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Abstract

phase of TBI, with its potential benefits and pitfalls.

Neuroprotection
=

Maintaining an adequate level of sedation and analgesia plays a key role in the management of traumatic brain injury
(TBI). To date, it is unclear which drug or combination of drugs is most effective in achieving these goals. Ketamine is
an agent with attractive pharmacological and pharmacokinetics characteristics. Current evidence shows that keta-
mine does not increase and may instead decrease intracranial pressure, and its safety profile makes it a reliable tool

in the prehospital environment. In this point of view, we discuss different aspects of the use of ketamine in the acute
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Introduction

In the acute phase of severe Traumatic Brain Injury (TBI)
it is fundamental to prevent and avoid secondary insults
that can further aggravate primary brain injury [1].
Implementation of targeted sedation and analgesia is a
cornerstone of optimizing patient comfort and minimiz-
ing distress, which may lead to unintended consequences
including delayed recovery from critical illness and
slower weaning from mechanical ventilation. The use of
structured approaches to sedation management, includ-
ing guidelines, protocols, and algorithms can promote
evidence-based care, reduce variation in clinical practice,
and systematically reduce the likelihood of excessive or
prolonged sedation [2].

In patients with TBI, sedation has both “general” indi-
cations, including control of anxiety, pain, discomfort,
agitation, facilitation of mechanical ventilation, and
neurological-specific indications, such as reduction in
cerebral metabolic demand, and tolerance to cerebral
ischaemia. Sedation also is an essential therapeutic
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component of intracranial pressure therapy, targeted
temperature management and seizure control.

Several different classes of sedative agents are used in
the management of patients with TBI [2, 3]. These agents
are used at induction of anesthesia, to maintain sedation,
to reduce elevated intracranial pressure, to terminate sei-
zure activity and facilitate ventilation.

Controversies regarding the optimal sedation manage-
ment persist, especially in critically ill patients with neu-
rological injury, who were systematically excluded from
large randomized studies [3]. As consequence, recent
guidelines for the control of agitation, pain and delir-
ium in critically ill patients do not include brain injured
patients and the Brain Trauma Foundation guidelines
do not recommend a specific agent or a combination of
them due to the lack of studies and solid scientific evi-
dence [3, 4].

Ketamine is a potent analgesic, with dissociative and
sedative properties. Differently from other drugs, keta-
mine does not suppress respiratory activity or airway
reflexes (except at very high doses) and may have poten-
tial neuroprotective effects, as well as a potential in
decreasing seizures and non-convulsive epileptic activity
[5, 6]. These properties make it an interesting agent when
profound analgesia and sedation are required. In this
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context, it is our intention to contribute with our point
of view in relation to certain questions raised regarding
sedation and analgesia in severe TBI, focusing on the
potential use of ketamine—alone or in combination with
other sedatives—an “old drug for new uses”

Optimization of sedation and analgesia in severe
TBI patients

The current trend in the management of the critically ill
patient is to avoid and/or minimize sedation, while opti-
mizing analgesia and comfort [3]. In the general intensive
care unit (ICU) adult and pediatric populations, mini-
mizing or avoiding sedation has shown to provide a bet-
ter outcome, [3] with shortening of time in mechanical
ventilation, reduced length of stay in intensive care unit
and early mobilization, potentially reducing costs and
improving outcome [3]. However, these principles can-
not be completely applied to severe TBI patients, for
several reasons [7]. First, cerebral pathophysiology and
the flow/ metabolism coupling can be altered after brain
injury [1, 2]. The biological response to injury (metabolic,
hormonal and inflammatory) agitation, delirium and
pain predispose to the development of systemic (hypox-
emia, hypercapnia, hypocapnia, hyperglycemia, hyper-
thermia, arterial hypotension) or intracranial secondary
insults (intracranial pressure increase, brain ischemia or
hypoxia), all factors that have a well-recognized negative
impact on final outcome [7] (Additional file 1: Figure S1).
On the other hand, the need for mechanical ventilation
and other invasive monitoring systems require synchrony
and a certain state of stillness to facilitate their adapta-
tion and targeting physiological parameters. Additionally,
certain specific situations (intracranial hypertension, sei-
zures, sympathetic hyperactivity, embolism) or therapeu-
tic strategies (controlled normothermia) require sedation
to optimize their control and management [7].

What is the appropriate level of sedation

and how to monitor it?

This is a debated, controversial and unclear aspect [8],
as there are no specific guidelines or recommendations
addressing this point in severe TBI [8]. However, in our
opinion, it is important to establish certain objectives
based on premises obtained from common sense and
individual experience supported by the scientific knowl-
edge that the available literature provides. Sedation and
analgesia are dynamic processes that must meet specific
goals, be controlled, and be easily modified according to
the evolution of patient’s status. Knowledge on the phar-
macokinetic and pharmacodynamic as well as the safety
profile of the drugs to be used is essential to minimize
their harmful effects. Planning a strategy, protocoliz-
ing and monitoring treatment are the pillars on which a
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good analgesia and sedation strategy should rely. These
aspects contribute to achieving an optimal level of seda-
tion aimed at balancing the deleterious effects of under
or over sedation (Additional file 2: Figure S2). Regarding
monitoring methods to assess sedation to be used at the
bedside, to date, there is no evidence that supports one
over the other [3]. Both clinical scales (Richmond Agita-
tion—Sedation Scale RASS) or objective methods based
on the electroencephalography (EEG) may provide help-
ful information [9, 10]. In general, it is recommended
to initially maintain a RASS score of — 3, — 4 adjusting
according to the previously stated therapeutic objectives
[11]. However, possible contradictions and confusions
may exist between use of RASS and Glasgow Coma Score
in severe head trauma [12, 13].

The influence of ketamine on the EEG tracing is dose
dependent. At the usual doses that induce unconscious-
ness, ketamine produces a pattern called “gamma burst”
characterized by the alternation of slow delta waves
(0.1-4 Hz) with gamma waves (27-40 Hz) associated
with an increase in theta waves (4—8 Hz) and decrease in
alpha and beta waves [14, 15].

Quantitative EEG, which calculates a time-compressed
simplified visual display from raw EEG data, can be help-
ful for the early detection of over-sedation or brain injury
worsening, and of non-convulsive states [11].

Is ketamine an option for sedation in severe TBI?
Ketamine is primarily a competitive antagonist of
N-methyl-D-aspartate receptors although it also acts
on opioid (i), and muscarinic receptors, and on sodium
channels [11, 16-18]. It has analgesic, hypnotic, anes-
thetic and sympathomimetic properties. Its main action
site is the thalamo-cortical system [11, 16—18]. This agent
inhibits presynaptic reuptake of catecholamines, with an
onset of 30 s, and then rapidly distributes to the central
nervous system for being highly lipophilic (distribution
half-life of 10 min) [11, 16—18]. It is then metabolized in
the liver, generating active compounds (norketamine and
hydroxynorketamine) and is eliminated almost entirely in
the urine with an elimination half-life of 1.5 to 3 h [11,
16-21].

Because of an oxidation by a microsomal enzyme sys-
tem (N-demethylation), ketamine is mostly metabo-
lized in nor-ketamine (80%), an active metabolite that
is hydroxylized to hydroxy-nor-ketamine (15%), to be
excreted in bile (3%) and urine (91%) after glucuronocon-
jugation [16—21].

Ketamine demethylation to norketamine, is a reaction
that is catalyzed primarily by the cytochrome P450 com-
plex and by liver enzymes CYP2B6 and CYP3A4. The
individual variability in the metabolism of ketamine and
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the possible tolerance have been attributed, in part, to
differences in the expression of P450 enzymes [19-21].

Enzimatic CYP2B6 and CYP3A4 inducers such as car-
bamazepine, phenobarbital, phenytoin, or rifampicin can
reduce serum ketamine levels [19-21]. There are few data
related to ketamine metabolism in conditions of kidney
and liver failure. The influence of kidney function on
ketamine pharmacokinetics is low. During renal dysfunc-
tion, ketamine concentrations are approximately 20%
higher [19-21]. Experimentally, ketamine has very little
influence on the arterial or portal liver blood flow. Since
ketamine clearance is primarily hepatic in cases of severe
insufficiency;, it is recommended to reduce the dose to be
used by half [19-21].

The usual dose used in the clinical practice ranges
between 1 and 5 mg/kg/h [11, 16-18].

The target of employed doses of ketamine alone or
in combination con other drugs should be directed to
achieve the RASS or quantitative EEG goal.

Which are the systemic effects of ketamine?

The respiratory drive and the protective reflexes of the
upper airway are generally preserved after ketamine
administration, thus allowing to maintain spontane-
ous ventilation [16-21]. However, for high doses that
would serve an anesthetic effect or be used for seizure or
spreading depolarization management (>1 mg/kg) there
is a risk of respiratory suppression and dissociation [16—
21]. In particular, clinical data and case studies support a
therapeutic effect of ketamine in suppression of spread-
ing depolarization following brain injury. Preclinical data
strongly support efficacy in terms of frequency of spread-
ing depolarization (SD) as well as recovery from electro-
corticography depression. This is fundamental as SD has
been suggested as an important mechanism for second-
ary brain injury and delayed cerebral ischemia [22—24].
Ketamine also causes pulmonary vasodilation and bron-
chodilation [16—18], and both mean arterial pressure and
heart rate increase. Its profile on systemic hemodynam-
ics is favorable and its depressant effects on the gastro-
intestinal system are minimal; finally, Ketamine can have
also antiplatelets activity by inhibiting phosphoinositide
breakdown and intracellular Ca?* mobilization in human
platelets stimulated by collagen [16-18].

Which are the cerebral effects of ketamine?

The physiological mechanisms leading to neuroprotec-
tion by ketamine are depicted in Additional file 3: Figure
S3. Ketamine causes vasodilation and increased cerebral
blood flow [5, 25]. The metabolic rate of oxygen also
increases, although in a heterogeneous way, increasing
in the frontal lobes and the insula, while decreasing in
the temporal lobes, the cerebellum or pons [11, 16, 25].
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Cerebral blood flow does not follow the same pattern,
possibly due to dose-dependent uncoupling mechanism
[11, 16, 25]. Intracranial pressure remains unchanged or
decreases associated with increases in cerebral perfusion
pressure [11, 16, 18, 25]. Cerebral oxygenation remains
unchanged [26, 27]. Moreover, ketamine does not com-
promise the autoregulatory mechanisms or the carbon
dioxide (CO,) reactivity of the cerebral vasculature [25].
Additionally, it is able to decrease seizures and non-con-
vulsive epileptic activity [11, 16—18] -and has neuropro-
tective effects [28—33] by reducing glutamate levels and
inhibiting cortical spreading depressive depolarization.

Despite the fact that glutamate plays a role in the
mechanisms of damage in the initial phases post TBI and
stroke (excitotoxicity), clinical studies employing “anti-
NMDA” agents have consistently failed in improving out-
comes [34]. The hypotheses that attempt to explain these
results consists in the fact that glutamate fulfills a dual
function: immediately after the injury it acts as a media-
tor of toxicity, and then resumes its physiological func-
tion promoting phenomena that promote neuronal repair
and survival [34]. On the other hand, it is important to
highlight that NMDA receptors have different protein
subpopulations in their composition, capable of trigger-
ing different pathways that contribute to proliferation,
neuronal regeneration or synaptogenesis, depending on
which protein is stimulated [35].

Pre-clinical and clinical studies have shown that after
TBI or stroke, NMDA receptors remain hypofunctional
and this could be associated with cognitive deficits. Acti-
vating these receptors by alternative routes (glycine/ser-
ine) is a promising strategy [36].

What is the available clinical evidence?

For decades, the use of ketamine was precluded in TBI
patients based on evidence from the 70 s that suggested
its detrimental effect on intracranial pressure [37].
Reports in healthy volunteers or in individuals without
neurological pathology undergoing general surgical pro-
cedures, showed that intracranial pressure, cerebral blood
flow and cerebral perfusion pressure increase while anes-
thesia was induced with variable doses of ketamine but
no neurological complications or sequels were reported
[38, 39]. Uncontrolled series with small numbers of
patients in different central nervous system pathologies
that had in common abnormal cerebral spinal fluid cir-
culation showed similar results, highlighting the absence
of adverse consequences [40—45]. More recent system-
atic reviews with different degrees and types of limita-
tions conclude in heterogeneous acute brain populations
(subarachnoid hemorrhage, tumors, TBI), that ketamine
causes only temporary changes in intracranial pressure
without modifying cerebral perfusion pressure, and has
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no detrimental effect on intensive care unit stay, out-
comes, or mortality [46—48] When analyzing populations
of severe TBI, ketamine was found not to increase intrac-
ranial pressure in sedated and normocapnic mechanically
ventilated patients (Oxford level 2b, Grade C); moreover,
ketamine may decrease intracranial pressure in selected
cases [49]. Recent update of ketamine use in acute brain
injury lead to similar conclusions [50] (Table 1).

Safety profile

At recommended doses, Ketamine is a safe drug [16, 17,
50]. The most common reported side effects are nausea,
vomiting, dizziness, diplopia, drowsiness, dysphoria, and
confusion. Hallucinations are generally minimized by the
concomitant use of benzodiazepines and propofol. Delir-
ium rates oscillate between 6 and 12%. There are no stud-
ies that have assessed undesirable effects after long-term
infusion. Systematic reviews emphasize the absence of
severe or fatal adverse effects [48—50].

Is ketamine cost-effective?

Ketamine is not an expensive drug. There are no stud-
ies that have evaluated the cost effectiveness of ketamine
in the management of sedation and analgesia of patients
with severe TBI; however, the beneficial properties of
ketamine on hemodynamic and respiratory status could
potentially allow less concomitant use of fluids, vasopres-
sors, and perhaps fewer days of mechanical ventilation [7,
8,11, 16-18]. A 50 mg/ml vial of ketamine costs 4.4 euros
in comparison to 20 mg/ml vial of propofol whose cost
is 10.77 euros. Official data from the Spanish Medicines
Agency (www.aemps.gob.es) presenting the daily cost of
a continuous infusion of standard doses of sedatives and
analgesics in a 70 kg individual are shown in Additional
file 4: Table S1.

When not to use ketamine?

First, when there is hypersensitivity to the agent [50].
Due to its hepatic metabolism and almost exclusive renal
elimination, its use is not recommended in the context of
kidney and/or liver failure [16, 17, 50]. It should also not
be used in situations where high blood pressure triggers
potentially dangerous complications such as diastolic
cardiac dysfunction, acute myocardial infarction, or aor-
tic dissection [37, 50].

Increased toxicity of ketamine has been reported in the
settings of severe alcoholism [50]. Moreover, in severe
TBI, certain situations would contraindicate its use, such
as loss of cerebral autoregulation, hydrocephalus, or the
concomitant presence of untreated brain aneurysms [16,
17, 50]. Finally, ketamine may have psychotomimetic
effects which could be the main reason for not using ket-
amine as a primary agent in the ICU [5, 6].
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When to use ketamine
Drug choices should take in account airway manage-
ment, sedation, analgesia and hemodynamic integrity,
as many sedatives may cause transient hypotension
and/or apnea. Due to its pharmacokinetic and phar-
macodynamic properties and its systemic and central
nervous system effects, ketamine is an attractive option
to consider in the management of severe TBI under
mechanical ventilation in normocapnic condition and
associated with other sedatives agents (propofol, mida-
zolam). Moreover, even in moderate TBI ketamine can
have a role especially for the management of agitation
with consequent risk of secondary insults, but at the
same time to allow neurological assessment and early
detect neuroworsening, while maintaining hemody-
namic stability and without depressing respiratory
function.

Certain situations may favor its employment in TBI
(Additional file 5: Figure S4):

+ Prehospital setting. In the acute phase of resuscita-
tion, especially in low-resource regions, ketamine
can be an interesting option because it potentially
helps to maintain a stable hemodynamic profile,
avoiding hypotension, reducing the use of fluids
and maintaining spontaneous ventilation.

+ Hemodynamic unstability. Its sympathomimetic
properties help to maintain a more stable hemo-
dynamic profile in different associated situations,
such as shock from any etiology [7, 8, 11, 16—-18].

+ Airway resistance increase. Ketamine is an option
to be considered when severe TBI is associated
with asthma or chronic obstructive pulmonary
disease (COPD) or another situations that cause
severe bronchospasm [7, 8, 11, 16-18].

+ Refractory convulsive, non-convulsive status, or
suspect of spreading depolarization [7, 8, 11, 16—
18].

+ Need for non-opioid analgesia [16, 17].

+ Conscious sedation. In this sedation modality, it is
necessary to be able to neurologically evaluate the
patient while maintaining spontaneous ventila-
tion and stable hemodynamics, such as during the
weaning process.

+ Gastrointestinal dysfunction (gastroparesis, ileus,
nutrition intolerance). Ketamine, unlike opioids
agents, does not interfere with gastrointestinal
motility, a multifactorial and frequent condition in
severe TBIL

+ Withdrawal syndromes. Its beneficial systemic and
cerebral effects make it an option to consider in
such situations [16, 17].
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Conclusions

In conclusion, due to its specific pharmacological and
pharmacokinetics characteristics, including neuromod-
ulation properties, ketamine might be considered as a
potential drug to optimize analgesia and sedation in the
management of mechanically ventilated patients with
severe TBI in association with other sedatives agents.
Further, the versatility and safety profile of ketamine
makes it a reliable tool in the prehospital environment.
Adequately powered, randomized controlled trials and
new guidelines should aim to refining the role and place
of ketamine in patients with traumatic brain injury.

Supplementary information

Supplementary information accompanies this paper at https://doi.
0rg/10.1186/513054-020-03452-x.

Additional file 1: Figure S1. Systemic and cerebral consequences of pain
and agitation. SIRS: systemic inflammatory response syndrome; T°: central
temperature; HR: heart rate; pa02: oxygen arterial pressure; paCO2: carbon
dioxide arterial pressure; coagul: coagulation alterations; IAP: intraab-
dominal pressure; UO: urinary output; Hypovol: hypovolemia; Hypergly:
hyperglycemia; ICP: intracranial pressure; CBF: cerebral blood flow; CPP:
cerebral perfusion pressure; CMO2: cerebral metabolic rate of oxygen;
CMGI: cerebral metabolic rate of glycemia; CBV: cerebral blood volume.

Additional file 2: Figure S2. Sedation and Analgesia ideal level.

Additional file 3: Figure S3. Mechanisms of neuroprotection by keta-
mine. Ketamine is a ‘glutamate modulator! It exerts its effect basically at
two levels: a) presynaptic, inhibiting the release of glutamate and b) post-
synaptic, acting as a competitive blocker of N-Methyl-D-Aspartate recep-
tors, thereby excitotoxic injury through inhibiting the entry of calcium
into cells, the formation of nitric oxide and oxygen free radicals. Modulates
glucose metabolism and the generation of mitochondrial ATP. Inhibits
the apoptotic phenomenon. Additionally, it inhibits spreading depolariza-
tions and acts as an antithrombotic and anti-inflammatory by inhibiting
platelet aggregation and the production and release of cytokines by the
microglia. IL-8: interleukin-8; TNF: tumor necrosis factor; Ca™: calcium; K*:
potassium; OFR: oxygen free radicals; ATP: adenosine triphosphate; CBF:
cerebral blood flow.

Additional file 4: Table S1. Comparative cost of 24 hours intravenous
infusion of sedative and analgesic drugs. mg: milligrams; kg: kilograms; h:
hour; min: minute; mcg: micrograms

Additional file 5: Figure S5. Potential indications of ketamine continuous
infusion in traumatic brain injury.
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