and recommendations
extrapolated from these studies should refer to early and
late refractory HICP. A recent update on DC by the Brain
Trauma Foundation (104), based on the RESCUEicp and DECRA
findings, developed Level IIA recommendations, suggesting that
secondary DC for early refractory HICP is not recommended
to improve mortality and outcome, while is suggested in case
of late refractory HICP. Otherwise, DC performed both in early
and late refractory HICP is recommended to reduce ICP and
ICU length-of-stay. Moreover, Authors observed that bifrontal
DC (the technique used in the DECRA trial) is effective to
reduce ICP and ICU-stay, but it is not recommended to improve
outcome and mortality if performed in accordance with the
DECRA inclusion criteria. Besides, the 2020 update of the BTF
guidelines (104) concluded that a frontal-temporal-parietal DC
(12 x 15cm) is recommended over a small flap for mortality
and outcome improvement after severe TBI (106, 107). Many
other studies analyzed the use of DC in severe TBI and its
implications for long-term neurological outcome, confirming
its efficacy for ICP control and reduction of mortality, but
increasing long-term disability (108-115). The socioeconomic
context, patients’ priorities, and the recognition of clinical and
radiological prognostic factors (for which further validation
studies are needed) should be considered before indicating DC.

TAPERING THERAPIES AFTER THE
CONTROL OF INTRACRANIAL
HYPERTENSION

Once HICP is controlled, the aggressive therapies applied
following the “staircase approach” should be carefully tapered
in order to avoid secondary brain damage induced by excessive
brain metabolism suppression, reduced oxygen delivery, and
impaired systemic hemodynamics with dangerous consequences
to the brain. Based on the aforementioned, the choice to taper
therapies should be weighted on the stability of ICP, but it is
extremely hard to define in patients who do not present an
inv-ICP monitoring. Figure 3 depicts a possible step-by-step
approach for the tapering of care after HICP control.

Timing for Cranioplasty After

Decompressive Craniectomy

By definition, decompressive craniectomy creates a skull defect
of varying size and complexity. Cranioplasty has the goal of
restoring brain protection, CSF dynamics, and aesthesis after DC
(116). Although cranioplasty itself is a routine procedure, it still
carries a significant complication rate (100, 117), affecting 23.8-
26% of patients (118, 119) (range 7-47%) (116). Risk factors

for developing complications after cranioplasty include previous
surgery, in-situ ventriculoperitoneal shunt (VPS), and systemic
and cardiovascular comorbidities (118). Wound complications
(e.g., dehiscence, ulcers, necrosis) are reported in 1.6% of cases
(118), and may be caused by poor preoperative conditions,
underlying infection, or inadvertent sacrifice of the skin flap
vascular supply during DC (116). Infection is described in 3-
12% of cases (116, 118, 120, 121). Hydrocephalus is reported in
10-45% of cases after DC, but resolution of ventriculomegaly
after cranioplasty is well-documented; it appears to persist only
in 1-5% of cases (118, 121). Epidural or subdural hemorrhage
is described in 3-7% of cases, and is more frequent in case
of VPS placement, whereas new-onset seizures are reported
in 3-8% of cases (118, 119, 121). The optimal timing for
cranioplasty after DC is a matter of debate, considering its
hypothetical influence on postoperative infection (116, 119).
A recent review (116) described that it is usually performed
from 4 to 12 weeks after DC, in accordance with the possible
scenarios that could influence the timing of cranioplasty: in
the first scenario, the brain is depressed with respect to the
skull defect because of post-traumatic brain atrophy or VPS
in situ (high risk of post-cranioplasty blood collection); in the
second scenario, the brain is in physiological position at the
level of the inner table of the skull; while, in the third and
worst scenario, the brain is over the level of the skull defect,
because of edema or hydrocephalus (116). This review showed
that the infection rate is higher within the first 14 days after DC
(116), probably because a recent healing wound represents a weak
point in which normal immune-cell recruitment is altered (118).
Taccarino et al. observed a higher incidence of hydrocephalus
within the first 90 days, while seizures were more common after
90 days (116). Thus, an early cranioplasty (15-30 days after DC)
may reduce the risk of infection and seizure. Archavlis et al.
(122) retrospectively observed a better neurological outcome for
patients who underwent cranioplasty within 7 weeks and between
7 and 12 weeks when compared to patients whose cranioplasty
was performed at > 12 weeks. However, a higher rate of infection
in those with comorbidities (such as diabetes, colonization
with multidrug-resistant pathogens, and thromboembolism)
was found in the early cranioplasty group. Thus, the authors
concluded that the indication for early cranioplasty should take
into account both the clinical and neurological patients’ status,
to better define the optimal timing of surgery and minimize
the risk of complications (122). Many other studies reported
similar conclusions (116): some authors described a lower rate
of complications in early cranioplasty, while others observed no
impact on complication rate. Few studies found that cranioplasty
timing can influence the persistence of hydrocephalus and long-
term neurological outcome. However, the most recent meta-
analysis by Malcolm et al. (123) reported improved neurological
function for patients who underwent an earlier cranioplasty (<
90 days after DC). In summary, as observed by the most recent
studies (116, 123), there is a growing trend to perform earlier
cranioplasties (15-90 days after DC), although there is only low-
grade evidence (Class IIb, Level C) to support this. The timing
of cranioplasty should be based on the neurological, clinical, and
infective status of each patient; surgery should be performed as
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Inv-ICP available

Inv-ICP not available

HICP < 20-22
mmHg

Neuroworsening or
ICP > 20-22 mmHg
(each time-point)

Tier three

Hyperventilation can be continued for 4-6 h,
tapering hyperventilation in >1h

Barbiturates should be tapered once ICP
controlled for at least 24 h
Gradually return to normothermia

Tier two

Yes

Return to the
Escalation algorithm

Return to normocapnia (35-38 mmHg)
tapering hyperventilation in >1h
Decrease sedation and analgesia if stable
after at least 24 h and perform NWT

Stop neuromuscular paralysis after 24 h of
stability

Maintain CPP > 70 mmHg with fluid bolus or
inotropes/vasopressors

Neurological
examination/.

CT improvement

Tier one

Maintain CPP 60-70 mmHg Osmotic agents by intermittent bolus, stop
Decrease analgesia and sedation to perform administration if not necessary

NWT Stop CSF drainage if EVD placed

Return to normocapnia (35-38 mmHg) Consider to stop anti-seizure drugs after 1
tapering hyperventilation in >1h week

Neuroworsening or
ICP > 20-22 mmHg
(each time-point)

v

Yes

Escalation algorithm

Return to the

Tier zero

Consider SBT and weaning from <MV
Maintain CPP 60-70 mmHg, Hb > 7 g/dL,
Yes normothermia, normal natremia
Continuous arterial pressure monitoring

Consider inv-ICP removal after 72 h of

acceptable ICP values or 24 h of normal
neurological exam/CT findings Yes
Consider cranioplasty (15-90 days after DC)

FIGURE 3 | De-escalation management after controlling intracranial hypertension in TBI patients with or without inv-ICP monitoring. De-escalation management for
controlling intracranial hypertension basing on available current evidences [Modified from Stocchetti et al. (3), Hawryluk et al. (9) and Carney et al. (4)]. inv-ICP, invasive
intracranial pressure; CPP, cerebral perfusion pressure; Hb, hemoglobin; PaCO,, partial pressure of carbon dioxide; CSF, cerebral spinal fluid; CT, computed
tomography; HICP, intracranial hypertension; EVD, external ventricular drainage; NWT, neurological wake-up test.

soon as brain swelling, and clinical condition allow intervention
with a lower risk for the patient. A randomized controlled trial
on the best timing for cranioplasty after DC, sponsored by NIHR
Global Health Research Group, is ongoing, and may clarify the
optimal management (116).

Weaning From Metabolic Suppression

Once a normal ICP value is reached, or clinical examination
and imaging (in patients without inv-ICP) are improved,
discontinuation of barbiturates can be initiated if the medical
staff deems appropriate. The infusion should be tapered, not
discontinued abruptly (14). When compared to decompressive
craniectomy, thiopental (15 mg/kg followed by 100 mg/kg/day)
was equally effective for the treatment of refractory HICP
(105). The effects of thiopental can take 4 days to be observed
(124). To date, there is no consensus on the duration of
barbiturate therapy for refractory HICP (94), although some
weaning protocols have been proposed (14). In a study performed
on 153 TBI patients with HICP, barbiturates were used for
a median time of 4 days, with a range of 2-12 days (99).
Withdrawal from barbiturate therapy may result in serious issues,
including possible rebound HICP and seizure activity. During
discontinuation of therapy, both the long half-life of these drugs
and their possible interactions must be taken into consideration;
constant monitoring of drug levels has been suggested (14). In
summary, we suggest tapering the barbiturate dose once ICP has
been controlled for at least 24 h and discontinuing administration
only if there is no rebound effect on ICP with progressively
lower doses.

Return to Normocapnia

The BTF guidelines and the SIBICC consensus suggest
proceeding with a brief period (15-30 min) of hyperventilation,
targeting PaCO, levels to 30-35/32-35 mmHg or lower (30-32
mmHg) if more aggressive treatments are needed (4, 8, 9). Mild
hyperventilation cannot be continued for long time; after 4-6 h,
physiological buffer systems normalize the pH of the perivascular
space, limiting the beneficial effects of hypocapnia, increasing
CBE and causing hyperemia with possible rebound of HICP
(90). Moreover, hypocapnia may induce deleterious systemic
effects, including decreased blood perfusion of the kidneys,
gastrointestinal system, skin and skeletal muscles; platelet
adhesion and hyper aggregation; bronchoconstriction, reduced
hypoxic pulmonary vasoconstriction, surfactant production,
and increased permeability of the alveolar-capillary membrane;
respiratory alkalosis with potassium, calcium, and phosphate
imbalance; and possible increase in coronary metabolic demand,
with coronary spasm, myocardial ischemia, and arrhythmic
complications (90).

In short, mild to moderate hyperventilation should be
considered only in case of uncontrolled HICP at risk for cerebral
herniation syndrome, life-threatening HICP elevation, HICP
caused by hyperemia, and aggressive “second-tier therapy” for
the control of refractory HICP, should be performed for 15-
30 min only and should be avoided if there is risk of brain
hypoxia. PaCO; and arterial partial pressure of oxygen (PaO,)
should be strictly monitored by using end-tidal carbon dioxide
or serial arterial blood gases. When hyperventilation is initiated,
it must not be stopped abruptly due to the risk of rebound
HICP; instead, it should be tapered progressively by reducing
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respiratory rate over 1h until normal PaCO, values (35-38
mmHg) are achieved (57).

When to Stop Osmotic Agents

As noted above, the current evidence indicates that both
mannitol and hypertonic saline should be administered as on-
demand boluses, and strictly guided by ICP values. Once ICP
control has been obtained (ICP < 20-22 mmHg), further boluses
should be withheld (3, 8, 9, 15).

A retrospective study by Schomer et al. (125) evaluated the
role of dexmedetomidine for refractory intracranial hypertension
and for de-escalation from hyperosmolar therapies. The
authors observed a reduction in the number of hyperosmolar
boluses after initiation of dexmedetomidine. The difference was
significant for mannitol (p = 0.03), but not for hypertonic saline
(p = 0.20). There were no differences in episodes of hypertension,
bradycardia, or CPP reduction. The authors concluded that
dexmedetomidine could be a useful adjunct in the management
of refractory HICP, reducing the need for hyperosmolar fluid
without compromising hemodynamics (125). However, since
this approach is extremely new and not confirmed by larger
studies, the conventional use of hyperosmolar therapy alone is
strongly recommended.

How to Wean From Sedatives and

Analgesics

De-escalation of sedatives should not be encouraged during
the first phases of ICP management; it is universally accepted
that patients who suffer from HICP need sedation for at
least 24h, and sedation should not be discontinued as long
as ICP values remain high (15). The decision to discontinue
sedation and analgesia once ICP control is achieved is based on
clinical neurological examination, optimization of patient status
(e.g., maintenance of euvolemia, fluid balance, monitoring of
respiratory, and hemodynamic parameters), appropriate levels
of CPP (60-70 mmHg, according to the autoregulatory status
and using vasopressors if needed), and appropriate mechanical
ventilation to maintain normoxia and normocapnia (SpO; >
94% and PaCO, around 35 mmHg) (15). The neurologic
wake-up test (NWT), which consists in reducing sedation
and analgesia as part of the daily clinical examination, is
not mentioned in TBI guidelines, although it is the only
available test that could reliably detect neurological deterioration
or improvement and focal neurological deficits (126), thus
facilitating clinical decision-making. When performing NWT,
the patient should be carefully monitored for ICP and
CPP and placed in the supine position. Those few studies
that have investigated the role of NWT in TBI concluded
that it increases ICP and MAP, although there was no
evidence of either brain injury exacerbation or benefit of the
test (126).

In patients requiring sedation for longer than 7 days, propofol
should be discontinued due to the risk of “propofol infusion
syndrome” at doses > 4 mg/kg/h (15, 16, 20). This syndrome is
characterized by rhabdomyolysis, green urine, elevated hepatic
enzymes, and elevated triglycerides (127). In summary, a
combined regimen of propofol (3 mg/kg/h), to reduce oxygen

consumption and ensure suppression of seizures, and fentanyl
(1-2 pg/kg/h), to facilitate patient-ventilator synchrony, could
be recommended. At this dosage, propofol infusion can be
withdrawn to allow a neurological examination (16). Propofol
and fentanyl should be progressively reduced after at least
24h of ICP control, except for patients who are still in the
acute phase after TBL In these cases, analgesia and sedation
should be continued for 24-48 additional hours to protect
the injured brain (17). Before weaning from sedatives and
analgesics, endotracheal tube intolerance, and patient-ventilator
asynchronies should be excluded as a matter of course (17).
Once weaning has begun, the patients pain and agitation
should be carefully evaluated in order to avoid rebound HICP.
Dexmedetomidine is a rapidly metabolized alpha-2 agonist that
can provide adequate agitation control to allow neurological
examination after withdrawal of sedation, but few data are
available on its long-term effects in TBI. Figure4 depicts a
proposed algorithm for sedative escalation and de-escalation in
case of HICP and thereafter.

Inv-ICP Monitoring Removal

There is no universal consensus on inv-ICP monitoring in
patients who are not neurologically evaluable. The timing of inv-
ICP removal remains a matter of debate; the useful information
that can potentially be gleaned from its maintenance even after
ICP control has been achieved should be balanced with the
complications associated with prolonged invasive monitoring
(82, 124, 128, 129). Thus, removal of inv-ICP monitoring in
these patients should be based on assessment of the risk/benefit
ratio, given the potential for complications both as a result of
insertion of the inv-ICP probe and of its prolonged maintenance
in situ (e.g., infection and technical problems) (81, 82, 124,
128-134). The infection rate of inv-ICP monitoring ranges
from 1 to 27% (3), and is usually related to the insertion
procedure and the duration of monitoring (135). Winfield
et al. did not observe a higher occurrence of infections in
patients with longer inv-ICP monitoring, and they suggested
that weaning from inv-ICP monitoring should be evaluated on
a case-by-case basis, considering the true utility of continued
monitoring after many days of controlled ICP (132). The
SIBICC recommended removal of inv-ICP monitoring after
72h of acceptable ICP values, and as soon as 24h for those
cases with normal CT-scan findings and who are neurologically
evaluable (8).

RESEARCH AGENDA

A Former Point-of-View for Novel
Pathophysiological Approaches

The degree of damage of the BBB is nowadays not considered
as individualized therapy after TBI according to the individual
pathophysiology. The occurrence of raised ICP in most of the
cases is due to cerebral edema. Brain edema can be vasogenic
when extravasation of fluid into the extracellular space occurs,
followed by BBB damage; while cytotoxic edema appears as
a consequence of the passage of extracellular water into the
intracellular compartment, mainly due to the ionic gradient
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FIGURE 4 | How to de-escalate from sedatives and analgesics. Proposal for de-escalating sedatives and analgesics after intracranial hypertension control [Modified

(136, 137). The initial hypothesis of BBB damage after TBI
includes an acute initial opening of the BBB, followed by the
leak of plasma and cells increasing the brain specific gravity
with diffuse and homogeneous distribution in the white and
gray matters. This mechanism is of short duration and occurs
in about 1/4 of the patients with severe TBI, independently of
lesions at magnetic resonance images (MRI), thus remaining
sequelae for about 2 weeks. It can also worsen the prognosis
(138) through cerebral herniation (139, 140) MRI with apparent
diffusion coefficient is used to distinguish between vasogenic
and cytotoxic edema in TBI patients. While freely diffusible
water at MRI is marker of vasogenic edema, restrict water
movement represents cytotoxic edema (139). This is associated
with a rapid disruption of the BBB within the first hours after
the trauma, followed by a biphasic edema formation, starting
from the vasogenic, and thus continuing with the cytotoxic
until the minimum level after 1 week (141). However, this
technique is not easily applied in the first phase of TBI when
the patient could be unstable. Unfortunately, CT-scan still not
allow the same information as RMI but is considered the first
line diagnostic tool in the acute phase of TBI. Besides, volume,
weight, and specific gravity can be analyzed. Data from CT
images suggested a heavier brain tissue after trauma (136). In
this line, a complete destruction of the BBB is associated with
leakage of water, proteins and electrolytes with higher density
than the brain; while a partial BBB destruction is associated with

an added volume characterized by lower density in respect to the
brain. In the acute phase of TBI, patients with increased density
received more osmotherapy, had more frequently an external
ventricular drainage positioned with possible CSF drainage, and
received second-tier therapies more often. This suggested that
in case of contusion interesting <2% of the brain, the BBB
is predominantly intact, the osmolarity is the main driving
force for edema formation, and the autoregulation is efficient
(increasing pressure decreases cerebral blood volume) (142).
In this setting, the first-line treatment of increased ICP could
be CSF drainage, increase of CPP, and increase of osmolarity
(by using hypertonic saline 40 mL/30 min) (143). The 2020
guidelines for the treatment of cerebral edema recommends pros
the use of osmotic agents in the hospital setting, but cons in the
pre-hospital setting (137). Otherwise, if the brain is contused in
more than 2% of its tissue, the BBB can be disrupted in a large
percentage. The increase of pressure and osmolarity worsens the
edema, while the vasogenic edema should be prevented in the
contusion area (144). In this setting, the first-line treatment of
increased ICP could be the CSF drainage, reinforce of sedation,
implement of hypothermia, and corticosteroids (143). This old
but also innovative point of view should be further discussed
and corroborated, since some of these therapies have been
abandoned without trying to distinguish between patients who
can benefit and those who cannot. This concept is proposed
in Figure 5.

Frontiers in Neurology | www.frontiersin.org

12

November 2020 | Volume 11 | Article 564751


https://www.frontiersin.org/journals/neurology
https://www.frontiersin.org
https://www.frontiersin.org/journals/neurology#articles

Battaglini et al. Escalation and De-Escalation After TBI

CONTUSION >2%

CONTUSION <2%

/’-\

—

BBB damaged
Increase of ICP and Osmolarity worsen edema
High risk of vasogenic edema in the contused area

BBB mainly closed
Osmolarity is the driving force of edema formation
Autoregulation is efficient
First-tier therapy for HICP First-tier therapy for HICP
CSF drainage
Increase CPP
Increase Osmolarity (hypertonic saline 40 mL/30
minutes)

CSF drainage
Reinforce sedation
Hypothermia?
Corticosteroids?
Surgery

FIGURE 5 | A former point-of-view for novel therapeutic approaches. The figure depicts a proposed therapeutic approach based on a former point-of-view no longer
investigated and that should be reinterpreted in light of the progresses in TBI research. The image on the left represents a CT-scan with a contusion <2%. The
suggested therapies for this condition are described below. The image on the right represents a CT-scan of a contusion of more than 2%. The suggested therapies
are described below. BBB, blood brain barrier; HICP, intracranial hypertension; CSF, cerebral spinal fluid; CPP, cerebral perfusion pressure.

CONCLUSIONS the best de-escalation management and to refine the current

staircase approach; novel pathophysiological considerations may
The stepwise approach to escalate and de-escalate therapies,  yet provide the ultimate answer.
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