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Abstract Airway management is central to the resusci-
tation of the neurologically ill. These patients often have
evolving processes that threaten the airway and adequate
ventilation. Therefore, airway, ventilation, and sedation
were chosen as an Emergency Neurological Life Support
(ENLS) protocol. Reviewed topics include airway man-
agement; the decision to intubate; when and how to
intubate with attention to cardiovascular status; mechanical
ventilation settings; and the use of sedation, including how
to select sedative agents based on the patient’s neurological
status.
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Introduction

Intubation of the acutely brain-injured patient is a matter of
life or death. Failure to intubate a patient with rapidly
progressive neurological decline may result in respiratory
arrest, secondary brain injury from hypoxia or hypercarbia,
and severe aspiration pneumonitis or acute respiratory
distress syndrome.

The process of induction and intubation can itself
provoke brain herniation when a mass lesion is present,
complete a massive infarction when brain tissue is mar-
ginally perfused by collateral cerebrovascular circulation,
or result in temporary obliteration of the neurological
examination during the early—and often most critical—
period of neurological and neurosurgical decision-
making.

Rapid patient stabilization must occur concurrently with
well-documented and detailed neurological assessment.
The goals of airway management in neurological patients
are therefore to maintain adequate (but not excessive)
oxygenation and ventilation, and to prevent aspiration.
Ideally, a neurological assessment prior to the administra-
tion of sedating and paralyzing medications is recom-
mended in order to provide a functional baseline.

The Emergency Neurological Life Support (ENLS)
suggested algorithm for the initial management of airway,
ventilation, and sedation is shown in Fig. 1. Suggested
items to complete within the first hour of evaluating a
patient are shown in Table 1.

Need Intubation?

Patients with respiratory arrest or impending arrest should
be intubated without delay. In addition, a patient who
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Fig. 1 ENLS airway, ventilation, and sedation protocol

Table 1 Airway, ventilation, and sedation checklist within the first
hour

Assess the need for intubation or non-invasive positive pressure
ventilation

Assess endotracheal tube position in intubated patients

Assess the need for analgesia and/or sedation in mechanically
ventilated patients

cannot “protect his airway” because of depressed mental
status or vomiting with aspiration may need tracheal intu-
bation. Intubation has the potential for morbidity, creates
significant hemodynamic disturbances, and should not be
undertaken without a risk-benefit assessment. However, it
should not be delayed when emergent intubation is nec-
essary. The decision to intubate involves factors specific to
patient physiology and to the clinical environment and
anticipated course of care.

In the prehospital or emergency department (ED)
environment, an obtunded patient with unknown patho-
physiology  requiring  interhospital/interdepartmental
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transfer or imaging/invasive procedures may be most safely
managed by urgent intubation. The same patient with a
known physiology, an anticipated stable or improving
course, and no planned transportation may not require intu-
bation, or may even be an appropriate candidate for
extubation.

With these considerations in mind, there are four com-
monly accepted indications to intubate:

1. Failure to oxygenate: May be driven by pulse oximetry
(limitations include regional or systemic hypoperfusion,
severe anemia, and opaque nail polish), arterial blood gas
analysis, or the patient’s visual appearance (cyanosis).

2. Failure to ventilate: May be driven by capnometry
through nasal cannula monitoring (does not always
correlate with pCO,, but provides a valuable tool for
monitoring trends in ventilation) [1], by arterial blood
gas analysis, or by gross visual appearance (excessive
or inadequate work of breathing).

3. Failure to protect the airway: Driven by the risk of
aspiration and its complications. This is a balance
between bulbar function, quantity and quality of
secretions, strength of cough reflex, and ability to
swallow after suctioning [2]. The gag reflex is an
inaccurate method of assessing airway protection [3].

4. Anticipated neurological or cardiopulmonary decline
requiring transport or immediate treatment.

Airway Assessment

Assessment of the airway includes ease of bag-mask ven-
tilation and the potential for a difficult intubation. This
assessment enables strategic planning and efficient
resource utilization. The “LEMON” mnemonic helps to
predict the difficult airway [3]:

L = Look

E = Evaluate the mouth opening and airway position
M = Mallampati score

O = Obstruction

N = Neck mobility

The “MOANS” mnemonic predicts ease of bag-mask
ventilation [3]:

M = Mask seal

O = Obesity/obstruction
A = Age >55

N = No teeth

S = Stiff lungs

Patients anticipated to be difficult in either regard should
prompt the clinician to prepare with appropriate back-up
in terms of skilled individuals (e.g., call for anesthesia
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assistance) and devices (e.g., fiberoptic and other adjunct
intubating devices, and set-up for a cricothyrotomy).
Assessment of the expected ease of bag-mask ventilation is
critical; if deemed difficult, access to an extra-glottic
ventilation device, such as a laryngeal mask airway
(LMA), may be warranted.

Decision Made to Intubate: Perform Neurological
Assessment

Whenever possible, urgent management of the airway
should coincide with a rapid but detailed neurological
assessment. The examination can typically be conducted in
1-2 min and is crucial to subsequent emergency decision
making.

The pre-sedation/pre-intubation neurologic exam estab-
lishes a baseline that is used to assess therapeutic
interventions (e.g., patients with stroke or non-convulsive
status epilepticus) or may identify injuries that are at risk of
progressing (e.g., unstable cervical spine fractures). The
assessment identifies the type of testing and helps to avoid
unnecessary, uncomfortable interventions, such as cervical
spine immobilization with its potential for discomfort and
skin care complications. In general, the pre-intubation
neurological assessment is the responsibility of the team
leader who is coordinating the resuscitation; findings
should be documented and communicated directly to the
team that assumes care of the patient.

As demonstrated in Table 5, pre-intubation neurological
examination includes an assessment of:

Level of arousal, interaction, and orientation

Cranial nerves

Motor function of each individual extremity

Tone & reflexes

Subtle or gross seizure activity

Cervical spine stability

When spinal cord injury is suspected, assess sensory
level

Intubating the Patient

Rapid sequence intubation is the preferred method of
securing the airway in patients with suspected elevated
intracranial pressure (ICP), since it provides protection
against the reflex responses to laryngoscopy and rises in ICP
[4-7]. The presence of coma should not be interpreted as an
indication to proceed without pharmacological agents, or to
administer only a neuromuscular blocking agent without
appropriate pre-treatment and induction agents. Although
the patient may seem unresponsive, laryngoscopy and

intubation usually provoke reflexes that elevate ICP unless
appropriate pre-treatment and induction agents are used [8].
Outcomes in patients with intracranial catastrophes are
related to the maintenance of both brain perfusion and
oxygenation; consequently, close assessment and man-
agement of these two parameters are critical. Cerebral
perfusion pressure (CPP) is the physiologic correlate for
blood flow to the brain and is measured by the difference
between the mean arterial pressure (MAP) and the ICP:

CPP = MAP - ICP

It is generally recommended that the ICP be maintained
below 20 mmHg, MAP between 80 and 110 mmHg, and
CPP at a minimum of 60 mmHg.

Clinicians must recognize that many neurologically
impaired patients have compromised cerebral blood flow
(CBF) even with a normal ICP. For example, patients with
ischemic stroke, vasospasm, and hypoxic-ischemic brain
injury often have impaired auto regulation and are each
critically sensitive to decreases in blood pressure and CBF.
In these patients, the goal is to maintain MAP and CPP as
for the patients with known or suspected elevation of ICP.

Problems associated with elevated ICP may be com-
pounded by the techniques and drugs used in airway
management, since they may further elevate ICP. In addi-
tion, victims of multiple trauma may present with
hypotension, thus limiting the choice of agents and tech-
niques available.

Intubating the Patient with Presumed Elevated
Intracranial Pressure (ICP)

In the prehospital and ED environment, clinical evidence of
increased ICP is inferred from clinical signs of brain hernia-
tion that include altered mental status plus a unilaterally
dilated pupil, bilaterally dilated and fixed pupils, and decer-
ebrate or extensor posturing (decorticate posturing is not
predictive of elevated ICP) [9]. Since ICP measurement is
usually not available in these situations, one should proceed
with the assumption that ICP is elevated, assuming a value of
at least 20 mmHg for ICP in these circumstances. When the
airway is manipulated, two responses may result in even more
increased ICP: the reflex sympathetic response (RSR), which
results in increased heart rate, increased blood pressure, and,
consequently, increased ICP; and the direct laryngeal reflex
that stimulates an increase in ICP independent of the RSR [3].
Although the RSR may be dangerous in a hypertensive
patient, pre-treatment of the RSR is not indicated in a
hypotensive patient with known or suspected increased ICP
[10]. Elevations in ICP should be mitigated by minimizing
airway manipulation (the most experienced person should
perform the intubation) and administering medications.
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The three common pre-medications used to prevent
increased ICP during intubation are:

Lidocaine

Administered intravenously at a dose of 1.5 mg/kg 60-90 s
before intubation, attenuates the direct laryngeal reflex;
mixed evidence that it mitigates the RSR [3, 11].

Esmolol

Short-acting beta blocker at a dose of 1-2 mg/kg 3 min
before intubation controls both heart rate and blood pres-
sure responses to intubation, but is problematic in
hypotensive patients and is rarely used in a critical care
environment [12].

Fentanyl

At doses of 2-3 pg/kg, attenuates the RSR associated with
intubation, and is administered as a single pre-treatment dose
over 30-60 s in order to reduce chances of apnea or hypo-
ventilation before induction and paralysis [13]. It is generally
not used in patients with incipient or actual hypotension, or
those who are dependent on sympathetic drive to maintain an
adequate blood pressure for cerebral perfusion.

Induction is performed using an agent that will not
adversely affect CPP (see also Table 4).

Etomidate

Short-acting imidazole derivative that provides sedation
and muscle relaxation with minimal hemodynamic effect.
Considered the most hemodynamically neutral of all
commonly used induction agents and a good choice for
patients with elevated ICP [14, 15].

Propofol

At a dose of 2 mg/kg intravenous (IV) push, is an alter-
native, but is also a potent vasodilator that routinely causes
hypotension and often requires concurrent vasopressor
administration to maintain CPP [16].

Thiopental

At a dose of 3 mg/kg IV push, confers cerebroprotective
effect by decreasing the basal metabolic rate of oxygen uti-
lization of the brain (CMRO,) and CBF, thus decreasing ICP.
However, is a potent venodilator and negative inotrope with
a strong tendency to cause hypotension and reduce CPP,
even in relatively hemodynamically stable patients [8].
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Ketamine

Hemodynamically neutral dissociative agent administered
at 2 mg/kg IV push. In the past, was generally avoided as
an agent believed to raise ICP. However, recent evidence
suggests when sedation is provided concurrently, may be
safe in patients with elevated ICP, and its hemodynamic
profile argues for more widespread use [17-19].

Succinylcholine

Depolarizing agent that remains the neuromuscular block-
ade agent of choice for intubation of acutely ill neurological
patients with elevated ICP, due to its rapid onset and short
duration of action. Although it has been associated with
transient increases in ICP, the effect is not considered
clinically significant [20]. However, the neurologically ill
are at higher risk for succinylcholine-induced hyperkale-
mia, and clinicians should consider that patients with disuse
atrophy may have severe hyperkalemia following admin-
istration of a depolarizing agent. This includes patients with
prior brain or spinal cord injury but also those with as little
as 24-72 h of immobility, and patients with upper or lower
motor neuron defects [21]. Risk may be averted by instead
using a non-depolarizing agent, such as rocuronium (at
1.2-1.4 mg/kg IV push) or the longer acting agents pan-
curonium and vecuronium (at 0.2 mg/kg IV push).

ICP during intubation also rises due to body positioning
and to hypoventilation. Hypoventilation immediately cau-
ses increased pCO,, perhaps the most potent acute cerebral
vasodilator. When ICP is known or suspected to be ele-
vated, the following approach is suggested (Fig. 2):

e The head of the bed should be brought flat as briefly as
possible, and immediately raised following endotracheal
tube placement. Reverse Trendelenberg positioning
during intubation should be considered.

e MAP must be preserved throughout the procedure, with
a goal of 80—100 mmHg, or should not drop below pre-
intubation pressure. If ICP is monitored, keep CPP
>60 mmHg.

e If trauma is possible, protect the cervical-spine.

e Pain, discomfort, agitation, and fear must be controlled
with adequate analgesia and sedation.

e Hypoventilation must be avoided, and end-tidal quan-
titative capnography monitoring is suggested since
increased PaCQO, raises ICP.

e Adequate pre-oxygenation with 100 % oxygen should
be performed prior to induction, and the oxyhemoglobin
saturation maintained >92 %. However, immediately
following successful intubation and hemodynamic sta-
bilization, the FiO, should be reduced to 0.5, or to the
lowest fraction that assures a PaO, in the range of
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Fig. 2 Intubation with elevated ICP [22]

110-300 mmHg. Conversely, hypoxia increases ICP
and can exacerbate brain injury.

Intubating the Patient with Brain Ischemia

In suspected or proven ischemic stroke, one should proceed
with intubation as with elevated ICP by avoiding hypotension
during induction and post-intubation, and taking special
precaution to avoid hypotension-inducing drugs, especially in
hypotensive patients. When an ischemic stroke is suspected or
known to be occurring, or a state of inadequate CBF exists for
other reasons, brain ischemia should be presumed present.
The cerebrovascular circulation is ordinarily well collat-
eralized, and many patients presenting with stroke symptoms
can be seen to have an infarct core and an ischemic penumbra
on perfusion computed tomography (CT) or magnetic reso-
nance imaging (MRI). Under these circumstances, the
ischemic penumbra may be conceptualized as a region of
maximally vasodilated vessels, receiving maximal shunting
of the cerebrovascular circulation, yet CBF is severely com-
promised and maximally compensated. Hypertension and
tachycardia often reflect a physiologic, not pathophysiologic,

response to this ischemia and may be necessary to maintain
perfusion of the ischemic territory.

Further, certain vasoactive agents that may not drop the
blood pressure or alter cerebral CPP may nonetheless
reverse regional vasoconstriction in normal areas of the
brain that is necessary to maintain physiologic shunting of
blood to the region of ischemia. An episode of relative or
actual hypotension, such as would be precipitated by the
administration of vasodilator sedative medications to a
relatively volume depleted patient, can worsen brain
infarction by diverting blood flow from the maximally
dilated watershed territories between vascular distributions.

Brain ischemia is not limited to ischemic stroke but can
also be present in patients with vasospasm, traumatic brain
injury (TBI), intracranial and extracranial cerebrovascular
stenosis, intracerebral hemorrhage, and hypoxic-ischemic
encephalopathy following resuscitation from cardiac arrest.
Strong associations between episodic hypotension in the
critical hours following resuscitation and poor neurological
outcome have been noted in TBI and hypoxic-ischemic
encephalopathy after cardiac arrest [23-26]. The intubating
clinician should be aware of the risks of even a transient
decrease in CBF and strive to maintain CBF and systemic
vascular tone during airway management.

In addition, brain ischemia is worsened by hyperventi-
lation—an association clearly demonstrated in TBI [27-29]
and explained in the laboratory by a dramatic and imme-
diate decrease in CBF and increase in the volume of
ischemic brain tissue when hyperventilation is performed
[30-32]. Clinicians should attempt to maintain normocap-
nea during this period, and early correlation of an arterial
CO, sample with ETCO, is suggested, so that continuous
capnography can be used to verify normocarbia [1, 33].

Intubating the Patient with Neuromuscular Weakness

Patients with neuromuscular weakness and acute or
impending respiratory failure require a special approach to
airway management. Respiratory failure in patients with
neuromuscular disease is often associated with a weak
cough and failure to clear secretions from the lower air-
ways, leading to pneumonia, shunting, and an inability to
meet ventilatory demands.

Although some patients with neuromuscular disease
require immediate intubation, those with preserved bulbar
function and reasonable functional ventilatory reserves
should receive an aggressive trial of non-invasive ventila-
tion combined with airway clearance by the frequent use of
chest physiotherapy and cough-assist devices [34-36].

In any patient with neuromuscular weakness and a
complaint of dyspnea, an assessment of respiratory func-
tion includes (see also the Acute Weakness protocol):
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e Arterial blood gas measurement

e Interval pulmonary function testing to include negative
inspiratory force (NIF) and vital capacity (FVC)

e Assessment of bulbar function, neck strength, and
cough

Candidates for intubation include patients with neuro-
muscular weakness and bulbar dysfunction; those who
have a rapidly progressive course; and those who do not
rapidly stabilize gas exchange and work of breathing with
non-invasive ventilation [34]. Because of the potential for
exacerbating weakness and prolonged effects of the med-
ications, the administration of steroids, muscle relaxants, or
neuromuscular blocking agents is discouraged.

In myasthenia gravis, succinylcholine is safe but requires
approximately 2.5 times the dose to get the same effects
[37]. Non-depolarizing agents such as rocuronium will have
a prolonged duration [37]. In conditions such as Guillain—
Barre, succinylcholine can precipitate life-threatening
hyperkalemia, and only non-depolarizing agents should be
used. Rocuronium is safe to use in neuromuscular weakness;
therefore, if a neuromuscular blocking agent is used, the best
choice may be rocuronium at a dose of 0.6—-1.2 mg/kg.

Intubating the Patient with Cervical Spine Injury

A fundamental tenet of airway management is: when spinal
column or ligamentous injury to the neck is suspected due
to the mechanism of injury—such as any blunt head trauma
resulting in loss of consciousness—all measures must be
taken to protect the spinal cord during any movements or
procedures. Pre-intubation airway maneuvers, including
jaw tilt and the bag-mask ventilation, as well as direct
laryngoscopy itself, can all injure the spinal cord when
cervical instability is present.

Basic principles of cervical spine stabilization have
been developed and refined over decades, by the Ameri-
can College of Surgeons’ Advanced Trauma Life Support
(ATLS) course. [36]. In urgent circumstances in the field,
endotracheal intubation is preferred to bag-mask ventila-
tion or cricothyrotomy and must be performed with in-
line spinal stabilization. Though cricoid pressure is no
longer recommended during intubation, it definitely
should not be used in patients with cervical spine injury,
since it may cause posterior displacement of the cervical
spine [38, 39].

Hypoxia and hypoventilation are larger risks to trauma
patients than complications of endotracheal intubation; in-
line spinal stabilization helps ensure safe intubating con-
ditions when direct laryngoscopy is performed [40].
However, video and enhanced optical intubating devices
are currently preferred when electively intubating patients
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at risk of cervical spine injury, since these devices are
used with the patient’s cervical spine kept in a neutral
position.

Post-intubation and Ventilation
Basic Ventilator Settings

Immediately following intubation, respiratory and hemo-
dynamic homeostasis must be restored. Except in situations
of acute brain herniation, the goals of mechanical ventila-
tion are:

e Normalization of oxygenation, at the lowest FiO, that
will maintain hemoglobin saturation >94 %

e Normalization of ventilation, to correct the systemic pH
to 7.35-7.45, and pCO, to 35-45 mmHg, or the end-
tidal CO, to 3040 mmHg

e Normalization of the work of breathing

e Prevention of ventilator induced lung injury

In most circumstances, clinicians should default to
volume-cycled ventilation at 8 cc/kg of ideal body weight
and a respiratory rate of 12—14 per minute. However, these
settings must be influenced by the patient’s minute venti-
lation prior to induction and immediately titrated to
maintain a normal pCO,. Normal pCO, is the appropriate
target unless there is chronic hypercarbia (i.e., CO,
retaining COPD or sleep-disordered breathing). In situa-
tions of chronic hypercarbia, the admission bicarbonate
level should be used to estimate the “baseline” pCO,, and
that level should subsequently be used as the target, or
metabolic acidosis, in which case the correct target is
unknown but should likely reflect a compromise between
normal pCO, and pH.

Herniation: Intentional Hyperventilation to Treat
Brain Herniation and Increased ICP

When a patient develops brain herniation, hyperventila-
tion is an appropriate part of a series of interventions
designed to acutely decrease ICP and prevent widespread
infarction of neuronal tissues and death [41, 42]. Maximal
cerebral vasoconstriction is achieved at a pCO, of
20 mmHg, so ventilation below this level will be inef-
fective and may further impede venous return to the
heart, decrease blood pressure, and exacerbate cerebral
hypoperfusion.

During hyperventilation, end-tidal CO, monitoring
(quantitative capnography) is suggested. As soon as other
treatments to control ICP are in place (e.g., blood pressure
support, osmotherapy, surgical decompression, hypothermia,



Neurocrit Care

metabolic therapy), hyperventilation must be rapidly weaned
to restore brain perfusion [43].

Hyperventilation for increased ICP is not safe or effective
when employed for a prolonged period. Hyperventilation
severely reduces CBF, increases the volume of ischemic
tissue, and when the patient is weaned off, may result in
rebound elevation of ICP [30-32]. When prolonged hyper-
ventilation must be employed, it is strongly recommended
that cerebral metabolic monitoring (jugular oximetry, CBF,
brain tissue oxygen, or cerebral microdialysis) be used
together with ICP monitoring to verify the adequacy of tissue
perfusion.

Titration of Ventilation

Induced Hyperventilation: Ventilation, Carbon Dioxide
Tension, and Clinical Outcome

Hyperventilation causes cerebral vasoconstriction and
decreased CBF, while hypoventilation causes cerebral
vasodilation and increased ICP. Presumably due to this
relationship, dysventilation (and especially hyperventila-
tion) is associated with poor outcomes in TBI [27-29]. The
Brain Trauma Foundation recommends targeting eucapnea
in patients with brain trauma [44].

However, the relationship between arterial and central
pH and pCO, is complex and incompletely understood.
When underlying metabolic acidosis is concurrent with
acute brain injury, such as in diabetic ketoacidosis [45], it
is likely that because of the blood—brain barrier and central
nervous system (CNS) buffering capacity, CNS pH, and
CBF may often be preserved despite a severely acidic
systemic pH and very low pCOs,.

Alternatively, in patients with chronic respiratory aci-
dosis, the set-point of cerebral CO, reactivity changes. It is,
therefore, recommended that mechanical ventilation be
adjusted to correct the pH and not the pCO,, or that the
estimated “pre-morbid” pCO, target be used (see Table 2
below). This is recommended on both a physiological and
practical basis, since ventilating these patients to “normal”
pCO, targets may be extremely difficult or impossible
when obstructive lung disease is present.

Since a great deal of physiologic uncertainty exists in
these cases, CBF and/or metabolic monitoring are recom-
mended whenever available to guide the titration of pH and
pCO, targets, with great attention paid to how changes in
ventilation affect CBF and metabolism.

Under these circumstances, surrogates for CBF and
metabolism may include jugular venous oximetry, direct
intracranial monitoring of CBF or brain tissue oxygen
tension, or measurement of lactate and pyruvate levels
in the CNS by microdialysis techniques. It should be

Table 2 Chronic respiratory acidosis: estimated pre-morbid pCO,
based on admission HCOj; level

Admission bicarbonate 45 42 39 36 33 30 27 24
Predicted “usual” pCO2 92.5 85 77.5 70 62.5 55 47.5 40

understood that these recommendations are based on
physiologic knowledge as well as observational human and
experimental animal data, and that little prospective
experimental human research has been performed in this
area.

Acidemic and Alkalemic Hypocarbia: Potential
for Suppression of Spontaneous Hyperventilation

There are two circumstances that should be considered in
patients with spontaneous hypocarbia: those whose
response to systemic metabolic acidosis accounts for
their high ventilatory demand, and those (alkalotic)
patients in whom ventilation exceeds systemic metabolic
needs.

In patients whose ventilation is driven by metabolic
acidosis, suppression of the respiratory drive with sedation
or neuromuscular blockade is not recommended, unless
direct measurement of brain chemistry suggests that
hyperventilation is linked directly to cerebral metabolic
crisis. Under these circumstances, clinicians must find
another means to buffer systemic pH.

It has been observed in TBI that while intubated and
mechanically ventilated patients presenting with hypocar-
bia have worse outcomes than their normocarbic peers,
non-intubated patients presenting with hypocarbia do not—
suggesting that such hypercarbia may be a physiologic
response and should not be suppressed [28].

Despite decades of observation and consideration,
little is known about alkalemic hypocarbia in patients
with an acute brain injury. Alkalemic hypocarbia fol-
lowing brain injury may be theoretically explained by a
variety of physiologic and pathophysiologic mechanisms,
more than one of which may be present in an individual
patient:

e Brain tissue acidosis requiring acute hyperventilation as

a buffer until CNS bicarbonate-generating compensa-

tory mechanisms can catch up

Inadequately treated pain, anxiety, fear, or agitation

Fever

Auto-regulation of elevated ICP

Heme breakdown products or a lactic acid load in the

ventricular system

e Direct pressure on chemoreceptors present in the floor
of the 4th ventricle
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e Physiologic dysregulation of the medullary respiratory
rhythm generator, which has afferent inputs from the
pons, mesencephalon, and higher cortical centers

Since it is rarely known whether alkalemic hypocapnia
is a physiologic or pathophysiologic process, suppression
of this respiratory activity is recommended only in
response to evidence that hyperventilation is causing direct
harm, either directly by inducing cerebral ischemia or
indirectly by increased systemic metabolic demands and
work of breathing.

Oxygenation and Outcomes

Despite the traditional view that oxygen is good, it is now
apparent that the supra-physiologic levels of oxygen fre-
quently provided to acutely ill patients have the potential to
worsen reperfusion injury [46, 47]. The mechanism is likely
by potentiating the formation of reactive oxygen species in
post-ischemic tissue beds and further impairing mitochon-
drial function [48]. Conversely, hypoxia is a major source of
secondary brain injury [49], and the injured and ischemic
brain is particularly vulnerable to low oxygen levels.

Long hypothesized based on laboratory and animal data,
hyperoxia at a level of PaO, > 300 mmHg on the first
arterial blood gas following resuscitation is independently
associated with poor outcomes in humans following TBI
[48] and cardiac arrest [47, 50], though not all data are in
accordance [51]. Hyperoxia drives the formation of reac-
tive oxygen species, overwhelming antioxidants at sites of
tissue injury; directly injures respiratory epithelium and
alveoli inducing inflammation; drives hypercarbia; and
leads to absorption atelectasis in the lung.

It is recommended that 100 % oxygen be provided for
pre-oxygenation immediately prior to intubation, but that
oxygen be immediately weaned following intubation to
50 %, or the lowest FiO, that will support an oxyhemo-
globin saturation of 95-100 %. This normoxic
resuscitation strategy is recommended in 2010 American
Heart Association Guidelines for post-resuscitation care
after cardiac arrest [51].

Oxygenation and Ventilation Monitoring

Oxygenation should be monitored by pulse oximetry or by
arterial blood gas analysis when oximetry is suspected to
be inaccurate. Conditions of poor perfusion to the
extremities, acidosis, vasopressor use, anemia, carboxyhe-
moglobinemia and methemoglobinemia, and hypoxia all
have the potential to compromise the accuracy of pulse
oximetry measurements [52].
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Ventilation is traditionally monitored by serial arterial
blood gas analysis, though venous blood gas analysis may
provide an adequate surrogate during titration of mechan-
ical ventilation, or when arterial samples cannot be
obtained. End-tidal quantitative capnography of exhaled
gases provides an appealing continuous measurement and
is extremely useful to monitor trends in ventilation.

One study showed that severely hyperventilated head
trauma patients (pCO, < 25 mmHg) in the prehospital
environment had higher mortality, and that use of quanti-
tative capnography by paramedics significantly decreased
the incidence of hyperventilation [53]. A similar study in
patients with major trauma showed a much higher inci-
dence of “normocapnea” on hospital arrival when ETCO,
was monitored by medics.

Since ETCO, measurements reflect not only ventilation
but also systemic perfusion, the correlation between
ETCO, and pCO, in the blood is variable. In an inpatient
environment, ETCO, measurements should always be
correlated with an arterial pCO, sample. ETCO, and pCO,
may also vary significantly when lung disease and venti-
lation-perfusion mismatch are present [54].

Lung Injury

Patients with acute lung injury (ALI) or the acute respira-
tory distress syndrome (ARDS) are vulnerable to lung
injury known variably as ventilator induced lung injury
(VILI) or ventilator associated lung injury (VALI). ALI
and ARDS represent a spectrum of disease, in which there
exist bilateral parenchymal pulmonary infiltrates, signifi-
cant hypoxia, absence of left ventricular dysfunction, and
an acute onset of symptoms [55]. These patients often
require high levels of oxygen and ventilator pressures to
achieve adequate gas exchange.

Patients with ALI and ARDS have high circulating
levels of inflammatory mediators, which are associated
with injury to other vital organs, and are exacerbated by
injurious techniques of ventilation. VALI is thought to be
caused by:

e Barotauma, induced by high ventilator pressures, and
particularly a high plateau pressure

e Volutrauma, induced by higher tidal volumes and often
despite low ventilator pressures

e Atelectrauma, or the shearing injury caused by recur-
rent opening and closing of alveolar sacs that may lack
adequate surfactant

e High inspired fraction of oxygen

e High levels of circulating inflammatory cytokines

Many modes and techniques of ventilation have been
proposed to manage the severe gas exchange abnormalities
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associated with ARDS, though only a few important issues
are covered here.

Patients with ALI or ARDS should be ventilated using a
strategy of low tidal volumes (6 cc/kg); low plateau pres-
sures (<30 mmHg); positive end expiratory pressure
(PEEP) adequate to prevent cyclic collapse of alveolar
units; and inhaled oxygen fraction rapidly weaned to 0.6 or
less, using PEEP and body positioning to best advantage.

Although the landmark study of low tidal volume
mechanical ventilation [56] emphasizes permissive hyper-
carbia, fluctuations of carbon dioxide levels are potent
mediators of CBF, and ICP and must be carefully consid-
ered in patients with elevated ICP or compromised CBF.

Several very small investigations suggest that lung
protective ventilation strategies causing mild hypercarbia
in patients with elevated ICP may be tolerated [57, 58], but
more data are needed before this may be considered safe in
routine practice. Prone positioning seems to increase ICP
[59].

When lung compliance is high, PEEP has the potential
to be transmitted to the intrathoracic vessels and indirectly
increase ICP. Although this physiology was once used to
justify low-PEEP ventilation in patients with head injury,
subsequent research has shown PEEP in brain-injured
patients to be well tolerated, especially when lung com-
pliance is poor and adequate blood pressure is maintained
[60, 61]. Ventilation without PEEP is discouraged, due to
the likelihood of inducing lung injury [62]. However, the
relationship of PEEP to ICP is of concern and should be
individually reviewed based on each patient’s physiology.

Sedation

Sedation use in the neurocritically ill is paradoxically
necessary yet fundamentally undesirable. Sedation may be
needed to alleviate fear and anxiety, reduce ICP and
cerebral oxygen consumption, facilitate intubation and
tolerance of mechanical ventilation, or to reduce sympa-
thetic nervous activity. Conversely, sedation makes
accurate neurological examination—the cornerstone of
clinical assessment—difficult or impossible. Acute changes
in brain physiology become difficult to detect, and the
accuracy of neuroprognostication is decreased [63].
Sedation often causes vasodilation, threatening cerebral
perfusion by hypotension but also by reversing physiologi-
cally advantageous shunting of blood into areas of ischemia.
It is possible that prolonged deep sedation may worsen
cognitive outcomes and contribute to muscle weakness.
Even short-acting sedatives are known to build up in fatty
tissues, causing effects well beyond their intended duration,
and no commonly employed sedative has been well studied

in a brain-injured population, as regards the duration of effect
or adverse consequences.

Decisions regarding the need for craniotomy, endovas-
cular therapies, ventricular drainage, ICP monitoring,
therapeutic temperature management, and many other
potentially morbid but also lifesaving therapies require an
accurate neurological assessment. Especially in the first
hours of care, the sedation of patients with unstable intra-
cranial pathophysiology should be minimized when it can
safely and humanely be limited.

This does not mean that patients should be agitated,
uncomfortable, severely hypertensive, or unsafe. It means
simply that the need for sedation must be weighed against the
need for accurate neurological assessment and tailored to the
individual patient and situation. Even more than with other
critically ill patients, medication-induced coma for neuro-
logically compromised patients is usually not desirable.

Necessity of Sedation

Complications associated with undersedation include ven-
tilator dysynchrony, patient injury, agitation, anxiety, device
removal [64-66], and elevated ICP [67]. Adequate sedation
is paramount in all therapeutic algorithms for the treatment
of increased ICP [68, 69], since psychomotor restlessness,
pain, and autonomic stress all adversely affect ICP, CBF,
CPP, and the cerebral metabolic rate for oxygen metabolism
(CMRO,). In this respect, adequate analgesia and sedation
make an essential contribution to preventing or limiting
secondary brain damage. Nevertheless, there are insufficient
data to confirm that sedation and analgesia per se reduce ICP
and improve neurological outcome [68]. Conversely, in a
general intensive care unit (ICU) population, the use of
excessive sedation and analgesia contributes to increased
duration of mechanical ventilation and longer length of stay
in the ICU and hospital [70-72], as well as increased rates of
depression, post-traumatic stress disorder, infections, and
long-term neurocognitive impairments [73-75].
Randomized controlled trials demonstrate that protocols
requiring decreases in sedative doses or daily interruption of
sedative and analgesic drugs can reduce lengths of
mechanical ventilation and ICU stay and reduce drug doses
administered [70-72]. Unless deep sedation or general
anesthesia is desired, analgesia should precede sedation.
Analgesia-based “sedation” is an evolving trend in general
critical care, and a recent randomized trial suggests
improved outcomes among mechanically ventilated patients
receiving primarily opioid analgesia with no sedation [76].
Many patients with adequate pain control do not require
sedation, and, conversely, most sedative medications pro-
vide no analgesia. Sedation without pain control may be
an important cause of delirium. Infusion of short acting
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analgesics allows for interruption and neurological
assessment and intervals. In particular, a mechanistic
review suggests that remifentanil—a potent narcotic anal-
gesic with some sedating properties and an extremely rapid
pharmacokinetic profile—may be cost effective when ICU
length of stay is considered [77], though superiority over
fentanyl has not been demonstrated [78].

Environmental stimuli are important triggers of anxiety
and agitation. Providing a calm and reassuring environ-
ment, with attention to day—night cycles, restriction of
noise, use of appropriate music, and/or the reassuring
presence of friends and family may decrease agitation and
anxiety, making sedation unnecessary [79]. These envi-
ronmental measures are especially important when a
dominant-hemisphere lesion causes aphasia and attempts at
verbal communication generate agitated behaviors. The use
of “sitters” to re-direct and re-orient confused or agitated
patients is preferred to the use of sedating medications.

Patients with acute brain injury often have deficits in
short-term memory, concentration, and emotional control,
and their confusion may cause agitation. Confused patients
require gentle and repeated re-orientation to situation and
circumstances, which may obviate the need for sedation.

Given the potential of many sedatives (especially the
benzodiazepines) to cause delirium, agitated delirium
occasionally may be more effectively treated with anti-
psychotic medications than sedatives, though antipsychotic
medications may affect neurological recovery [80-82].
Examples of antipsychotic medication (each with its own
adverse-events profile) that may obviate the need for sed-
atives include haloperidol, quetiapine, olanzipine, and
risperidol.

Common Sedatives in Neurological Intensive Care

Prior to the release of dexmedetomidine in Canada, one
review of Canadian pharmacy databases and interviews
with caregivers in three Canadian neuro-intensive care
units (NICUs) [83] found that fentanyl was the most
commonly used analgesic. The same review showed that
propofol was the most common sedative agent in non-
trauma NICUs and some trauma NICUs, with midazolam
also used in some trauma NICUs.

Propofol

Propofol is perhaps better studied than other agents in
neurological critical care. Pharmacologically, its lipid for-
mulation allows for rapid penetration of the blood-brain
barrier, with rapid onset and cessation of action. It has
potent and immediate depressant effects on cerebral elec-
trical and metabolic activity, and it does not require renal
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or hepatic metabolism for elimination. Disadvantages
include robust vasodilating and hypotensive effects, a
considerable intravenous lipid load, and the potential for
the rare, but frequently fatal, propofol infusion syndrome,
especially in children and in adults at higher doses.
Propofol has been used to sedate neurosurgical patients
to reduce elevated ICP [84, 85]. Propofol and morphine are
associated with improved control of ICP compared with
morphine alone in the treatment of severe TBI [85], and
propofol reduced elevated ICP more effectively than fen-
tanyl following severe TBI [86]. Propofol infusions to
reduce elevated ICP may need to be continued longer than
usually recommended for routine sedation [87], and high
doses for refractory status epilepticus or brain trauma has
been associated with propofol infusion syndrome [88].

Benzodiazepines

Midazolam is an appealing sedative option given the rapid
onset of action and short duration of effect with bolus
administration—making it an ideal agent for procedural
sedation. In addition, due to its potent gamma-aminobutyric
acid (GABA) activity and relatively benign hemodynamic
profile, midazolam is an important drug in refractory status
epilepticus. Yet as a long-term sedative for general ICU use,
midazolam accumulates in adipose tissues, significantly
prolonging duration of action unless interruptions or down-
titration of dose are routinely utilized.

Bolus-dose midazolam is a good choice for intermittent
agitation in a NICU population, while midazolam infusion
is associated with prolonged mechanical ventilation [89,
90]. Though most studies suggest the impact of midazolam
on hemodynamics is similar compared to dexmedetomi-
dine or propofol, a recent report suggests less instability
compared to dexmedetomidine [90].

Lorazepam is a longer acting benzodiazepine when used
in the short-term, but its duration of action is shorter than
midazolam when infused for more than 1 to 2 days. The
strong GABA activity of lorazepam suppresses electrical
and metabolic brain activity. Unlike midazolam, lorazepam
is formulated in propylene glycol, which can accumulate to
toxic levels causing metabolic acidosis and kidney injury.
At lorazepam infusion rates above 3 mg/h or daily doses
approaching 1 mg/kg, the osmolar gap should be followed,
and alternative agents should be used if the osmolar gap
rises above 10-12 mOsm/L [91, 92].

Dexmedetomidine

Dexmedetomidine, a centrally acting alpha agonist similar to
clonidine, but more specific for the alpha-2 receptor than
clonidine, is increasingly utilized for ICU sedation. Desir-
able properties include rapid onset and termination of
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activity, mild to moderate sedation without significant
respiratory depressant action, analgesic effects, and less
delirium than the benzodiazepines [93]. Undesirable prop-
erties include a high incidence of bradycardia and
hypotension [90]. In addition, dexmedetomidine may pro-
duce less hemodynamic intolerance than clonidine, which is
available intravenously in many countries but not in the
United States.

In a prospective, randomized, double-blind study of 18
awake and intubated brain-injured patients using a cross-
over design [94], each patient received fentanyl-propofol
and fentanyl-dexmedetomidine. Both drugs were titrated to
the validated 100-point Hopkins Adapted Cognitive Exam
(ACE) cognitive battery. The difference in the change of
ACE scores between dexmedetomidine and propofol was
19.2 (95 % CI 12.3-26.1 p < 0.001) favoring improved
ACE scores with dexmedetomidine, suggesting better
cognitive function.

Several case reports and case series have evaluated the
potential role of dexmedetomidine for sedation in the NICU.
One reported successful sedation with dexmedetomidine in a
challenging TBI patient with alcohol withdrawal syndrome
when benzodiazepines clouded the patient’s neurological
examination and depressed ventilatory drive [95].

Another described six patients with TBI or intraven-
tricular hemorrhage treated with dexmedetomidine
sedation for 66 h at a mean dose of 0.67 mcg/kg/h in an
effort to wean off midazolam or propofol and fentanyl,
which was successful in all cases [96]. Though not clini-
cally significant, two patients experienced decreases in
heart rate with dexmedetomidine (from 101 to 69 beats per
minute and from 76 to 68 beats per minute), and two other
patients experienced different changes in systolic blood
pressure with dexmedetomidine (from 150 to 138 mmHg,
and 126 to 139 mmHg).

Barbiturates

Although out of favor due to prolonged duration of action
as well as cardiodepressant and possibly immunosuppres-
sant properties, barbiturates remain second-line therapy for
the control of ICP after propofol. They remain in wide-
spread use to control refractory status epilepticus, and their
potent effects on cerebral metabolic and electrical activity
make them an appealing class of agents for sedation in the
NICU. Pentobarbital serves as a potent agent for deep
sedation in patients with refractory status epilepticus or
elevated ICP [97-99].

Analgesia-First Sedation

Investigators at a single center randomized intubated gen-
eral ICU patients receiving bolus-dose morphine as needed

to either “no sedation” or “sedation with propofol and
midazolam.” “No sedation” patients required more mor-
phine than “sedation” patients but also had more
ventilator-free days and a shorter ICU length of stay,
without more adverse events related to undersedation but a
higher incidence of delirium [76].

Another randomized, open-label, multicenter study
compared two strategies: an analgesia-first approach with
remifentanil supplemented as needed with propofol (in the
first 3 days) and midazolam for day 4 and beyond; and a
hypnotic-based regimen using propofol (for the first 3 days)
or midazolam (after day 4) with supplemental analgesia
with fentanyl or morphine [100]. Both regimens were
titrated to a Sedation Agitation Scale (SAS) score of 1-3
and a pain intensity score of 1-2. Variability of neuro-
logical assessment and assessment times were less when
using remifentanil compared to fentanyl or morphine.
Patients receiving the analgesia-first approach with remif-
entanil were extubated more quickly than those treated
with morphine but were not different than those receiving
fentanyl. Remifentanil was well tolerated and provided
comparable hemodynamic stability to the hypnotic-based
regimen. Over three times as many users rated analgesia-
based sedation with remifentanil “very good” or “excel-
lent” compared with the hypnotic-based regimen.

Sedation Targets and Monitoring

Sedation should be titrated to a validated sedation scale or use
an electrophysiologic endpoint when neuromuscular block-
ade is employed or burst-suppression is desired. A recent
review of sedation assessment tools in the neurocritical care
setting concluded that the SAS and Richmond Agitation
Sedation Scale (RASS) are valid and useful for NICU patients,
and the bispectral index (BIS) may have a role in monitoring
deeply sedated patients in the NICU [84, 101-103].

Regarding assessment of delirium, no assessment tools
have been validated in neurocritical care patients, though
several studies that used the Intensive Care Delirium
Screening Checklist enrolled NICU patients [102, 104,
105]. A recent, highly insightful review of the topic is also
available [106].

Sedation for neurocritical care patients remains highly
variable, as shown by the inconsistent clinical approaches
to sedation during endovascular intervention for ischemic
stroke. One survey of 49 members of the Society of Vas-
cular and Interventional Neurology found that general
anesthesia was the most common approach, closely fol-
lowed by conscious sedation either by an anesthesia team
or with local anesthetic [107].

A retrospective study of 980 patients treated with en-
dovascular therapy for anterior circulation stroke showed
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Table 3 Airway, ventilation, and sedation communication regarding
assessment and referral

Mental status and exam prior to intubation
Vitals pre- and post-intubation

Ease of intubation

ETT position confirmed?

that the 44 % treated with general anesthesia had no delay
in time to therapy compared to conscious sedation (306 vs.
296 min), but had the same rate of hemorrhage and an
independent association with poor outcome and mortality
[108]. A similar study of 126 patients suggested that non-
intubated patients had lower mortality, smaller infarct size,
and better clinical outcomes [109]. These retrospective
studies await prospective confirmation but suggest that
conscious sedation may be safe and associated with
improved outcomes.

Several studies have addressed the sedation monitoring
approaches and medication choices for NICU patients. One
prospective, randomized trial of 67 mechanically ventilated
adult patients sedated with propofol showed that the
BIS monitor added to routine sedation scale monitoring

significantly reduced the propofol dose and the time to
awakening when compared to subjective scale monitoring
alone [110].

Daily Interruption of Sedation

Sedation protocols requiring a daily interruption of sedation
[71] are not yet sufficiently evaluated in patients with
underlying cerebral disease. In addition to adequate anal-
gesia, which is essential in severe cerebral trauma,
additional analgesia and sedation must be provided for
nursing interventions and any surgical interventions. In the
acute phase of intensive treatment, deep sedation (RASS
score of —5 or SAS score of 1) should generally be targeted,
especially if intracranial hypertension >15-20 mmHg) is
present [111, 112].

Communication
When communicating to an accepting or referring physi-

cian about this patient, consider including the key elements
listed in Table 3.

Table 4 Medications commonly used in induction

Drug Dose Onset of Duration Indications Precautions
action of effect
(min)
Fentanyl 2-3 pg/kg IV push Within 2-3 min  30-60 Pre-induction, blunts ICP rise Respiratory depression,
over 1-2 min hypotension, rare muscle wall
rigidity
Lidocaine 1.5 mg/kg IV 2-3 min  45-90 s 10-20 Pre-induction, blunts ICP rise Avoid if allergic or high grade
before intubation heart block if no pacemaker
Esmolol 1-2 mg/kg IV 2-10 min 10-30 Pre-induction, blunts ICP rise Bradycardia, hypotension,
increased airway reactivity
Etomidate 0.3 mg/kg IV push 30-60 s 3-5 Induction, sedation; good in Decreases seizure threshold,
hypotension. Decreases CBF, decreases cortisol synthesis;
ICP, preserves CPP avoid in sepsis
Propofol 2 mg/kg IV push 9-50 s 3-10 Induction, sedation, reduces ICP  Hypotension, myocardial
and airway resistance, depression
anticonvulsive effects
Ketamine 1.5-2 mg/kg IV push ~ 1-2 min 5-15 Induction, analgesia, sedation, Catecholamine surge, possible
amnesia, bronchodilatory increase in ICP, “re-
effects; good in hypotension emergence” phenomenon if not
pretreated with benzos
Thiopental 3 mg/kg IV push 30-60 s 5-30 Normotensive, normovolemic Hypotension, bronchospasm
status epilepticus or increased
ICP pts
Succinylcholine 1.5-2 mg/kg IV 30-60 s 5-15 Preferred paralytic unless Avoid in hyperkalemia, myopathy,
contraindicated neuropathy/denervation, history
of malignant hyperthermia
Rocuronium 1.2 mg/kg 45-60 s 45-70 Paralysis when succinylcholine
contraindicated
Vecuronium 0.2 mg/kg Within 3 min =~ 35 Least preferred paralytic for RSI ~ This dose speeds onset during RSI
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Table 5 Pre-Intubation Neurological Assessment Checklist

Level of arousal and interaction:

o0 Awake o responds to voice O localizes or WD to pain o postures or flaccid to

pain

Cranial nerves:

Pupils:

Corneal reflex:

Facial symmetry:

Eye movements:

Gag:

Cough:

L Size: _mm O Reactive o Nonreactive

R Size: mm o Reactive 0 Nonreactive

Left: o Present DAbsent

Right: o Present o0 Absent

O unable to assess 0 normal O R weakness 0 L weakness
Reye onormal O deviated right o deviated left o other palsy
Leye onormal odeviated right o deviated left o other palsy

o not tested o0 normal O weak O absent

onot tested O normal O weak O absent

Basic Cortical functions: 0 Unable to assess due to coma

Visual fields: © normal o L VF cut or abnormal o R VF cut or abnormal

Gaze: 0 normal Forced deviation: oL ©oR  Preference: oL oR
o downgaze O upgaze

Language: 0 unable to assess O normal 0 non-verbal

0 awake but unable to follow commands

o awake but unable to verbalize normally

Neglect: O normal o Rneglect oL neglect
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Table 5 continued

Motor function:

Use Glasgow Coma Scale (GCS) motor score for each extremity

RUE O unable to assess O 1 o2 o3 o4 os o6
RLE 0 unable to assess O 1 o2 o3 o4 os o6
LUE O unable to assess O 1 o2 o3 o4 of o6
LLE O unable to assess O 1 o2 o3 o4 os o6
Tone:
RUE O unable to assess O normal o increased O decreased
LUE O unable to assess T normal o increased O decreased
RLE O unable to assess O normal 0O increased 0O decreased
LLE O unable to assess O normal O increased O decreased
Reflexes:
RUE O unable to assess O normal o increased O decreased
LUE O unable to assess T normal o increased O decreased
RLE O unable to assess O normal 0O increased 0O decreased
LLE O unable to assess O normal O increased O decreased

Subtle or gross seizure activity:

0 Present, describe:

O absent

O absent

0O absent

O absent

O absent

0O absent

O absent

O absent

0 Absent

Cervical spine:

0 No mechanism of action ¢/w SCI

Mechanism ¢/w SCI PRESENT:

o confrontational exam demonstrated tenderness

o Patient unable to participate

o confrontational exam did not demonstrate tenderness
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