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Preface

Everything we do, every thought we've ever
had, is produced by the brain. But exactly
how it operates remains one of the biggest
unsolved mysteries, and it seems the more
we probe its secrets, the more surprises we
find.

Neil deGrasse Tyson

This book was developed out of a desire to
share our knowledge and experience in neu-
rocritical care from Thomas Jefferson Univer-
sity Hospitals. The brain continues to be a
“black box” for many practitioners and the
need for expertise is greater than ever in this
evolving field. As a large quaternary hospital
with 40 dedicated neurocritical care beds and
8 board-certified neurointensivists, we have
extensive experience with both common and
rare neurological and neurosurgical diseases
(ischemic stroke, intracerebral hemorrhage,
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subarachnoid hemorrhage, acute spinal cord
injury, traumatic brain injury, encephalitis/
meningitis, myasthenia gravis, Guillain-Barré
syndrome). Using current guidelines and
Thomas Jefferson University protocols, we
map out a process for the diagnosis and treat-
ment of the more common diseases managed
in the neuro-ICU. We chose a format that
would be user-friendly so that any practition-
er could use at the bedside. As we continue to
discover more of the brain’s secrets and
advance the field of neurocritical care, we will
continue to update this handbook.

We would like to acknowledge and thank
all the contributors to this book. Without
their dedication and hard work, this book
wouldn’t have been possible.

Jack 1. Jallo, MD, PhD
Jacqueline S. Urtecho, MD
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1 Encephalopathy and Delirium

Catriona M. Harrop

Abstract

Encephalopathy is characterized by the National Institute of Neurological Dis-
orders and Stroke as “any diffuse disease of the brain that alters brain function
or structure,”! and can be classified as acute or chronic. The definition, diagno-
sis, and treatment of encephalopathy is reviewed here, along with one of its
most common symptoms, delirium.

Keywords: encephalopathy, delirium, confusion, agitation, arousability, Ramsay
score, Riker score

1.1 Encephalopathy

1.1.1 Definition

The National Institute of Neurological Disorders and Stroke (NINDS) defines
encephalopathy as “a term for any diffuse disease of the brain that alters brain
function or structure”! with the hallmark of encephalopathy being an altered
mental state. Encephalopathy can be categorized by chronicity?2:
e Acute
o Toxic: due to medications, illicit substances, or toxins
o Metabolic: due to a metabolic disturbance
o Toxic-metabolic: due to a combination of both
o Chronic: characterized by a slowly progressive alteration in mental status
resulting from permanent structural changes within the brain?

1.1.2 Causes of Encephalopathy?
See » Table 1.1.

1.1.3 Diagnosis of Encephalopathy

Diagnosis is guided by the history and physical examination of the patient. It is
considered on a case-by-case basis.
e Laboratory testing

o Serum electrolytes

o Renal function

o Glucose
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o Calcium
o Complete blood count
o Urinalysis
o Hepatic function
o Thyroid function
o Drug levels (if applicable), i.e., phenytoin
o Drugs of abuse screen
o Vitamin levels—B-12, folate
o Arterial blood gas
¢ Imaging
o Computed tomography (CT) of brain
o Magnetic resonance imaging (MRI) of brain

Table 1.1 Common causes of encephalopathy

Drugs and toxins Idiopathic
Withdrawal states
Medication side effects
Poisons

Infections Sepsis
Systemic infections
Fever

Metabolic Electrolytes

derangements Endocrine disturbance
Hypercarbia
Hyperglycemia and hypoglycemia
Hyperosmolar and hypo-osmolar states
Hypoxemia
Inborn errors of metabolism
Nutritional

Brain disorders CNS infection
Seizures
Head injury
Hypertensive encephalopathy
Psychiatric disorders

Systemic organ failure  Cardiac failure
Hematologic
Hepatic encephalopathy
Pulmonary disease
Renal failure

Abbreviation: CNS, central nervous system.
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e Evaluation for infections
o Lumbar puncture
o Blood cultures
e Seizure evaluation
o Electroencephalography (EEG)

1.1.4 Treatment of Encephalopathy

e Acute encephalopathy
o Based on treatment of the underlying pathophysiology, i.e., treatment of
sepsis and hypothyroidism with the potential for reversal of
encephalopathy.
o Chronic encephalopathy
o Often not amenable to treatment as the inciting insult has caused perma-
nent brain changes, i.e., anoxic encephalopathy.

1.1.5 Relationship to Delirium

Delirium can be characterized as the symptom of the underlying abnormal
brain function, i.e., encephalopathy.?

1.2 Delirium

Delirium is a common disorder in hospitalized patients that has significant soci-
etal and economic impact.# In-hospital mortality rates reportedly associated
with delirium range from 22 to 33%.>6 Currently patients aged 65 years and
older account for more than 48% of hospital care; therefore, the impact of delir-
ium on hospitalized patients will continue to grow as our population ages.*

1.2.1 Definition

The Diagnostic and Statistical Manual of Mental Disorders (DSM) 5 defines
delirium under Neurocognitive Disorders” which encompasses “the group of
disorders in which the primary clinical deficit is in cognitive function, and that
are acquired rather than developmental.” The diagnostic criteria are as follows:
e Adisturbance in attention (i.e., reduced ability to direct, focus, sustain, and
shift attention) and awareness (reduced orientation to the environment).

o The disturbance develops over a short period of time (usually from hours to
a few days), represents a change from baseline attention and awareness, and
tends to fluctuate in severity during the course of a day.

¢ An additional disturbance in cognition (e.g., memory deficit, disorientation,
language, visuospatial ability, or perception).
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e The disturbances are not explained by another pre-existing, established, or
evolving neurocognitive disorder and do not occur in the context of a
severely reduced level of arousal, such as coma.

¢ There is evidence from the history, physical examination, or laboratory find-
ings that the disturbance is a direct physiologic consequence of another medi-
cal condition, substance intoxication or withdrawal (i.e., due to a drug of abuse
or a medication), or exposure to a toxin, or is due to multiple etiologies.

As outlined in the DSM 5, Delirium can be further subdivided into:
e Substance intoxication

e Substance withdrawal

e Medication induced

¢ Another medical condition

e Multiple etiologies

1.2.2 Duration of Symptoms

¢ Acute: Lasting for a few hours or days
e Persistent: Lasting for weeks or months

1.2.3 Level of Activity (> Table 1.2)

¢ Hyperactive: The individual has a hyperactive level of psychomotor activity
that may be accompanied by mood lability, agitation, and/or refusal to coop-
erate with medical care.

¢ Hypoactive: The individual has a hypoactive level of psychomotor activity
that may be accompanied by sluggishness and lethargy that approaches
stupor.

e Mixed level of activity: The individual has a normal level of psychomotor
activity even though attention and awareness are disturbed. Also includes
individuals whose activity level rapidly fluctuates.

Table 1.2 Types of delirium

Description RASS score Prevalence®
Hyperactive Agitation and 1+to 4+ Rare (1.6%)
restlessness
Hypoactive Decreased respon- 0 to 3 Common in ICU
siveness, withdrawal, (43.5%)
apathy

Abbreviations: ICU, intensive care unit; RASS, Richmond Agitation Sedation Scale.
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Table 1.3 Risk factors for delirium

Predisposing factors'® Precipitating factors'! Targeted interventions'2
e Cognitive impairment e Use of physical restraints e Noise reduction
e Severe underlying illness e Malnutrition e Reality orientation

e Advanced age More than three program

e Functional impairment medications e Early mobilization

o Chronic renal insufficiency e Use of bladder catheter e Minimize medications

e Dehydration e Psychoactive medication e Provision of visual and

o Malnutrition use hearing aids

e Depression e Any iatrogenic event e Volume repletion and

e Substance abuse o Immobilization proper nutrition

e Vision or hearing e Dehydration e Optimize nonpharmaco-
impairment logic protocols

A description of a patient in terms of the DSM 5 criteria could look like “acute,
hypoactive delirium due to sepsis.”

1.2.4 Risk Factors for Delirium

Delirium involves a multifactorial etiology ranging from patient vulnerability
to delirium at the time of admission and the occurrence of noxious insults dur-
ing hospitalization.? See » Table 1.3.

1.2.5 Clinical Assessment

Assessment begins in the intensive care unit (ICU) setting for the level of arous-
ability, ranging from sedation to agitation, prior to assessing level of conscious-
ness and subsequent delirium.!3

Arousability Assessment Tools

¢ Richmond Agitation Sedation Scale (RASS): See » Table 1.4. A 10-point scale
ranging from +4 to -5, created to assess sedation and agitation in the adult
patient admitted to the ICU. An RASS score of O denotes a calm and alert
patient. Positive RASS scores indicate positive or aggressive symptoms. Nega-
tive RASS scores differentiate between response to verbal commands (-1 to
-3) and physical stimulus (-4 to -5).3

¢ Ramsay score: See » Table 1.5. It defines the conscious state from a level 1:

the patient is anxious, agitated, or restless, through to the continuously

sedated level 6: the patient is completely unresponsive.!4

Riker Sedation Agitation Scale (SAS): See » Table 1.6. It was developed in

1999 with the goal of clearly defining and providing more inclusive levels of

sedation and agitation than the Ramsay score.!>
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Table 1.4 Richmond Agitation Sedation Scale

Richmond Agitation Description
Sedation Scale

+4 Combative Overtly combative, violent, danger to staff

+3 Very agitated Pulls or removes tubes or catheters; aggressive

+3 Agitated Frequent nonpurposeful movement, fights ventilator
+1 Restless Anxious, but movements not aggressive or vigorous

0 Alert and calm

-1 Drowsy Not fully alert, but has sustained awakening (eye opening/eye
contact) to voice (>10 s)

-2 Light sedation Briefly awakens with eye contact to voice (<10 s)

-3 Moderate sedation =~ Movement or eye opening to voice (but no eye contact)

-4 Deep sedation No response to voice, but movement or eye opening to physical
stimulation
-5 Unable to rouse No response to voice or physical stimulus

Table 1.5 Ramsay Sedation Scale

Ramsay Sedation Description

Scale

1 Anxious, agitated, restless

2 Cooperative, oriented, tranquil

3 Responsive to commands only

4 Brisk response to light glabellar tap or loud auditory stimulus

5 Sluggish response to light glabellar tap or loud auditory stimulus
6 No response to light glabellar tap or loud auditory stimulus

Delirium Assessment

Confusion Assessment Method for the ICU (CAM-ICU): See » Fig. 1.1. Four fea-
tures assess fluctuation in mental status, inattention, disorganized thinking,
and altered level of consciousness.!®
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Table 1.6 Riker Sedation Scale

Riker Sedation Agitation Description

Scale

7 Dangerous agitation Pulling at ET tube, trying to remove catheters, climbing over
bedrail, striking at staff, thrashing side to side

6 Very agitated Requiring restraint and frequent verbal reminding of limits,
biting ET tube

5 Agitated Anxious or physically agitated, calms to verbal instruction

4 Calm and cooperative  Calm, easily arousable, follows commands

3 Sedated Difficult to arouse but awakens to verbal stimuli or gentle
shaking, follows simple commands but drifts off again

2 Very sedated Arouses to physical stimuli but does not communicate or
follow commands, may move spontaneously

1 Unarousable Minimal to no response to noxious stimuli, does not
communicate or follow commands

Abbreviation: ET, endotracheal.

Confusion assessment method for the ICU (CAM-ICU) flowsheet

1. Acute change or fluctuating course of mental status:

> CAM-ICU negative
« Is there an acute change from mental status baseline? OR — No No DEUREJM

* Has the pateint’s mental status fluctuated during the past 24 hours?
3 YES

2. Inattention:

* “Squeeze my hand when | say the letter ‘A" 0-2
Read the following sequence of letters: —_
SAVEAHAART or CASABLANCA or ABADBADAAY Kitors
Errors: No squeeze with ‘A’ & squeeze on letter other than ‘A’

« If unable to complete letters — Pictures
¢> 2 Errors

CAM-ICU negative
No DELIRIUM

3. Altered level of consciousness: |_RASS other
Current RASS level than zero

l RASS = zero
4. Disorganized thinking: /

1. Will a stone float on water? > 1 Error

2. Are there fish in the sea?
3. Does one pound weigh more than two? <
-1

CAM-ICU positive
DELIRIUM present

4. Canyou use a hammer to pound a nail?
Command: “Hold up this many fingers” (Hold up 2 fingers) Error
“Now do the same thing with other hand” (Do not demonstrate) N
OR  “Add one more finger” (If patient unable to move both arms)

CAM-ICU negative
No DELIRIUM

Fig. 1.1 Confusion assessment method for the intensive care unit (CAM-ICU) flowsheet.
Copyright © 2002, E. Wesley Ely, MD, MPH and Vanderbilt University, all rights reserved.
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Table 1.7 Medications used to treat agitation

Agent Mechanism Advantage Adverse effects
Midazolam Increases GABA Rapid onset of action Respiratory depression,
activity with high metabolic  hypotension
clearance
Lorazepam Increases GABA Intermediate onset of Respiratory depression,
activity action with mid- hypotension; propylene
range metabolic glycol-related acidosis,
clearance nephrotoxicity
Diazepam Increases GABA Rapid onset of action Respiratory depression,
activity with long half-life hypotension, phlebitis
(10-20 hours)
Propofol Increases GABA Rapid onset of action Pain on injection, hypoten-
activity with high metabolic  sion, respiratory depression,
clearance hypertriglyceridemia, pan-

creatitis, allergic reactions,
propofol infusion syndrome

Dexmedetomidine Alpha 2 adren- Provides sedation Bradycardia, hypotension;
ergic receptor  without respiratory  hypertension with loading
agonist depression risk dose; loss of airway reflexes

Abbreviation: GABA, gamma aminobutyric acid.

1.3 Treatment

1.3.1 Medications for Agitation3
See » Table 1.7.

1.3.2 Pharmacologic Management of Hyperactive
Delirium and Agitation

See » Table 1.8

1.3.3 Nonpharmacologic Treatments for Delirium?'

e Frequent reorientation with signs, clocks, and calendars
¢ Address dehydration and constipation

e Assess for hypoxia and optimize oxygen saturation

¢ Assess for underlying infection

¢ Avoid unnecessary catherization

¢ Early mobilization
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e Address pain

¢ Review medications

¢ Nutrition assessment
¢ Address reversible sensory impairment with glasses and hearing aids
¢ Promote good sleep hygiene

Table 1.8 Medications used to treat delirium

Typical
antipsychotics
Haloperidol
Chlorpromazine
Thioridazine

Atypical
antipsychotics
Olanzapine
Risperidone
Quetiapine
Ziprasidone

Benzodiazepines
Midazolam
Lorazepam
Diazepam
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Mechanism

Postsynaptic block-
ade of dopamine D2
receptors with
varying effect on
neuronal 5-HT2a,
alpha-1, histaminic,
and muscarinic
receptors'’

Postsynaptic block-
ade of D2 receptors
with varying effect
on neuronal
5-HT2a, alpha-1,
histaminic, and
muscarinic
receptors; serotonin
5-HT2 receptor
binding exceeds its
loose dffinity for
dopamine D2

Bind to specific
receptors in the
gamma aminobu-
tyric acid (GABA)
receptor complex,
which enhances the
binding of this

Advantage

Fewer anticholin-
ergic effects, few
active metabolites,
minimally
sedating,
amelioration of
hallucinations,
delusion, and
unstructured
thought patterns'8

Generally they
have lower risk of
extrapyramidal
side effects and
tardive dyskinesia
compared with
first-generation
antipsychotics'®

Anxiolysis is
achieved at low
doses; rapid effect;
duration varies and
can be given via
continuous infu-
sion for stability

Adverse effects

Significant risk of
extrapyramidal side
effects and tardive
dyskinesia; cognitive
numbness and
dysphoria, extrapyra-
midal side effects,
neuroleptic malignant
syndrome, dystonic
reactions, ventricular
arrhythmias, torsades
de pointe, cardiac
arrest, QT
prolongation'”

Weight gain and
related metabolic
effects, hypotension,
sedation, anticholiner-
gic symptoms,
hyperprolactinemia,
extrapyramidal
symptoms (EPS), car-
diac effects, cardiomy-
opathies, cataracts, and
sexual dysfunction;
anticholinergic effects
most prominent with
olanzapine, quetiapine,
and clozapine

Sedation, respiratory
and cardiovascular
depression; paradoxical
reaction characterized
by agitation, restless-
ness, and hostility?°
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2 Cerebrovascular Emergency: Acute

Stroke Diagnosis and Management
Maria Carissa C. Pineda, Sridhara S. Yaddanapudi, and Norman Ajiboye

Abstract

Stroke is one of the leading causes of disability in the USA. Timely acute inter-
ventions in the form of tPA and endovascular therapy have changed the land-
scape of acute stroke care. Having an organized and efficient system of care is
extremely important for delivering acute stroke care. This chapter details the
components of acute stroke care from the emergency room to the neurocritical
care unit. The chapter covers pre- and post-tPA and endovascular care as well
as post stroke complication management in the neurocritical care unit.

Keywords: acute stroke, tPA, endovascular therapy, neurocritical care

2.1 Epidemiology

o Stroke is the fifth leading cause of death in North America
e It is the leading cause of disability
e 795,000 people/year have a stroke in North America

2.2 Etiology

2.2.1 Nonmodifiable Risk Factors

e Age

e Sex

e Race

o Family history

2.2.2 Modifiable Risk Factors

e Hypertension

e Diabetes mellitus

e Hyperlipidemia

e Smoking

o Excessive alcohol use

e Obstructive sleep apnea
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Cerebrovascular Emergency: Acute Stroke Diagnosis and Management

2.2.3 Stroke Subtypes

According to TOAST? classification there are five subtypes of ischemic stroke:
1. Large artery atherosclerosis
2. Cardioembolism
3. Small vessel occlusion (lacunar stroke)
4. Stroke of other determined etiology
e Mechanical valves
o Atrial fibrillation/flutter
e Left atrial (LA) appendage thrombus
e Left ventricular (LV) thrombus
e Recent myocardial infarction (MI)
e Dilated cardiomyopathy
¢ Endocarditis/infection
¢ Patent foramen ovale
o Atrial septal aneurysm
¢ Congestive heart failure
¢ Vasculopathies
e Hypercoagulable state
5. Stroke of undetermined etiology/cryptogenic

2.3 Common Clinical Presentations

Presentation depends on the vascular territory. See » Table 2.1.

F.AS.T. is the acronym most associated with recognition of early stroke signs:

F =Facial weakness

A=Arm weakness

S=Speech difficulty

T=Time to call 9-1-1

Once in the emergency department a more thorough examination using the
National Institutes of Health Stroke Scale (NIHSS) is completed (> Table 2.2).

2.4 Differential Diagnosis for Acute Ischemic
Stroke

e Intracerebral hemorrhage (ICH)

e Subarachnoid hemorrhage (SAH)

e Migraine with aura (most auras DO NOT last beyond 60 minutes nor present
with loss of function)

e Transient global amnesia

e Postictal Todd’s palsy (history of epilepsy or prior Todd’s palsy, short duration
with improvement)

¢ Hypoglycemia (rapid improvement with glucose correction)?

12
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Table 2.1 Common clinical presentation by vascular territory
Vascular territory Symptoms

Middle cerebral artery Contralateral facial droop, weakness and sensory loss
(arm>leg), aphasia, neglect, contralateral homonymous
hemianopia, ipsilateral gaze deviation

Anterior cerebral artery Contralateral hemiplegia (leg>>face and arm), abulia,
rigidity, gait apraxia, urinary incontinence

Posterior cerebral artery Contralateral homonymous hemianopia, alexia, contralat-
eral sensory loss, cortical blindness, visual hallucinations,
optic ataxia, gaze apraxia

Subcortical Contralateral hemiplegia or hemisensory loss
(usually face =arm=leg), no cortical features (aphasia,
neglect), thalamic strokes may have aphasia, delirium,
other cortical features

Basilar artery Cranial nerve palsy, crossed sensory deficits,
dizziness, diplopia, dysarthria, dysphagia, vertigo,
nausea/vomiting, hiccups, contralateral weakness,
ataxia, nystagmus, coma

2.5 Acute Stroke Diagnosis, Treatment, and
Management?

2.5.1 Stroke Activation (> Fig. 2.1)

e ABC: airway, breathing, circulation

o 0, saturation > 94% (supplemental oxygen is not recommended if the
patient is not hypoxic)

o Finger-stick glucose should be > 50

e Intravenous (IV) access

¢ History: Past medical, surgical, and medication (ask about antiplatelet and
anticoagulant agents)

e Check electrocardiogram (ECG)—rule out acute ST-elevation myocardial
infarction (STEMI)

o Send STAT labs: Coagulation panel and platelet

e Perform focal stroke examination using NIHSS (> Table 2.2 shows the pictures
and sentences used for questions 9 and 10 on the scale.)
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Jefferson Acute Stroke Alert Algorithm Center Campus
) Thomas kefferson Uriversity ED and In-house

Signs or symptoms of stroke up to 24 hours and wake-up

Onset greater
than 24 hours

Stroke alert (Gibbon 5-6074 or JHN 3-9999)
* Blood glucose
* Weigh patient (for tPA), vital signs
« Last seen normal time and NIHSS

;ﬁme tocall »

I STAT CT brain stroke protocol

I
T

ICH/SAH
pathway
| Neurology consult I
0-4.5hr. 4.5-6hr.

CTH/CT angio head/neck
+

IV tPA

CT-perfusion
CTH/CT-angio head/
neck (ASPECTS)
Yes No care
INR = =
pathway AIS (Reviewed by the CSC\‘;
\committee 3/2019 )

Fig. 2.1 Thomas Jefferson University acute stroke algorithm for in-house and emergency
room activation.
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Table 2.2 (a) NIH stroke scale. (b) Supplement to questions 9 and 10 on the National
Institutes of Health Stroke Scale (NIHSS) used to determine deficits in language and
speech. (1-3) Assessment of aphasia: (1) describing the picture, (2) reading the short
sentences, and (3) naming the objects listed. (4) Words repeated by the patient to
assess dysarthria. (Reproduced with permission from National Institute of Neurological

Disorders and Stroke (NINDS).

Category

1a. Level of consciousness
(LOC)

1b. LOC questions

2. Best gaze

3. Visual

4. Facial palsy

5a. Motor left arm

5b. Motor right arm

printed on 2/11/2023 10:56 PMvia .

)

NIH stroke scale
Description

0=Alert
1=Drowsy

2 =Stuporous
3=Coma

0=Answers both correctly
1=Answers one correctly
2 =Answers neither correctly

0=Normal
1= Partial gaze palsy
2 =Forced deviation

0=No visual loss

1 =Partial hemianopia

2 =Complete hemianopia
3 =Bilateral hemianopia

0=No facial palsy
1=Minor facial palsy

2 =Partial facial palsy

3 =Complete facial palsy

0=No drift

1= Drift

2 =Can’t resist gravity

3 =No effort against gravity
4=No movement

UN = Amputation/Joint fusion

0=No drift

1= Drift

2 =Can’t resist gravity

3 =No effort against gravity
4=No movement

UN = Amputation/Joint fusion

Al'l use subject to https://ww.ebsco.contterns-of-use
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(Continued)
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Table 2.2 (Continued) (a) NIH stroke scale. (b) Supplement to questions 9 and 10 on the
National Institutes of Health Stroke Scale (NIHSS) used to determine deficits in language
and speech. (1-3) Assessment of aphasia: (1) describing the picture, (2) reading the
short sentences, and (3) naming the objects listed. (4) Words repeated by the patient to
assess dysarthria. (Reproduced with permission from National Institute of Neurological
Disorders and Stroke (NINDS).)

Category Description Score

6a. Motor left leg 0=No drift
1= Drift
2 =Can’t resist gravity
3 =No effort against gravity
4=No movement
UN = Amputation/Joint fusion

6b. Motor right leg 0=No drift
1 =Drift
2 =Can’t resist gravity
3=No effort against gravity
4=No movement
UN = Amputation/Joint fusion

7. Limb ataxia 0=Absent
1="Present in one limb
2 =Present in two limbs

8. Sensory 0=Normal
1= Partial loss
2 =Severe loss

9. Best language? 0=No aphasia
1=Mild to moderate aphasia
2 =Severe aphasia
3 =Mute

10. DysarthriaP 0=Normal articulation
1=Mild to moderate dysarthria
2 =Near to unintelligible
3 =Intubated or other barrier

11. Extinction and 0=No neglect
inattention 1= Partial neglect
3 =Complete neglect

Total

(Continued)
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Table 2.2 (Continued) (a) NIH stroke scale. (b) Supplement to questions 9 and 10 on the
National Institutes of Health Stroke Scale (NIHSS) used to determine deficits in language
and speech. (1-3) Assessment of aphasia: (1) describing the picture, (2) reading the
short sentences, and (3) naming the objects listed. (4) Words repeated by the patient to
assess dysarthria. (Reproduced with permission from National Institute of Neurological
Disorders and Stroke (NINDS).)

You know how.
Down to earth.
| got home from work.

Near the table in the dining room.

They heard him speak on the
radio last night.

Mama
Tip-top
Fifty—fifty
Thanks
Huckleberry
Baseball player

See » Table 2.2(a) 2Ask patient to name items, describe the picture, read a sentence,
intubated patients should write response if able.

bEvaluate speech clarity by asking patient to repeat the listed words

Abbreviations: LOC, level of consciousness; NIHSS, National Institute of Health Stroke Scale.

e Check STAT computed tomography (CT) of head (> Fig. 2.2)
o Rule out hemorrhage
o Rule out large completed ischemic stroke
o Identify acute middle cerebral artery (MCA) or basilar occlusion
o Assess eligibility for IV tPA (» Table 2.3 and > Fig. 2.3)
o If eligible, dosing for tPA is 0.9 mg/kg with a maximum dose of 90 mg.
o A bolus of 10% is given over the first minute followed by the remaining
dose over 1 hour.
o If a patient is ineligible for tPA then administer 325 mg aspirin orally or
300 mg aspirin rectally (provided no hemorrhage on CT of head).

17
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Fig.2.2 (a, b) Examples of a
dense occlusion of an artery
due to acute thrombus: (a)
Dense occluded right middle
cerebral artery (MCA). (b)
Dense occluded basilar artery.
(c, d) Examples of computed
tomography (CT)scan finding
that would exclude a patient
from receiving intravenous (1V)
tPA. (c) A completed right
middle cerebral artery (MCA)
stroke. (d) A right thalamic
hemorrhage.

e Blood pressure goals (> Fig. 2.4):
o Blood pressure must be controlled prior to administering IV tPA to mini-
mize the bleeding risk. Goal is < 185/110.
o With tPA administration, maintain a blood pressure (BP) goal of < 180/105.
o If tPA is NOT given then the BP goal should be <220/110 during the first
24 hours.
o Avoid agents like hydralazine, nitroprusside, and nitroglycerin due to their
vasodilatory effect.
¢ » Fig. 2.1 outlines the pathway for further imaging in patients with suspected
large vessel occlusion or dense vessel on plain CT head. CT angiogram (CTA)
of head and neck to identify artery occlusion and CT perfusion to evaluate
size of core infarct and penumbra (> Fig. 2.5).

2.6 Criteria for Endovascular Therapy

Early studies published in 2013 (IMS-III, SYNTHESIS, and MR RESCUE) failed to
show benefit of endovascular treatment of acute ischemic stroke.6.7:8

Between 2015-2018, multiple studies have shown the benefit of endovascu-
lar treatment with or without tPA.11011.12 Based on the findings of these stud-
ies, the American Heart Association/American Stroke Association published
new guidelines in 2018 supporting endovascular treatment with stent
retriever provided the following criteria are met:4

18
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Table 2.3 Eligibility criteria, warnings, and contraindications to intravenous tPA (Alteplase)

Eligibility criteria within the
3 hours window

Recommended for both severe stroke and for mild but
disabling strokes

Age 218 years; equally recommended for ages <80
and >80 years under 3 hours of onset

Warnings for IV tPA within the
3 hours window

Clinical syndrome not consistent with ischemic stroke
Recent history of intracranial hemorrhage

Contraindications for IV tPA
within the 3 hours window

Active intracranial hemorrhage (i.e., subdural hematoma,
epidural hematoma, subarachnoid hemorrhage, or
spontaneous intracerebral hemorrhage)

Active internal bleeding

Clinical presentation suggesting cerebral aneurysm
rupture and/or subarachnoid hemorrhage

Delay in patient arrival, unknown time of onset and/or
“wake up” stroke

Current severe uncontrolled hypertension (SBP>185mm
Hg or DBP>110 mm Hg) despite aggressive treatment

Presence of intracranial conditions that may increase the
risk of bleeding (neoplasm either primary or metastatic;
cerebral arteriovenous malformation, etc.)

Ischemic stroke in the setting of infective endocarditis

Recent intracranial or intraspinal surgery within prior
3 months (lumbar puncture within 7 days does NOT
apply)

Recent severe head trauma or history of post-traumatic
stroke within 3 months

History of structural gastrointestinal malignancy or
recent gastrointestinal hemorrhage within 3 weeks

Known or suspected aortic dissection
(Continued)
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Table 2.3 (Continued) Eligibility criteria, warnings, and contraindications to intravenous tPA
(Alteplase)

Bleeding diathesis/coagulopathy or thrombocytopenia
including but not limited to:

e Known INR>1.7 and/or elevated PT>15 seconds

e Known administration of therapeutic doses of heparin
or low-molecular-weight heparin within 24 hours of
presentation or elevated aPTT>40 seconds

Known platelet count<100,000/mm3

Known use of direct thrombin inhibitors or factor Xa
inhibitors (BOACs) within 48 hours of stroke symptoms
assuming normal renal function

Eligibility criteria for the 3 to
4.5 hours window

Age <80 years

NO history of both stroke and diabetes mellitus
NIHSS <25

Not on oral anticoagulant agents

No evidence of ischemia of >1/3 of the MCA territory

Additional warnings within the
3 to 4.5 hours window?

Age >80 years
History of prior stroke and diabetes mellitus
NIHSS > 25

Additional contraindications
within the 3 to 4.5 hours
window

Current use of oral anticoagulant and/or INR>1.7

Patients with imaging evidence of ischemic injury
involving more than one-third of the MCA territory

aDeemed Class IIb (possible benefit>risk) so it may be considered.

Adapted from the AHA/ASA 2018 Guideline for the Early Management of Acute Ischemic
Stroke3

Abbreviations: aPTT, activated partial thromboplastin time; DBP, diastolic blood pressure;
INR, international normalized ratio; MCA, middle cerebral artery; NIHSS; PT, prothrombin
time; SBP, systolic blood pressure.
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Criteria for Endovascular Therapy

Jefferson

Thomas Jefferson University

HOME OF SIDNEY KIMMEL MEDICAL COLLEGE

l Acute Ischemic Stroke IV tPA algorithm I

PL/farlnilyI’

attending
agree to
treat with
IV tPA

I Secure at least 2 IV sites I

Dosing and administration
for IV tPA

0.9 mg/kg: maximum dose

90 m,

10% of the total dose

as an IV bolus over 1 minute
Remaining

90% infuse over 60 minutes

13

lusion criteria,

Neurology/ED MD to document
reason for not administering IV tPA

Monitor
Vital signs and neuro checks
Every 15 min. X 2 hrs. Then
Every 30 min X 6 hrs. Then
Every 1 hr. X 16 hrs.
(total of 24 hrs. VS and neuro checks)
Maintain B/P SBP less than 180 DBP less than 105
No Anticoagulant or antiplatelet therapy for 24 hrs.

Admit pt. to NICU or
Acute Stroke Unit

Consider for possible on
going Clinical Stroke Trials

Admit to NICU or
Acute Stroke Unit

Initiate stroke protocol

Reviewed and updated 3/2019 by Dr. fred Rincon
and CSC committee

Fig. 2.3 Thomas Jefferson University algorithm for Ischemic Stroke and Assessment for

intravenous tPA (Alteplase).

e Age>18 years

o Pre-stroke modified Rankin score (mRS) is 0-1

e Causative occlusion is in the internal carotid or proximal middle cerebral ves-
sel (M1). CT angiogram (CTA) or magnetic resonance angiogram (MRA)
should be completed to look for large vessel occlusion in the internal carotid
artery ot proximal middle cerebral artery (M1)

e NIHSS>6

EBSCChost - printed on 2/11/2023 10:56 PM via
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Jefferson

Thomas Jefferson University

( Hypertensive Emergency in Patients with Ischemic Stroke )

IV tPA candidate

Goal SBP less than 185 Goal SBP less than 180
Goal SBP less than 220 mmHg Goal DBP less than 110 Goal DBP less than 105
Goal DBP less than 110 mmHg Via 1st and 2nd line anti- Via 1st and 2nd line anti-
Via 1st and 2nd line anti- hypertensive drugs hypertensive drugs
hypertensive drugs

Note: If BP does not decline
and remains greater than
180/105, DO NOT
administer tPA.

Anti-hypertensive drugs
Drug T 1V bolus dose I Conti infusion rate
First line
Labetalol Bolus per Prﬂysi‘;a’; “’?8’5’ Titrate to maintain prescribed SBP per physician orders.
ous10mg start at 1 mg/min. Maximum dose 2 mg/min.

IV push over 2 minute

Nicardipine N/A Titrate to malntaln prescribed SBP per physician orders.
d start at 5 mg/hr. Maximum dose 15 mg/hr.
Clevidipine NJA Titrate to prescribed SBP per physician orders.
Recommended start at 1 mg/hr. Maximum dose 21 mg/hr.

Second line
Esmolol Bolus per physician orders. | Titrate to maintain prescribed SBP per physician orders.

Rec bolus 500 start at 50 meg/kg/min.

mcg/kg push over 1 minute. | Maximum dose 200 mcg/kg/min.
Enalaprilat Bolus per physician orders. N/A

Recommended bolus 1.25

mg IV push
Hydralazine Bolus per physician orders. N/A

Recommended bolus 10-20

mg IV over 3 minutes

| Reviewed on 3/2019 by the CSC committee |

Fig. 2.4 Thomas Jefferson University algorithm for the management of hypertensive
emergency in patients with acute ischemic stroke.

e Alberta Stroke Program Early CT Score (ASPECTS)>6
¢ Endovascular treatment should be initiated with 6 hours of symptom onset

Furthermore, the most recent guidelines recommend mechanical thrombec-
tomy for select patients whose last known well time was within 16 to 24 hours,
who have signs of anterior circulation large vessel occlusion, and who meet the
eligibility criteria defined in the clinical trials of DAWN!! and DEFUSE 3.12
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Fig.2.5 Advanced imaging obtained for patients suspected of large vessel occlusions.
(a) Computed tomography (CT) angiogram demonstrating occlusion of the right middle
cerebral artery with a “cutoff” of contrast. (b, c) Represent CT perfusion images. (b)
Cerebral blood flow showing decreased flow within the right basal ganglia. (c) Mean
transit time (MTT) demonstrating prolonged perfusion time. MTT helps to distinguish
tissue “at risk” (penumbra) from ischemic nonviable tissue.

2.6.1 Neurocritical Care Management of Ischemic
Stroke

After administration of the appropriate acute stroke therapy, there are impor-
tant medical management issues that need to be addressed. Studies have
shown that acute care in a stroke unit or a neurocritical care unit has shown
better outcomes especially with the utilization of stroke protocols.

e Post tPA complications

e Post tPA management

e Post thrombectomy management

o Stroke workup and risk factor management

e Post stroke complications

o Surgical management of stroke

Post-tPA Complication

¢ Bleeding

o 6.4% risk of symptomatic bleed from IV tPA

o Patients acutely develop worsening neurologic examination (increase of
NIHSS by 4 or more points), headache, nausea/vomiting, or acute
hypertension

o Management of post tPA bleeding
- Stop IV tPA infusion
- Reduce blood pressure to < 140/90
- Send stat complete blood count (CBC), coagulation panel, fibrinogen, and

type and screen

— Check STAT CT head

23
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- If bleeding is present on the CTH (CT head) transfuse
= Cryoprecipitate 10 units over 10 to 30 minutes if fibrinogen <200 give
=Tranexamic acid (TXA) 1 gm IV over 10 minutes or
= E-aminocaproic acid (EACA) 5 gm over 1 hour followed by 1 gm IV until
bleeding controlled.
- Follow serial fibrinogen levels goal > 200
- STAT neurosurgical consultation

¢ Angioedema

o Although relatively rare, angioedema and anaphylaxis have occurred post-
tPA administration. Angioedema has been estimated to occur in approxi-
mately 5% of patients (those taking ACE inhibitors are at increased risk). If
needed treat with:

- IV diphenhydramine or

- IV methylprednisolone or

- IV ranitidine

- Epinephrine can be used for severe anaphylaxis

Post tPA Management

e BP goal 140-180/105. Avoiding extremes in either direction, blood pressure

which can cause bleeding or increased ischemia.

¢ No antiplatelet, anticoagulant, or chemoprophylaxis for deep vein thrombo-

sis (DVT) prophylaxis for 24 hours.

¢ Repeat CT or magnetic resonance imaging (MRI) of brain 24 hours post TPA

administration to look for hemorrhagic transformation'3 or large territory
stroke that would delay initiating antiplatelet or anticoagulation therapy
(» Table 2.4).

Table 2.4 Subtypes of hemorrhagic transformation of ischemic stroke

Radiographic classification of hemorrhage transformation of ischemic stroke

Hemorrhagic classification Radiographic appearance
Hemorrhagic infarct type 1 (HI1) Petechial hemorrhage at the margins
Hemorrhagic infarct type 2 (HI2) Petechial hemorrhages throughout the

infarct without mass effect

Parenchymal hematoma type 1 (PH1) Hemorrhage of <30% of the stroke volume
with mild mass effect due to the hematoma

Parenchymal hematoma type 2 (PH2) Hemorrhage of >30% of stroke volume with
substantial mass effect due to the
hematoma

Adapted from Demaerschalk BM, Kleindorfer DO, Adeoye OM, et al.>
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Post Thrombectomy Care (> Fig. 2.6)

e Femoral artery site: Monitor for hematoma formation and loss of distal
pulses.
o Check distal pulses every 15 minutes for the first hour, every 30 minutes for
next 4 hours then hourly for 24 hours.
o If there is loss of pulses, notify endovascular team and consider vascular
surgery for possible thrombectomy.

ﬁﬁﬂfon Acute Ischemic Stroke
g = Post Mechanical Thrombolysis

Patient meets
criteria for
mechanical

thrombectomy

*Clinical considerations for
R oD acute stroke unit
B i issii
consent, secure 2 IV adml.s son Neurology/
sites, arterial line, + NIHSS <5 within 24 neurosurgery
and anesthesia hours of symptom onset documentation for
with or without IV tPA exclusion
 NIHSS >5 after 24 hours
of symptom onset without l
concern for neurologic
decline R
Check viBaI 5:]90“5 « Non-crescendo TIAs Evaluatteri;(l);‘-chnlcal
MAP 70-1 *
Normoxia (Sat >92%) Z‘g‘;‘;:{s rkup not 215-964-4203
" ':f“mothiomi?EKG « Intracranial hemorrhage
ardiac monitor, with an ICH score of
Baseline neuro exam - NIHSS 1 or less.
Baseline labs (CBC, PT/PTT,
INR, SMA-7, Mg, phos) Admit to
ASU*[NICU**
**Clinical considerations for a {eulosy)
Ao NICU™® higher level of care
* Patients with stroke syndrome in whom loss
of protective airway is of concern.
« Patients requiring blood pressure i
augmentation for a confirmed pressure Start SPEF'ﬁ‘
Start specific dependent neurologic exam Acute Ischemic Stroke
Acute Ischemic Stroke « Patients requiring frequent (>1 time/hour) protocol/pathway
post-mechanical titration of continuous antihypertensive (AIS +tPA or no tPA)
thrombectomy medications. ; .
protocol/pathway  Patients post interventional neuroradiology
procedure
* Patient with a suspected basilar thrombosis
l * Patients with any secondary acute onset of
organ dysfunction
B e * Patients with post- Activase complications
* Hemorrhage
* DIC
+ Angioedema, anaphylaxis @
committee 3/2019

Fig. 2.6 Thomas Jefferson University algorithm for the management of post-
thrombectomy patients.
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o If there is groin hematoma, check CT of abdomen/pelvis to rule out retro-
peritoneal hemorrhage.
e Radial artery site: Monitor radial artery band.
o Continue full inflation for 1 hour post procedure.
o Slowly deflate radial band by 5 cc every 10 minutes after the first hour.
e Blood pressure:
o Successful thrombectomy with TICI (Thrombolysis in cerebral infraction)
>2p10
- Keep systolic blood pressure (SBP) within 140-160 mm Hg or mean arte-
rial pressure (MAP) 70-90 mm Hg
o Unsuccessful thombectomy with TICI < 2a!
- Blood pressure goal should be in accordance with the acute ischemic
stroke guidelines
=<220/110 if IV tPA is not given
=<180/105 if IV tPA is given

2.7 Stroke Workup and Management

Stroke workup may include any of the following based on specific risk factor
management:
¢ MRI of head/MR angiography (MRA) of head and neck (if no CTA was
performed)
e Transthoracic echocardiogram with bubble study
¢ Transesophageal echocardiogram in certain patient populations
¢ MR venogram if venous stroke is suspected
e Lower extremity Dopplers
e Carotid ultrasound for patients who cannot get CTA or MRA
¢ Bedside dysphagia screen followed by formal swallow evaluation if bedside
screening fails.
o Consider placing nasogastric tube for enteral access if unable to obtain for-
mal swallow evaluation in a timely manner
o Percutaneous gastrostomy tube may be indicated during the hospitaliza-
tion but would allow time for improvement of swallowing function before
preceding
e Anemia
o Avoid unnecessary transfusion
o Transfuse for hemoglobin of < 7 mg/100 mL3 unless there are significant
cardiac risk factors in which case consider goal of Hgb > 8 mg/dL
e BP management
o During the first 24 hours blood pressure is managed to preserve the stroke
penumbra.
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o Once the workup is completed and the etiology identified, it is reasonable
to slowly lower the blood pressure (to normotension) over days to weeks
to allow for collateral vessel formation.

o For patients with poor collateral vessels and/or with significant intracranial
stenosis, the examination may worsen with normalization of blood pres-
sure. When that occurs induced hypertension may be needed to allow for
cerebral perfusion.

o When induced hypertension is implemented the goal is to increase the SBP
by 25% and follow the examination. If there is no improvement in the
examination within 1 to 2 hours the blood pressure can return to baseline
and obtain a repeat CTH to evaluate for stroke progression.

o If the examination improves with induced hypertension then continue the
methods used to maintain the new blood pressure for 3 to 5 days and then
slowly lower while monitoring for worsening symptoms.

o BP should be individualized by patient noting pertinent comorbidities.

o There are occasions when BP must be augmented after the first 24 hours in
order to maintain cerebral perfusion. Induced hypertension can be used
with a goal of increasing the SBP by 25% and following the examination. If
there is improvement in the exam then maintain that new goal. If there is
no improvement then the patient can revert to baseline.

Lipids

o All acute stroke patients should be started on a high intensity statin
- Atorvastatin 40 mg or Rosuvastatin 20 mg
- Long-term goal for low-density lipoprotein (LDL) is < 100 and < 70 in high-

risk atherosclerotic cardiovascular disease (ASCVD) patients. If LDL is con-
trolled on admission it is reasonable to continue the outpatient dose.

Antiplatelet or anticoagulation

o Medication choice should be based on the patient’s prior medication his-
tory and stroke etiology (embolic vs. thrombotic). Aspirin or Plavix or
Aggrenox.

Anticoagulation: There is no consensus on timing. It depends on:

o Size of stroke
— 24 to 48 hours for lacunar stroke with minimal deficit
- 3 to 7 days for moderate size strokes without hemorrhage
- 14 to 21 days for large stroke

o Hemorrhagic conversion of current stroke
- 3 to 5 days for petechial hemorrhage
- 5 to 7 days for moderate bleed
- 214 days for significant blood within the stroke bed

o Risk of further stroke with atrial fibrillation

o Risk of bleeding with anticoagulation

o Heparin infusion is usually started prior to oral agents as it can be tightly
controlled and reversed
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o Newer oral anticoagulants (NOAC): Rivaroxaban, apixaban, Pradaxa, and
edoxaban are only approved for nonvalvular atrial fibrillation and DVT/PE
o Lovenox is preferred over warfarin in strokes in cancer patients and in
pregnant women
e DVT prophylaxis
o All patients must be screened appropriately for chemoprophylaxis
o Intermittent pneumatic compression devices to all patients
o Without tPA or with unsuccessful thrombectomy, chemoprophylaxis can
be started on admission
o With tPA or successful thrombectomy, chemoprophylaxis is held for
24 hours until significant hemorrhage is ruled out on repeat imaging
e Glucose control
o Maintain serum glucose of 140 to 180 mg/dL3
o Dextrose containing fluids should be avoided
o Insulin infusion may be needed if serial Accu-Cheks have glucose
>250 mg/dL

2.7.1 Post Stroke Complication

¢ Cerebral edema

o There is little evidence showing that prophylactic treatment of cerebral
edema improves outcomes

o Cerebral edema generally peaks 3 to 5 days post stroke

o Malignant edema'“ refers to edema that causes brain compression or mid-
line shift with change in examination

o Malignant edema is the leading cause of early death post stroke4

o Risk factors for developing malignant edema include'4:
- Younger age
- Higher NIHSS at admission
- Large hypodensity > 50% on initial CT of head

o Cerebellar strokes pose a particularly high risk with swelling compressing
the fourth ventricle causing obstructive hydrocephalus. These patients
need to be followed closely by neurosurgery for possible suboccipital
craniectomy.

e Management of malignant edema

o Intubation for anyone with decreased level of consciousness (Glasgow
coma score [GCS] < 8) or with significant bulbar weakness

o Head of bed is tilted by 30 degrees

o Hyperosmolar therapy'® avoid prophylactic use
- Hypertonic saline (HTS) for cerebral edema

=Need central venous access
=HTS 3% used to maintain Na* goal of 145 to 155 mEq/L
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= Bolus with 250 cc of 3% or followed by infusion starting rate of
30 mL/hour
=Follow serum Na* every 6 hours. If not at goal, rebolus and increase
infusion rate
= Avoid other isotonic fluids
=If there are clinical signs of herniation, 30 mL of 23.4% can be given in slow
IVP (if given too fast, will cause profound bradycardia and hypotension)
=Note: HTS is a volume expander and can exacerbate heart failure
- Mannitol
=Dosing of 0.25 to 1 gm/kg every 4 to 6 hours as needed
=Hold for SOsm of >320 mOsm or Osm Gap>10
= Follow Chem 7, SOsm and/or osmolar gap every 6 hours
- Calculated osmolality = 2(Na) + glucose/18 + BUN (blood urea nitro-
gen)/2.8
- Increased gap may be caused by alcohol, lorazepam, diazepam, mida-
zolam, phentobarbital, or phenobarbital (propylene glycol carrier)
= Can cause hypotension and hypovolemia, replace volume with isotonic
fluids (0.9NSS or Plasmalyte™)
e Fever
o Common after large strokes and impacts mortality and outcome
o Infectious cause of fever should be ruled out
o Goal should be to maintain normothermia of 37 °C
o Aggressive fever management is indicated for temperatures >38 °C
- Standing acetaminophen
=Dosing: 650 mg po every 4 to 6 hours, 975 mg po every 6 hours or 1 gm
IV every 6 hours
- Surface cooling
= Arctic Sun® or BrainCool® allow for therapeutic temperature
management
- Intravascular cooling
=Thermogard XP® offers a variety of catheters for upper body and lower
body which can be very effective at maintaining normothermia
- With any surface or intravascular cooling device, protocols to counteract
shivering must be maintained.
e Seizures
o Prophylactic treatment is not indicated
o Incidence of seizure is most often related to hemorrhagic transformation
with an incidence of 4 to 8%
o Start antiseizure medication with clinical or electrographic seizure
o Cardiac events
o Poststroke patients with and without coronary artery disease are at risk for
adverse cardiac events: Acute MI, acute heart failure, arrhythmias
o All stroke patients should have troponins sent along with admission ECG
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o Common ECG changes seen in acute stroke include6
- Twave abnormalities
- Prolonged QTc
- U waves
- ST depression or change
o Arrhythmias!?
— Atrial fibrillation
- Sinus tachycardia
- Premature ventricular contractions
- Mobitz Type II AV Block
o Elevated troponin
- Marker of ischemic heart disease
- Poor prognostic indicator?8
- Associated with possible embolic source of stroke!?
o Management
- Following serial troponins
- Early cardiology consultation to discuss long-term management of risk
factors
- Medications like beta-blockers or calcium channel blockers are usually
restarted slowly to allow for permissive hypertension post stroke. If
needed due to malignant arrhythmia or concern for STEMI they can be
started within the first 24 hours paying special attention to blood
pressure.
- Anticoagulation should be avoided in the acute stage (see above)
e Surgical management of stroke
o Decompressive hemicraniectomy?20-21
- Life-saving procedure but patients are left with significant disability
(hemiplegia, need assistance with all activities of daily living [ADLs])
- Patients who benefit the most:
= <60 years
= >50% stroke volume
= NIHSS > 16
=Surgery <48 hours from symptom onset
- No benefit if surgery performed > 48 hours from symptom onset
- Does not improve outcome for patients > 60 years
- No difference in outcome between dominant and nondominant hemi-
sphere craniectomy
o Suboccipital craniectomy
- Surgical decompression should be addressed prior to signs of clinical
deterioration:
=Headache, nausea, vomiting, lethargy
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= Nonreactive pupil (fixed and dilated)
=New cranial nerve palsy
- External ventricular drainage (EVD) can be considered along with cra-
niectomy and cerebellectomy
— STAT head CT findings of:
= Effacement of the fourth ventricle
= Obstructive hydrocephalus
= Brainstem compression

o Carotid endarterectomy?22

- Symptomatic stenosis > 70%

- Revascularization should be delayed by more than 48 hours post stroke

- Delaying surgery to post stroke days 8 to 14 decreases odds of postopera-
tive stroke and death
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3 Cerebrovascular Emergency:
Spontaneous Intracerebral Hemorrhage
(ICH)

Syed Omar Shah

Abstract

Spontaneous ICH remains a significant cause of morbidity and mortality
throughout the world. The aim of this chapter is to provide the etiology, pre-
sentation, and treatment of this disease.

Keywords: ICH, hemorrhage, hypertension, amyloid, reversal

3.1 Epidemiology

e About 40 to 80% of ICH patients die within the first 30 days and half of all
deaths occur within the first 48 hours.!

¢ Incidence is 12 to 31 per 100,000 people and increases with age, doubling
every 10 years after age 35.23

e Occurs most in Asians followed by African Americans followed by
Caucasians.*

e Risk factors include hypertension, age, alcohol intake, very low low-density
lipoprotein (LDL) and cholesterol levels.5

3.2 Etiologies|Differential Diagnosis

e Hypertension is the most common cause
e Cerebral amyloid angiopathy (in elderly, age > 60 years)
e Vascular malformations

e Trauma

e Coagulopathy

e Aneurysm

e Hemorrhagic transformation of infarction
e Tumors

e Neoplasm

¢ Venous sinus thrombosis

e Drugs—cocaine and appetite suppressants
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3.3 Common Clinical Presentations

e Headache, seizures, vomiting, worsening Glasgow coma score (GCS)
¢ Neurologic deterioration can be gradual or rapid, depending on location and
size of hemorrhage
¢ Hypertensive hemorrhage tends to occur in the following locations
(» Fig.3.1)
o Basal ganglia/thalamus > lobar > cerebellum > pons
o Localizing symptoms
- Basal ganglia/thalamus: hemisensory loss, hemiplegia, aphasia, homony-
mous hemianopsia, eye deviation toward the lesion but in rare cases have
eye deviation away from lesion (“wrong way eyes”), upgaze palsy
- Lobar: seizures, homonymous hemianopsia, plegia or paresis more com-
monly in the leg than arm
- Cerebellum: ataxia, nystagmus, intractable vomiting, hydrocephalus
- Pons: pinpoint pupils, quadraparesis, coma, locked-in syndrome
e Amyloid bleed is mostly lobar
¢ Vascular malformations (cavernous malformation, arteriovenous malforma-
tion [AVM], dural arteriovenous fistula [dAVF]) can occur anywhere

Fig.3.1 (a) Basal ganglia
hemorrhage due to hyperten-
sion. (b) Pontine hemorrhage
from hypertension or cavern-
ous malformation. (c) Right
frontal hemorrhage due to
amyloid angiopathy. (d) Left
hemispheric hemorrhage from
anticoagulation.
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3.4 Neuroimaging

e Computed tomography (CT) of the head without contrast as soon as possible
and then 24 hours after admission. If the patient is on anticoagulation more
frequent imaging may be warranted (at 12 and 24 hours) while reversal of
coagulopathy is in process.

e CT angiography (CTA) of the head and neck is usually not indicated. However,
in the following circumstances, a CTA may be helpful to rule out
o Subarachnoid hemorrhage
o AVM/Cavernous malformation
o Hemorrhagic brain tumor

o Fluid levels seen on CT scan indicate a coagulopathy

¢ Volume assessment: ABC/2 estimate

(A (largest diameter in cm on largest hemorrhage CT slice)
x B (largest diameter 90 degrees to A) x C (number of 10 cm CT slices))
2

e Can use ABC/3 for hemorrhages secondary to warfarin

e Magnetic resonance imaging (MRI) of brain with and without contrast to
evaluate for underlying mass if no etiology is found (4-6 weeks post
hemorrhage)

¢ Appearance of hemorrhages on MRI (see » Table 3.1)

3.5 Treatment

¢ Blood pressure (BP) (see > Fig. 3.2).
o Elevated BP is associated with hematoma expansion, neurologic deteriora-
tion, and death and dependency.® Early control is essential.

Table 3.1 Appearance of blood on MRI

Phase Time T T2
Hyperacute <12 hours Isodense Bright
Acute 12 hours to 3 days  Isodense Dark
Early Subacute 3-7 days Bright Dark
Late Subactute 7-14 days Bright Bright
Chronic >14 days Dark Dark

Mnemonic: “I Bring itty bitty baby doo doo” (I-B, I-D, B-D, B-B, D-D)
Abbreviation: MRI: magnetic resonance imaging.
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Jefferson

‘Thomas Jefferson University

Hypertensive Emergency in Patients with
Hemorrhagic Stroke

ICH

v

SBP less than 140
or less than 160
determined by
Hemorrhagic

Stroke Algorithm

v

Aggressive BP
reduction with
continuous IV
infusion. Refer to
1*tand 2 line
recommendations

¥

If patient has
elevated ICP
maintain a CPP
greater than or
equal to 60.

Hemorrhage

SAH

!

MAP less than 90
or SBP less than
160 until
aneurysm is
secured. Refere to 1%
and 2™ line
recommendations.

v

Once aneurysm is
secured further
adjustment of
blood pressure is
determined by the
provider team.

Anti-Hypertensive Drugs

Dru T IV Bolus Dose ] Continuous Infusion Rate

First line

Labetalol Bolus per physician orders. [ Titrate to maintain prescribed SBP per physician

Recommended bolus 10mg | orders. Recommended start at 1 mg/min. Maximum
IV push over 2 minute dose 2 mg/min.

Nicardipine N/A Titrate to prescribed SBP per physician orders.
Recommended start at 5 mg/hr. Maximum dose 15
mg/hr.

Clevidipine N/A Titrate to prescribed SBP per physician orders.
Recommended start at 1 mg/hr. Maximum dose 21
mg/hr.

Second line

Esmolol Bolus per physician orders. Titrate to prescribed SBP per physician orders.

Recommended 500 Recommended start at 50 mcg/kg/min. Maximum
mcg/kg push over 1 minute | dose 200 mcg/kg/min.

Enalaprilat Bolus per physician orders. N/A

Recommended bolus 1.25
mg IV push
Hydralazine Bolus per physician orders. N/A

Recommended bolus 10-20
mg IV over 3 minute

\ Reviewed by the CSC committee 3/2019 ||

Fig. 3.2 Thomas Jefferson University algorithm for the management of hypertensive
emergency in patients with hemorrhagic stroke.
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o Antihypertensive Treatment of Acute Cerebral Hemorrhage (ATACH) and
Intensive Blood Pressure Reduction in Acute Cerebral Hemorrhage (INTER-
ACT) found reduction of systolic blood pressure (SBP) < 140 to be safe.”8

o INTERACT2 showed no increase in death or serious adverse events from
early intensive BP lowering.?

o For ICH patients presenting with SBP between 150 and 220 mm Hg and
without contraindication to acute BP treatment, acute lowering of SBP to
140 mm Hg is safe and can be effective for improving functional outcome.®

3.5.1 Aggressive Reduction in SBP to Goal of 140

e Place arterial line and peripheral intravenous (IV) medications
e Use continuous IV medications

o Clevidipine, 4 to 6 mg/hour (start 1-2 mg/hour)

o Labetalol, 2 mg/min (max 300 mg per day)

o Nicardipine, 5 to 15 mg/hour (start 5 mg/hour)

3.5.2 Seizures

o Frequency of clinical seizures within 1 week of ICH is 16%, with majority
occurring at onset.10

e (Clinical seizures should be treated with IV antiepileptics.

o Continuous electroencephalography (EEG) monitoring for those with
depressed mental status that is out of proportion to injury.

¢ Prophylactic antiepileptic medication is not recommended.5

3.5.3 Intracranial Pressure
See Chapter 6.

3.5.4 Medical Issues

e Hypoglycemia and hyperglycemia should be avoided.

¢ Goal normothermia should be achieved.

o After documentation of cessation of bleeding, subcutaneous heparin should
be considered for prevention of venous thromboembolism in patients with
lack of mobility after 1 to 4 days from onset.6
o At Thomas Jefferson University we routinely start subcutaneous heparin 24

to 48 hours after onset of hemorrhage after a repeat stable CT scan.
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3.5.5 Coagulopathies

Reversing anticoagulant or antiplatelet agents is often necessary to minimize
rebleeding or prevent bleeding when surgical procedures are required emer-
gently. See » Table 3.2 and » Fig. 3.3 for details of specific reversal agents.

3.5.6 Surgical Options

e Intraventricular tPA

e Clot Lysis: Evaluating Accelerated Resolution of IVH (CLEAR-IVH) trial dem-
onstrated that intraventricular administration of tPA reduced intracranial
pressure (ICP), lowered external ventricular drain (EVD) obstructions, and
shortened duration of EVD but mortality and mRS (modified Rankin Scale)
were not different.!!

¢ Phase 3 randomized CLEAR III trial is in progress.

o Efficacy and safety of this treatment remains uncertain.b

3.5.7 Craniotomy

e The International Surgical Trial in Intracerebral Hemorrhage (STICH) found
no overall statistically significant difference in mortality or functional out-
come for patients who underwent early surgery.12
o Subgroup analysis suggested that patients with lobar hemorrhages within

1 cm of the cortex might benefit from surgery.

e STICH II trial showed no benefit for patients with superficial lobar hemor-
rhages within 1 cm of the cortex and without I[VH.13

¢ An updated analysis showed advantage for surgery when all patients were
considered, but there was significant heterogeneity in the data.

e Patients with cerebellar ICH who deteriorate neurologically or have brain-
stem compression and/or hydrocephalus should undergo surgical removal of
the hemorrhage as soon as possible.®
o Initial treatment of these patients with ventricular drainage rather than

surgical evacuation is not recommended.

e For most patients with supratentorial ICH, the usefulness of surgery is not
well established.5
o Consider in deteriorating patients for life-saving measures.

3.5.8 Craniectomy

¢ No large randomized controlled trials

e Might reduce mortality for patients who are in a coma, have large hemato-
mas with significant midline shift, or have elevated ICP refractory to medical
management®
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Table 3.2 List of anticoagulant and antiplatelet agents with current reversal

Drug

Warfarin

Unfractionated
heparin

Or
Low-molecular-
weight heparin

Dabigatran

Apixaban,
Rivaroxaban

Argatroban

Bivalirudin

printed on 2/11/2023 10:56 PMvia .

Reversal agent

Vitamin K

Prothrombin Complex
Concentrates (PCC)

Recombinant acti-
vated Factor Seven
(rFVIa)

Protamine Sulfate

Activated charcoal
(if<2 hours)

Idarucizumab
(Praxbind)

Activated charcoal
(if<2 hours)

PCC
K-Centra (4PCC)

Andexxa (Xa inhibitor
antidote)

None

Consider rFVlla

Dose

10mg IVP (intravenous
push)

25-501U/kg IV

Not recommended

o If the dose was given
8 hours or less, 1 mg/
100 units of heparin
IV (Max dose 50 mg)
8-12 hours, adminis-
ter 0.5 mg prot-
amine/100 units of
heparin

>12 hours, adminis-
ter 0.25mg prot-
amine/100 units
heparin

2.5 GM/50 mL slow IVP
over 5 min, total of 2
doses

25-501U/kg IVP
50 units/kg IVP (max
dose 5,000 units)

Dose and agent
dependent

Dose based on timing
of last oral dose taken;
contact pharmacy for
specific dosing

90 mcg/kg

Max infusion
rate

N/A

2 mL/min

5mg/min

2 mL/min

2 mL/min

(Continued)
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Table 3.2 (Continued) List of anticoagulant and antiplatelet agents with current reversal

Drug Reversal agent Dose Max infusion
rate
Alteplase (tPA) Cryoprecipitate 10 units over 10—
Tranexamic Acid 30min can re-dose if

E-Aminocaproic Acid  fibrinogen is <200
1,000 mg IV infused
over 10 min
5 gm IV over 1 hour
followed by 1 gm IV
until bleeding is
controlled

Antiplatelets Platelets One donor apheresis
unit (equivalent to five
pooled units) for
patients undergoing a
neurosurgical
procedure

Abbreviations: 1U, international unit; IV, intravenous; IVP.

3.5.9 Minimally Invasive Surgical Evacuation

e Minimally invasive aspiration of hemorrhage

e The Minimally Invasive Surgery Plus Recombinant Tissue-Type Plasminogen
Activator for ICH Evacuation Trial Il (MISTIE II) demonstrated a significant
reduction in perihematomal edema and a trend to a trend toward improved
outcomes in patients who received minimally invasive surgery plus tPA.14

e MISTIE III is currently in progress.

e The effectiveness of this procedure is still uncertain.

3.6 Prognosis

e There continues to be no change in mortality for patients with ICH even with
the abovementioned treatments.!
e ICH Score
o Simple clinical grading scale that allows prognostication at presentation
(» Table 3.3)1>
o Final score represents 30-day mortality risk (> Table 3.4)
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a Jefferson (Hemorrhagic Stroke Algorithm)
- e | [<] ]
Chronic
hypertension?
Maintain SBP less than 160 via Maintain SBP less than 140 via
hypertensive emergency in hypertensive emergency in
patients with hemorrhagic stroke patients with hemorrhagic stroke,
guidelines qguidelines
DJ/C Antiplatelet and Anticoagulant and consider reversal based on the following recommendations:
Anti- Platelet
Platelet

Transfuse 1 single-donor apheresis unit (equivalent to 5 pooled units or one random donor unit per | 0 kg of body weight) for patients undergoing a
neurosurgical procedure, including the placement of intracranial monitoring devices.
Do NOT transfuse platelets unless the patient will undergo a neurosurgical procedure.
Do NOT transfuse platelets for NSAID or GP2b/3a inhibitor related ICH
DDAVP
Consider administration of DDAVP (0.4 mcg/kg IV) for ICH related to aspirin or Cox-1 and 2 or ADP receptor inhibitors
(e.g. ASA, clopidogrel, prasugrel, ticagrelor)
if the patient’s admission serum Na is above 135.
Consider administration of DDAVP along with platelets in patients undergoing a neurosurgical procedure
Consider if patient has renal dysfunction (BUN > 20 and/or serum creatinine >2)

Warfarin

Administer Vitamin K 10 mg IV (over 10 minutes, maximum rate is 1mglmin):
INR2 -<4 Vitamin K 10 mg IV plus Kcentra (4 factor Concentrated Human Factor Complex is Preferred (PCC)) 25 unit/kg IV push, max dose 2500 units at a
rate of 0.12 mi/kg/min or if history of Heparin
Allergy or HIT; administer *Profilnine 25 unit/kg IV
INR4-6  Vitamin K 10 mg IV plus Kcentra (4PCC) Preferred, 35 unit/kg IV push, max dose 3500 units at a rate of 0.12 ml/kg/min or if history of Heparin
Allergy or HIT, administer *Profilnine 50 unit/k
INR>6  Vitamin K 10 mg IV plus Kcentra (4PCC) Preferred, 50 unit/kg IV push, max dose 5000 units at a rate of 0.12 mi/kg/min or if history of Heparin
Allergy or HIT, administer *Profilnine 50 unit/kg

* Administer Profilnine (3 factor Human prothrombin complex) based on INR value, as follow:
if INR < 4: Administer Profiline 25 unit/kg by IV push over 2-5 minutes
If INR 24: Administer Profilnine 50 unit/kg by IV push over 2-5 minutes re-check in 4 hours.
Repeat Profilnine if necessary. Follow INR, recheck in 12 hours and repeat administration of Vitamin K/ Profilnine, if needed.
Consider FFP if INR remains elevated 10-20 ml/kg

If thrombocytopenia is present, transfuse with platelets (goal > 50,000 B/L)

Direct Factor Xa Inhibitors Apixaban(Eliquis) Rivaroxaban (Xarelto) *Betrixaban (Bevyxxa), *Edoxaban(Savaysa)
Administer Activated Charcoal within 2 hrs of ingestion
If last dose is within 24 hrs. Andexanet is preferred (see page 2 for details)

If Pt. does not meet criteria for Andexanet a non specific reversal agents may be used as alternative
Non-Specific alternative: Kcentra (4PCC) Preferred, 50 unit/kg IV push, max dose 5000 units at a rate of 0.12 ml/kg/min
or if history of Heparin Allergy or HIT, administer *Profilnine 50 unit/kg
If Thrombocytopenia present transfuse with Platelets (goal > 50,000 B/L)

No specific assay to measure anticoagulation PT may be helpful (Anti XA if available)

PCCs maybe considered and option but there is no evidence to support that it reverses XA inhibitors
*Off Label Use

Direct Thrombin Inhibitor Dabigatran (Pradaxa)
Administer Idarucizumab (Praxbind) IV push as two consecutive 2.5 GM/50 ml doses (administer each dose over 5 minutes)
Administer Idarucizumab through a dedicated peripheral line.
If the patient has worsening clinical Neurological signs repeat STAT head CT scan.
If Head CT scans shows worsening Hemorrhage repeat the dose
As a last resort for continued bleeding (DIC), Administer *Profilnine 50 units/kg by IV push over 2-5 minutes (does not reverse Dabigatran specifically)
If thrombocytopenia present, transfuse with platelets (goal > 50,000 B/L)

TPA
Cryoprecipitate 10 units over 10-30 minutes. If fibrinogen < 200 mg/dI, administer additional dose
Tranexamic acid (TXA) 1,000 mg IV infused over 10 minutes or
E-aminocaproic acid(EACA) 5 g over 1 hour, followed by 1 g IV until bleeding controlled.

C Reviewed CSC committee meeting 3/2019 D)

Fig. 3.3 Thomas Jefferson University algorithm for the reversing anticoagulants or
antiplatelet agents with acute hemorrhagic stroke.
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Cerebrovascular Emergency

: Spontaneous Intracerebral Hemorrhage (ICH)

Table 3.3 ICH score

5-12
13-15

>30cm3

<30cm3

Points
GCS
2
1
0
ICH Volume
1
0

Intraventricular Hemorrhage

Yes

No

Infratentorial

Supratentorial

Age =80 years
Age <80 years

Total Points

1
0
Location
1
0

Age

Abbreviations: GCS, Glasgow coma score; ICH, intracerebral hemorrhage.
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Prognosis

Table 3.4 Risk of mortality based on ICH score

ICH score Mortality (%)
0 0

1 13

2 26

3 72

4 97

5 100

6 100

Abbreviation: ICH, intracerebral hemorrhage.
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4 Cerebrovascular Emergencies:
Aneurysmal Subarachnoid Hemorrhage
(SAH)

Norman Ajiboye, Yu Kan Au, and Syed Omar Shah

Abstract

Aneurysmal subarachnoid hemorrhage (SAH) is a devastating neurologic disor-
der which requires early recognition for optimal patient management. It is
associated with a very high mortality if it is not recognized early and treated
appropriately. This chapter provides a quick guide to the early diagnosis and
proper management of patients with SAH. It reveals the barriers to early diag-
nosis and it provides the tools needed to manage such patients. Furthermore,
it provides the treatments of frequently encountered medical complications of
SAH. Finally, it provides a synoptic algorithm that may be used for the evalua-
tion and management of patients with SAH.

Keywords: subarachnoid hemorrhage, rebleeding, hydrocephalus, delayed
cerebral ischemia, vasospasm

4.1 Epidemiology'-?3

¢ Incidence: 10 to 15 per 100,000 in USA.

o Average age of onset is 50 years old.

o It affects up to 30,000 persons annually in the Unites States of America.

¢ In-hospital mortality rates range between 18 and 21.5%.

e Overall mortality rates continue to decline but still remain high between 40
and 70%.

4.2 Risk Factors'4
See » Table 4.1.

4.3 Diagnosis'#>

¢ A high level of suspicion is warranted when a patient presents with the worst
headache of life (thunderclap headache). It is described in 80% of patients
with SAH. A sentinel headache, which is a less severe headache and could
precede the aneurysm rupture, occurs in approximately 20%.
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Table 4.1 Risk factors for aneurysm formation

Nonmaodifiable Modifiable
Prior SAH HTN
Family history of aneurysms Tobacco use

Genetic syndrome (PCKD, Ehlers-Danlos) Alcohol use
Female Sympathomimetic drug use
Black or Hispanic ethnicity

Abbreviations: HTN, hypertension; PCKD, polycystic kidney disease; SAH, subarachnoid
hemorrhage.

Note: Autosomal Dominant Polycystic kidney disease, Fibromuscular dysplasia, Ehlers-
Danlos Type 1V, Sickle Cell Disease, Osler-Weber-Rendu Syndrome, Arteriovenous
Malformations.

¢ Nausea and/or vomiting, stiff neck, loss of consciousness, or focal neurologic
deficits may occur.

¢ The diagnostic sensitivity of computed tomography (CT) of the head is about
95% within the first 12 hours. Therefore, if the initial CT of head is negative
and clinical suspicion is high a lumbar puncture (LP) is warranted.

e LP findings of xanthochromia (yellow discoloration of cerebrospinal fluid
[CSF]) can be seen around 12 hours after rupture.

e CT angiography (CTA) should be considered in the workup of aneurysmal
SAH. If the CTA is negative, digital subtraction angiography (DSA) is
recommended.

e Misdiagnosis or delay in diagnosis carries a fourfold increased risk of death
or disability.

4.4 Grading System

There are two main grading scales that are primarily commonly used to
describe the severity of the hemorrhage. The scale can be used to help in prog-
nosis; however, it should not be used as an absolute. Hemorrhage is graded
based on either the presenting symptoms or Glasgow Coma Scale with the
presence or absence of motor deficit.

4.4.1 Hunt and Hess Grade®
See » Table 4.2.
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4.4.2 World Federation of Neurological Surgeons
Grade’

See » Table 4.3.

4.4.3 Modified Fischer Scores8?

The Modified Fisher Score first published in 2001 serves to predict the risk of
symptomatic vasospasm that can develop after aneurysm rupture.
See » Table 4.4.

4.5 Management of Subarachnoid Hemorrhage

There are two phases to the management of aneurysmal subarachnoid

hemorrhage!?:

1. Early phase comprises preventing rebleeding, securing the aneurysm, and
managing immediate complications.

Table 4.2 Hunt and Hess Grade

Grade 1 Asymptomatic or mild headache and slight nuchal rigidity

Grade 2 Moderate to severe headache, nuchal rigidity, no neurologic deficit
other than cranial nerve palsy

Grade 3 Drowsiness, confusion, or mild focal deficit

Grade 4 Stupor, moderate to severe hemiparesis

Grade 5 Deep coma, decerebrate rigidity, moribund appearance

Table 4.3 World Federation of Neurological Surgeons Grade

WENS Grade GCS Score Motor Deficit

| 15 Absent

Il 13-14 Absent

1] 13-14 Present

\Y 7-12 Present or absent
\Y 3-6 Present or absent

Abbreviations: GCS, Glasgow Coma Scale; WFNS, World Federation of Neurological
Surgeons Grade.
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Table 4.4 Modified Fisher Score

Scale Findings Percentage with
symptomatic vasospasm

1 Focal or diffuse thin SAH, no IVH 24
2 Focal or diffuse thin SAH, with IVH 33
3 Thick SAH present, no IVH 33
4 Thick SAH present, with IVH 40

Abbreviations: IVH, intraventricular hemorrhage; SAH, subarachnoid hemorrhage.

2. Late phase comprises maintenance of metabolic homeostasis as well as
monitoring and prevention of delayed cerebral ischemia.

» Fig. 4.1 details Thomas Jefferson University protocol for subarachnoid
hemorrhage.

4.5.1 Early Phase
Rebleeding'®

e Suspect if early deterioration occurs. Mortality is reported to be as high as
80%.

e There is higher risk if patient has a poor-grade SAH, previous sentinel head-
ache, or a large aneurysm.

e Rebleeding is at its highest risk within 12 to 24 hours, with rates of rebleed-
ing estimated to occur at 30% within 3 hours, 50% within 6 hours, and 4 to
13% in first 24 hours. Time to treatment is crucial.

¢ To minimize the risk of rebleeding prior to securing the aneurysm, current

recommendations include?:

o Early repair (> 6 hours post rupture) when appropriate

o Blood pressure control with systolic blood pressure (SBP) <160 mm Hg or
mean arterial pressure (MAP) <110 mm Hg; care should be taken to avoid
extremes in either direction

o Early use of anti-fibrinolytics can be considered from admission until time
of aneurysm securing. Anti-fibrinolytics should not be started > 48 hours or
used longer than 72 hours due to risk of rebleeding.410.11

o Anyone treated with anti-fibrinolytics should be screened for deep vein
thrombosis.

No current consensus on blood pressure management prior to securing

the aneurysm. Current recommendation for SBP < 160 mm Hg or MAP

<110 mm Hg.
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Hunt Hess

<

Jefferson

Thomas Jefferson University

HOME OF SIDNEY KIMMEL MEDICAL COLLEGE

Subarachnoid Hemorrhage

Algorithm

!

grade I-1l

Assessment
Neuro exam and
vital signs per
unit protocol
MAP goal less than 90

I

Tests and Procedures
CBC, PT/PTT, BMP
ECG (if abnormal, Troponin
& CPK-MB;
Blood Glucose (goal 80-100)
Arterial Line
CVC if patient requiring IV gtts
TCDs bid

Angiogram

v

Fluid/Electrolytes/Nutrition
IVNSS @ 80 cc/hr.
Replace electrolytes for a goal
potassium greater than or
equal to 4.0 and magnesium
greater than or equal to
2.0.

NPO

v

Medications
Nimodipine 60 mg q4hrs
Refer to Hypertensive
Emergency in Patients with
Hemorrhagic Stroke for
1*and 2™ line medications
for BP reduction

I ine Hunt Hess grade

Hunt Hess
grade lll-V

Regular insulin sliding scale
initiate JIIP protocol if Blood
Glucose is greater than
200 on 2 consecutive
measurements
Gl prophylaxis

Bowel Regimen

Assessment
Neuro exam and
vital signs per
unit protocol
MAP goal less than 90

!

Tests and Procedures
CBC, PT/PTT, BMP
ECG (if abnormal, Troponin & CPK-MB)
Blood Glucose (goal 80-100)
Arterial line
CVC (if indicated)
Intubation for airway protection
OXR

EVD insertion
Maintain ICP less than 20
Maintain CPP greater than or equal to 60
Goal normothermia
TCDs bid
Angiogram

!

Fluid/Electrolytes/Nutrition
IVNSS @ 80 cc/hr.
Replace electrolytes for a goal potassium greater

than or equal to 4.0 and magnesium greater than or
equal to 2.0.
NPO

v

Bedrest
Head of Bed 30 degree
or greater «
Pneumatic
Compression Boots

( Initiate SAH Pathway )

v

Medications
Nimodipine 60 mg q4hrs
Refer to Hypertensive Emergency in Patients with
Hemorrhagic Stroke for 1and 27 line medications
for BP reduction
Ancef 1 gram IV prior to EVD insertion
Regular insulin sliding scale
Initiate JIIP protocal if Blood G?un:ose is greater
than 200 on 2 consecutive measurements
Gl prophylaxis
Bowel regimen

Reviewed and updated on 3/2019 by
Dr. Pascal Jabbour, Dr. Fred Rincon and
the Stroke Working Group

Fig. 4.1 Thomas Jefferson University early management of acute aneurysmal subar-
achnoid hemorrhage protocol.
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Aneurysm Treatment

There are two current methods for securing aneurysms: surgical clipping or
endovascular coiling/embolization. The details regarding aneurysm treatment
are outside the scope of this book.

Hydrocephalus?#>-12

1. Acute hydrocephalus occurs in about 30% of patients but can vary widely
from 15 to 87%. Drainage with external ventricular drainage (EVD) is associ-
ated with improved neurologic status.

2. In a recent study comparing management of EVDs, the majority of institu-
tions preferred to keep the EVD continuously open in both the unsecured
and secured aneurysm (81 and 94%, respectively).!3

3. Most institutions favor a gradual wean (96 hours) over a rapid wean
(<24 hours). Shunt placement has not been clearly associated with either
weaning method.>12

Seizures and Prophylactic Anticonvulsant Use1-14

e Up to 26% of SAH patients have seizure-like episodes.

e Risk factors include age > 65 years old, thick SAH clot, intraparenchymal
hemorrhage, rebleeding, and cerebral infarct.

¢ There is no randomized controlled trial on prophylactic antiepileptic drug
(AED) in SAH.

¢ Nonconvulsive seizures are detected in 10 to 20% of comatose SAH patients.

e Current recommendations include:

o Phenytoin should NOT be used for routine prophylaxis as it has been asso-
ciated with worse outcome. Other anticonvulsant agents may be consid-
ered for prophylaxis.

o A short course of anticonvulsant (3-7 days) may be considered for patients
without a history of seizure. Long-term use of anticonvulsant is NOT
recommended.

o For patients with a seizure on admission, anticonvulsant agents should be
continued at the discretion of the management team.

o Continuous electroencephalography (EEG) monitoring should be consid-
ered for high-grade SAH patients in coma and patients with acute neuro-
logic decline.

Cardiopulmonary Complications'1.14.1>

e Sympathetic stimulation and catecholamine surge mediate myocardial injury.
o 35% elevated troponins, 35% arrhythmias, and 25% wall motion abnormalities
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e “Neurogenic Stress Cardiomyopathy” or “Stunned Myocardium”
o Syndrome of chest pain, dyspnea, hypoxemia, and cardiogenic shock
o Occurs within hours of aneurysm rupture
o Risk of sudden death in approximately 12% of the patients
o Symptoms are transient and can resolved within 1 to 3 days
o Supportive management
e Cardiac abnormalities in patients who develop delayed cerebral ischemia
have worse outcomes.
e Symptomatic pulmonary complications can occur in approximately 20% of
the patients while up to 80% may have impaired oxygenation.
o Neurogenic or cardiogenic pulmonary edema
o Acute lung injury
o Acute respiratory distress syndrome (ARDS)
¢ Pulmonary complications are associated with higher clinical grade SAH and
higher mortality.
e Current recommendations include:
o Baseline electrocardiogram (ECG), transthoracic echocardiogram (TTE), and
cardiac enzymes must be obtained on admission.
o Target euvolemia: If pulmonary edema is present then avoiding increased
fluids and careful use of diuretics should be considered.
o Standard management of heart failure is indicated although tempered by
the BP/cerebral perfusion pressure (CPP) goals needed to maintain neuro-
logic stability.

4.5.2 Late Phase
Volume Assessment and Management1:15.16

¢ Target fluid balance of euvolemia.

* Avoid hypovolemia. It is associated with cerebral infarcts and worse
outcome.

e Isotonic fluids are recommended for volume replacement.

¢ Avoid hypotonic fluids.

e Regular assessment of volume status with both clinical data and physical
examination can be supplemented by the use of noninvasive or invasive
monitoring technologies when needed.

¢ Routine use of pulmonary artery catheter is NOT recommended and central
venous pressure (CVP) monitoring is NOT recommended as the sole mea-
surement for volume status.

e Fludrocortisone or hydrocortisone can be considered in patients who persis-
tently maintain a negative fluids balance.
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Glucose Management'1.17

¢ No randomized control trial of strict versus liberal glucose control in SAH.

¢ Both hypoglycemia and hyperglycemia have been associated with
vasospasm.

e Hyperglycemia is seen as marker of SAH severity and risk for infection.

e Recommendation is to maintain serum glucose of 80 to 200 mg/dL.

Temperature Management'':18

e Fever occurs in 40 and 70% of the SAH patients.

e Fever is defined as temperature > 38.3 °C (101 °F) and has been associated
with secondary brain injury including infarct.

e Fever occurs more frequently in patients with high-grade SAH, large hemor-
rhage burden, and/or intraventricular hemorrhage.

e Treatment with ice packs, fans, cold saline infusion, and cooling blanket have
not been shown to be effective.

e Surface and intravascular cooling devices have been shown to be more effec-
tive at controlling fever.

e Recommendations for fevers are as follows:

o Temperature elevation can be due to infectious and noninfectious etiolo-
gies. Infection must be ruled out and/or treated.

o Acetaminophen (intravenous [IV] or oral) or ibuprofen (IV or oral) should
be used as first-line therapies.

o Surface or intravascular cooling devices can be implemented when antipy-
retic agents fail with targeted temperature of 37 °C.

o When surface or intravascular cooling devices are used, monitoring using
the bedside shivering assessment scale (BSAS)!® and implementing a pre-
emptive treatment algorithm are critical.

o When surface cooling devices are employed regular skin assessments
should be completed every 2 to 4 hours to avoid potential burn injury.

o Surface cooling or intravascular cooling should be avoided in patients with
a pre-existing skin condition or who are in vasodilatory shock requiring
multiple vasopressors.

Deep Venous Thrombosis Prophylaxis?%.1!

¢ SAH increases a patient’s risk of deep vein thrombosis (DVT) by inducing a
prothrombotic state.

¢ The incidence of DVT varies widely between 1.5 and 18%, with poor-grade
SAH patients having the highest rate.

e DVT prevention should be initiated in all SAH patients.

e [nitial prevention includes the use of sequential compression devices.
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e Chemoprophylaxis should be withheld until 24 hours after the aneurysm has
been secured.

¢ Despite low-molecular-weight heparin being associated with higher risk of
intracerebral and noncerebral minor hemorrhage, it showed similar effec-
tiveness to SCDs (sequential compression devices) and unfractionated hepa-
rin in preventing DVTs.

Magnesium and Statins'0.16

e Magnesium acts as noncompetitive calcium antagonist. It has multiple vascu-
lar roles which potentially carry a neuroprotective effect by:
o Promoting vasodilation by blocking voltage gated calcium channels
o Decreasing glutamate release and decreasing calcium entry into cells
o Attenuating the effect of endothelin 1
o Blocking the formation of reactive O, species

e Normomagnesemia recommended

* No definitive evidence to support the initiation of a statin to reduce vaso-
spasm and delayed cerebral ischemia (DCI)

e STASH trial?® did not show long- or short-term benefits

e Patients on statins prior to admission with an SAH should be continued

e Routine use of statin in statin naive patients should be avoided

4.6 Vasospasm, Delayed Neurologic
Deterioration (DND), and Delayed Cerebral
Ischemia (DCI)%11.16

o Vasospasm refers to the narrowing of an artery following SAH. It can be seen
radiographically (on CTA) or sonographically (transcranial Doppler [TCD]).

e Vasospasm can cause cerebral ischemia or infarction by decreasing blood flow
and oxygen delivery. It occurs generally between post-bleed day 3 and 7.

¢ Vasospasm can begin post-bleed day 3 and peak between days 7 and 10, gen-
erally resolving by day 21.

¢ Delayed neurologic deterioration (DND) is a clinical decline in neurologic
function after initial stabilization (excluding rebleeding). Common causes for
DND include: hydrocephalus, cerebral edema, seizures, fever, metabolic
derangement, and vasospasm or DCI.

o DCI refers to any neurologic deterioration related to ischemia from cerebral
vasospasm with symptoms lasting > 1 hour without another explanation
(fever, seizure, etc.).

¢ Both DCI and vasospasm can be symptomatic or asymptomatic.

53

printed on 2/11/2023 10:56 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



Cerebrovascular Emergencies: Aneurysmal SAH

e DCI when secondary to vasospasm is a major cause of death and disability
and occurs in 15 to 20% of patients.

4.6.1 Detection and Management of Vasospasm and
DCJ10.11.14,15,16

Vasospasm Detection

e DSA is considered the gold standard in detecting large vessel spasm.

e CTA has a high specificity of 87 to 95% and can be used to screen prior to
obtaining a DSA.

¢ TCDs also have a high sensitivity of 90% with a specificity of 71% when evalu-
ating the middle cerebral vessels.

¢ TCD follows mean blood flow and Lindegaard ratio to categorize severity of
vasospasm. See » Table 4.5.

¢ TCD has a high specificity with a moderate sensitivity. Velocities > 200 cm/s
or rapidly increasing as well as Lindegaard ratio (middle cerebral artery
[MCA]/internal carotid artery [ICA])> 6 are concerning for vasospasm.

¢ EEG shows reduced alpha variability.

Vasospasm Treatment

¢ Oral nimodipine should be given to all SAH patients unless contraindicated
starting on the day of admission. Recommended dose of 60 mg every 4 hours
for 21 days has been shown to improve neurologic outcome but NOT cerebral
vasospasm. Dose can be decreased to 30 mg every 2 hours if unable to toler-
ate due to hypotension.

e For radiographic vasospasm (CTA, TCD, or DSA) with or without DCI, initial
management is a trial of induced hypertension to increase cerebral blood

Table 4.5 Transcranial Doppler velocities and Lindegaard ratio

Criteria and Severity of Cerebral Vasospasm

Severity of vasospasm Mean flow velocity of MCA Lindegaard
cm/s Ratio (MCA/ICA)
Normal <90 <3
Mild-Hyperemia <120 <3
Moderate 120-150 3-4.5
Severe 150-200 4.5-6
Critical >200 >6

Abbreviations: ICA, internal carotid artery; MCA, middle cerebral artery.
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flow and oxygen delivery. Although there is no current guideline on the opti-
mal target blood pressure, it is generally agreed upon that using a stepwise
approach of increasing the blood pressure while monitoring the physical
examination to see the response is appropriate.

e Phenylephrine and norepinephrine are first-line agents for induced hyper-
tension. Caution in patients who may have underlying cardiac disease.

¢ Inotropic agents (milrinone or dobutamine) can be considered in certain cir-

cumstances with careful monitoring of cardiac index and cardiac output.

Hypervolemia is NOT recommended although a fluid bolus while initiating

induced hypertension is not unreasonable.

Endovascular intra-arterial vasodilation and/or angioplasty should be consid-

ered if no response to, or in conjunction with, medical therapy.

o Asymptomatic infarcts can be detected in 10 to 20% of CT scans and 23% of
magnetic resonance imaging (MRI) images.

DCI Treatment

o Initiation of medical therapy should be implemented in any patient who: (1)
has radiographic vasospasm or DCI demonstrated on CTA or DSA or (2) is
considered high risk with strong clinical picture to suggest DCL.

¢ Endovascular treatment with intra-arterial calcium channel blocker, intra-
arterial vasodilator, or balloon angioplasty can be considered if no response
to, or in addition with, medical therapy.

¢ High-grade SAH patients may not show clinical deterioration. Vasospasm
and DCI can be monitored with multiple neuro-monitoring modalities (CTA,
TCD, EEG, Pbt02, cerebral microdialysis), either individually or
simultaneously.

Anemia and Transfusion#11.21

e Anemia is common in SAH patients, occurs in around 50% of patients. It usu-
ally occurs 3 to 4 days post-ictus.
Maintain hemoglobin concentration above 8 to 10 g/dL to improve cerebral
oxygen delivery.
e In patients with symptomatic vasospasm/DCI, it is not unreasonable to trans-
fuse to a hemoglobin of > 10 g/dL.
o Weigh risks versus benefit of transfusion if patient is low-grade SAH, with no
evidence of vasospasm or DCL
¢ Some strategies to employ to prevent iatrogenic anemia include:
o Minimizing unnecessary blood draws
o Use pediatric tubes
o Use point of care testing if serial labs are needed
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o Use of VAMP system, Edwards LifeSciences (Venous Arterial Blood Manage-
ment and Protection) to decrease blood loss during sampling

4.7 Hyponatremia and Endocrine
Dysfunction410.11

4.7.1 Hyponatremia

¢ Hyponatremia is the most common electrolyte abnormality in SAH and can
be found in 30 to 50% of patients.
e Trigger for initiating treatment is a serum [Na*] < 135 mEq/L or if there is a
neurologic change with the decrease in Na*.
¢ Assessment of volume status is important in distinguishing the etiology of
hyponatremia.
o SIADH (syndrome of inappropriate antidiuretic hormone secretion) is asso-
ciated with euvolemia or hypervolemia
o Cerebral salt wasting is associated with hypovolemia
e Treatment can involve:
o Setting a goal of normonatremia with serum sodium between 135 and
145 mEq/dL
o Free water restriction
o Hypertonic saline
o Early use of fludrocortisone or hydrocortisone may help limit natriuresis
and hyponatremia, paying special attention to serum glucose and potas-
sium levels
o Salt tablets
o Vasopressin-receptor antagonists (tolvaptan or conivaptan)

4.7.2 Endocrine Dysfunction

e In the hyperacute phase of SAH, elevation of cortisol levels is normal.

e Adrenal insufficiency can occur but continues to be a difficult diagnosis in
the intensive care unit (ICU) due to confounders.

e Stress-dose steroids may be useful in patients with symptomatic vasospasm
who are not responsive to vasopressors.

¢ High-dose steroids are NOT recommended for routine use.
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5 Transfusion Medicine and
Anticoagulation
Bhuvanesh Govind and Matthew Vibbert

Abstract

Anemia of critical illness, thromboses, and coagulopathies are common compli-
cations in the neurologic intensive care unit (ICU). A judicious approach that
considers risks of therapy while optimizing tissue oxygen delivery, restoring
homeostatic balance in coagulopathy, and treating arterial or venous thrombo-
ses should be pursued to improve outcomes. The chapter will discuss high-
yield points in pertinent transfusion topics in the neurocritical care unit,
including a review of the pharmacology and reversal of commonly encoun-
tered anticoagulant medications.

Keywords: transfusion, coagulopathy, anticoagulation, deep vein thrombosis,
venous thromboembolism

5.1 Introduction

Anemia in critically ill patients is not uncommon. It has been estimated to
occur in up to 95% of patients within 3 days of hospitalization.! Studies esti-
mate that patients can lose between 40 and 60 mL/day through phlebotomy in
the intensive care unit (ICU).! The etiology behind anemia is varied with some
of the most common causes listed below. The decision to transfuse packed red
blood cells (RBCs) in neurologically injured patients is often based on the
underlying brain injury, indication for surgery, and optimization for cerebral
metabolic demands.

5.2 Anemia in the ICU

e Defined as a reduction in RBC mass

e Mechanism of anemia is beyond the scope of this chapter, but etiology could
be related to RBC production, survival, or destruction

e Common finding in many ICU patients is that it is often from a multifactorial
etiology?
o Bleeding
o Frequent phlebotomy
o Hemodilution secondary to fluid resuscitation
o Anemia of critical illness
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- Reduced red cell production and survival
- Iron sequestration due to increased ferritin in acute inflammatory states

5.3 Red Cell Transfusion

One unit of packed red blood cell (PRBC) raises hemoglobin by 1g/dL and
hematocrit by 3% approximately. Most of the plasma component is removed
and RBC component is mixed with about 100 mL of nutrient solution for
extended storage life. Additional modifications considered include the
following.

5.3.1 Leukocyte Reduction Indications

Reduction of febrile nonhemolytic transfusion reaction after multiple trans-
fusions or in multiparous females, human leukocyte antigen (HLA) alloimmu-
nization, or transfusion-related immunomodulation (TRIM) especially in
postoperative patients.

5.3.2 Washed RBC

Reduction of severe allergic reactions, anaphylaxis in IgA deficiency.

5.3.3 Irradiation

Reduction of rare and fatal risk of transfusion-associated graft-versus-host dis-
ease (TA-GVHD) in certain at-risk populations such as neonates, patients with
hematologic malignancies or stem cell transplants, or patients with congenital
immune deficiency.

5.3.4 Complications of Red Blood Cell Transfusion

e Minor allergic reaction

o Acute or delayed hemolytic reaction

e Fever

e Transfusion-related acute lung injury (TRALI)

o Transfusion-associated circulatory overload (TACO)

e Transmission of viruses (hepatitis B virus [HBV], hepatitis B virus [HCV],
human immunodeficiency virus [HIV])

o Increased risk of infection, pneumonia, and sepsis
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Table 5.1 Hemorrhagic Shock Classification’

1 (Compensated) 2 (Mild) 3 (Moderate) 4 (Severe)

Blood Loss (cc) <750 750 - 1500 1500 - 2000 >2000
Pulse (bpm) <100 >100 >120 >140
Blood Pressure ~ Normal Decrease Marked Profound
decrease decrease
Urine Output >30 20-30 5-15 Negligible
Respiratory Rate Normal Mild Moderate Severe
Increase increase tachypnea
CNS Symptoms  Alert Anxious Confusion Lethargy,
obtundation

5.3.5 Benefits to Transfusion

¢ Rapid volume expansion which is needed with acute blood loss. Symptoms
of shock from blood loss do not usually manifest until a patient has lost
approximately 1,500 mL of blood. » Table 5.1 highlights the symptoms which
can be found with acute blood loss.

e Increasing hemoglobin

5.4 Hemoglobin “Triggers”

¢ RBC transfusion in a dose-dependent manner is an independent predictor of
mortality in critically ill adult trauma and surgical patients, despite pre-
morbid level of anemia.!41>.16

e Trial of Transfusion Requirements in Critical Care (TRICC) defined universal
hemoglobin goal of at least 7mg/dL in critically ill patient.3

¢ Given that patients with primary neurologic injury were a small portion of
the TRICC study population, concern exists that restrictive transfusion prac-
tices may not be generalizable in patients suffering severe brain injury,
where signs and symptoms of tissue hypoxia may be difficult to detect.

* Moderate evidence exists to individualize hemoglobin goals based on specific
disease states. Although there is no strong evidence toward suggesting signif-
icant improvement in outcomes, may consider transfusing for a liberalized
goal of 8 to 10 mg/dL in*>6:

o Poor-grade subarachnoid hemorrhage (SAH)

o Large ischemic stroke (more than two-third of middle cerebral artery
[MCA] territory)

o Severe traumatic brain injury
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e Except in situations where a massive transfusion protocol is implemented, all
transfusions should occur 1 unit at a time along with reassessment.

5.5 Thrombocytopenia

Thrombocytopenia is another major concern in the hospitalized patients and
has been estimated to occur in upwards of 60% of ICU patients. In the critically
ill patient, thrombocytopenia has been associated with a wide variety of
causes. Trending the platelet count during the hospitalization is important and
can lead to early recognition of life-threatening conditions such as heparin-
induced thrombocytopenia (HIT). Common causes of thrombocytopenia
include:

e Medications: » Table 5.2 shows examples of specific medications

o Sepsis

e Disseminated intravascular coagulation (DIC)

e Acute respiratory distress syndrome

e Cardiopulmonary resuscitation (CPR)

e Massive bleeding

e Multifactorial

Either prophylactic transfusion for prevention of bleeding or treatment of

active bleeding in specific scenarios must be utilized with fair consideration of

the risks of transfusion.

e Risks are similar to those associated with red cell transfusion.

o Transfusion is not indicated in HIT, thrombotic thrombocytopenic purpura
(TTP), or autoimmune thrombocytopenic purpura (ATP), unless significant
bleeding occurs.

Table 5.2 Medications associated with thrombocytopenia

Antibiotics Vancomycin, penicillin, trimethoprim-sulfamethoxazole,
piperacillin

Anticonvulsants Carbamazepine, phenytoin, valproic acid, levetiracetam

Anti-inflammatory NSAIDs, naproxen, acetaminophen

Cardiovascular Amiodarone, quinidine, furosemide, digoxin

H2 blockers Famotidine, ranitidine, cimetidine

Other Simvastatin, haloperidol, heparin, Lovenox, lithium

Abbreviation: NSAIDs, nonsteroidal anti-inflammatory drugs.
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Table 5.3 Platelet transfusion goals for common procedures

Planned invasive procedure >50,000/mm3

(lumbar puncture, CVC) New limited data suggest thresholds for
CVC placement can be as low as
20,000 mm;? may be targeted if placement
can be done safely with low risk of arterial
puncture performed by an experienced
operator'9-22

Bronchoscopy with lavage (without biopsy) >20,000/mm?

Major surgery goals vary by situation and ~ >50,000/mm?
type of procedure (neurosurgical proce-
dures may require higher goals):

Abbreviation: CVC, central venous catheter.

5.6 Prophylaxis Thresholds?:20.21.22

See » Table 5.3.

5.6.1 Treatment of Bleeding

e Intracerebral hemorrhage with anticoagulant use (warfarin, oral Xa inhibitor,
direct thrombin inhibitor): > 50,000/mm?3 (institutional threshold)

e Current American Heart Association (AHA)/American Stroke Association
(ASA) guidelines (2015) on spontaneous intracerebral hemorrhage (ICH) rec-
ommend that patients with severe thrombocytopenia should receive platelet
replacement (Class IC recommendation),'8 but it does not recommend at
what threshold the platelets should be given or to what target.

5.7 Antiplatelet Reversal in Intracranial
Hemorrhage

e Our institutional practice is to consider location and severity of bleeding,
prior single versus dual antiplatelet use, and/or signs of early hematoma
expansion and to target a goal of >50,000/mm? if transfusion is considered in
this setting (see » Fig. 5.1).

o Consider goal of >80,000 to 100,000/mm? if undergoing neurosurgical
procedures?021

¢ No specific replacement strategy is recommended. Our institutional practice
varies by antiplatelet agent:

o Aspirin: 10 units of platelets, once
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Hemorrhagic Stroke Algorithm )

Jefferson I (

Thomas Jefferson University ICH ]
o ==
Chronic
Yes U No
Hypertension?

Maintain SBP less than 160 via Maintain SBP less than 140 via
Hypertensive Emergency in Hypertensive Emergency in
Patients with Hemorrhagic Stroke Patients with Hemorrhagic Stroke
Guidelines Guidelines
D/C Antiplatelet and Anticoagulant and consider reversal based on the following recommendations:
Anti- Platelet

Transfuse 1 single-donor apheresis unit (equivalent to 5 pooled units or one random donor unit per 10 kg of body weight) for patients undergoing a
neurosurgical procedure, including the placement of intracranial monitoring devices.
Do NOT transfuse platelets unless the patient will undergo a neurosurgical procedure.
Do NOT transfuse platelets for NSAID or GP2b/3a inhibitor related ICH
V]

DDAVP
Consider administration of DDAVP (0.4mcg/kg IV) for ICH related to aspirin or Cox-1 and 2 or ADP receptor inhibitors
(e.g. ASA, clopidogrel, prasugrel, ticagrelor)
if the patient’s admission serum Na is above 135.
Consider administration of DDAVP along with platelets in patients undergoing a neurosurgical procedure
Consider if patient has renal dysfunction (BUN > 20 and/or serum creatinine >2)

Warfarin
Administer Vitamin K 10mg IV (over 10 minutes, maximum rate is Img/min):
INR2-<4 VitaminK 10 mg IV plus Kcentra (4 factor Concentrated Human Factor Complex is Preferred (PCC)) 25 unit/kg IV push, max dose 2500 units at a
rate of 0.12 ml/kg/min or if history of Heparin
Allergy or HIT; administer *Profilnine 25 unit/kg IV
INR 4-6 Vitamin K 10 mg IV plus Kcentra (4PCC) Preferred, 35 unit/kg IV push, max dose 3500 units at a rate of 0.12 ml/kg/min. or if history of Heparin
Allergy or HIT, administer *Profilnine 50 unit’kg
INR >6 Vitamin K 10 mg IV plus Kcentra (4PCC) Preferred, 50 unit/kg IV push, max dose 5000 units at a rate of 0.12 m/kg/min or if history of Heparin
Allergy or HIT, administer *Profilnine 50 unit/kg

*Administer Profilnine (3 factor Human prothrombin complex) based on INR value, as follow:
if INR< 4: Administer Profiline 25 unit/kg by IV push over 2-Sminutes
If INR >4: Administer Profilnine 50 unit/kg by IV push over 2-5 minutes re-check in 4 hours.
Repeat Profilnine if necessary. Follow INR, recheck in 12 hours and repeat administration of Vitamin K/ Profilnine, if needed.
Consider FFP if INR remains elevated 10-20 ml/ kg

If thrombocytopenia is present, transfuse with platelets (goal> 50,000 B/L)

Direct Factor Xa Inhibit i Eliquis) Ri (Xarelto) i (Bevyxxa),
Administer Activated Charcoal within 2hrs of ingestion
If last dose is within 24 hrs. Andexanet is prefer: see page 2 for details)

If Pt. does not meet criteria for Andexanet a non specific reversal agents may be used as alternative.
Non-Specific alternative; Kcentra (4PCC) Preferred, 50 unit/kg IV push, max dose 5000 units at a rate of 0.12 ml/kg/min
orif history of Heparin Allergy or HIT, administer *Profilnine 50 unit/kg
If Thrombocytopenia present transfuse with Platelets (goal >50,000B/L)

No specific assay to measure anticoagulation PT may be helpful (Anti XA if available)

PCCs maybe considered and option but there is no evidence to support that it reverses XA inhibitors
* Not FDA Approved

Admini: i Praxbind) IV push as two 2.5 GM/50 ml doses (administer each dose over 5 minutes)
Administer Idarucizumab through a dedicated peripheral line.
If the patient has worsening clinical Neurological signs repeat STAT head CT scan.
If Head CT scans shows worsening Hemorrhage repeat the dose
As a last resort for continued bleeding (DIC), Administer *Profilnine 50 units/kg by IV push over 2-5 minutes (does not reverse Dabigatran specifically)
If thrombocytopenia present, transfuse with platelets (goal > 50,000 B/L)

TPA
Cryoprecipitate 10 units over 10-30 minutes. If fibrinogen <200 mg/dl, administer additional dose
Tranexamic acid (TXA) 1,000 mg IV infused over 10 minutes or
E-aminocaproic acid(EACA) 5 g over 1 hour, followed by 1g IV until bleeding controlled.

C Reviewed CSC committee meeting 3/2019 )

Fig.5.1 Thomas Jefferson University hemorrhagic stroke algorithm.

o Clopidogrel, prasugrel, ticagrelor, ticlopidine: 10 units of platelets once
but can be repeated every 8 hours until demonstration of radiographic
stability of the hemorrhage for up to 48 hours
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There is lack of strong evidence to support aggressive platelet transfusion.!®
Evidence from PATCH trial and other studies examined in the Neurocritical
Care Society guidelines statement calls into question historical practice of
transfusing platelets solely for prior antiplatelet use in the setting of spontane-
ous ICH and suggests that platelet transfusion for any antiplatelet agent or
hemorrhage volume provides no clear benefit in those patients not undergoing
neurosurgical procedure,17.18.19.20.21,22

5.8 Coagulation Cascade (> Fig. 5.2) and
Anticoagulants

e Arterial and venous thromboses are important causes of morbidity and mor-
tality following brain injury.

¢ Prevention and treatment of thrombosis is an important consideration in the
management of the neurocritical care patient.

e Indications may include ischemic stroke, carotid occlusion, cardiac thrombus,
and pulmonary embolism (PE).

5.9 Anticoagulants

5.9.1 Warfarin
Indications

Wide range of thromboembolic, valvular, and cardiac disease states.

Dosing

Dosing is individualized and depends on:

¢ Hepatic impairment, nutritional state, age, cardiac function, risk for bleeding,
genetic variants of CYP2C9 or VKORC1 enzymes, and concomitant use of
enzyme-inducing medications

¢ Therapeutic international normalized ratio (INR) level generally is 2.0 to 3.0.
Exceptions include 2.5 to 3.5 for mechanical mitral valve, mechanical aortic
valve PLUS risk factors, and mechanical valve in aortic and mitral locations.

Mechanism

Inhibits vitamin-K dependent coagulation factor synthesis (II, VII, IX, X, Protein
C, Protein S).
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Intrinsic Pathway

Surface
contact
- Extrinsic Pathway
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Apixaban

Eitaban,
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UFH
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Fondaparinux
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Prothrombm lla (Thrombin) I
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LMWH
Warfarin

Cross-linked
fibrin clot

Fig.5.2 Mechanisms of Pharmacologic Anticoagulation.

Metabolism
CYP system, t;, =20 - 60 hours, rapid absorption, time to peak=4 hours, time
to full therapeutic effect may take days.

Pros

Established reversal agents, very low financial costs of long-term therapy.
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Cons

Multiple drug-drug interactions, difficulty in maintaining therapeutic INR,
long-term monitoring.

Adverse Drug Effects

e Bleeding is rare: Anaphylaxis, calciphylaxis, atheromatous plaque or choles-
terol microemboli, skin necrosis or gangrene

e Contraindicated in active state of HIT as it inhibits Protein C, which can
worsen thrombotic process

Reversal

e Vitamin K 10 mg IV PLUS
e Three- or four-factor Prothrombin Complex Concentrate (PCC) IV 25 to
50 unit/kg IVP over 2 to 5 minutes (dosing dependent on INR, PCC type)

Or

e Fresh frozen plasma (FFP) 10 to 15 cc/kg. This carries a risk of causing volume
overload depending on the number of units needed.

¢ INR should be checked 2 to 4 hours after administering PCC and IV vitamin K.
Repeat PCC dose can be given if there is no improvement. Recheck INR after
6 to 12 hours.

5.10 Oral Factor Xa Inhibitors

5.10.1 Apixaban, Rivaroxaban, Edoxaban
Indications

Nonvalvular atrial fibrillation stroke prevention (primary or secondary prophy-
laxis), deep vein thrombosis (DVT) and PE treatment (apixaban, edoxaban),
hip/knee surgery postoperative thromboprophylaxis (apixiban, rivaroxaban)

Mechanism

Factor Xa inhibition
Metabolism (By Agent)
e Apixiban: CYP3A4/5 system, t;, =12 hours, rapid absorption, time to peak =

3-4 hours
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e Rivaroxaban: CYPA4/5 and CYP2J2, t;,=5-9 hours, rapid absorption, time to
peak=2-4 hours

¢ Edoxaban: minimal CYP3A4, t;,=10-14 hours, rapid absorption, time to
peak=1-2 hours

¢ Renal clearance; reduced dosing for CrCl 15-50 mL/min. Not recommended
for CrCl < 15 mL/min. Poorly removed with dialysis

Pros

No long-term blood tests, noninferior to warfarin in treatment of DVT or PE.

Cons

Use and half-life affected by impaired renal clearance, moderate-severe hepatic
impairment (Child-Pugh class B and C), extremes of BMI, and medication costs.

Reversal

o Andexanet indication and dosing listed in » Fig. 5.3.

e Transfuse for concomitant thrombocytopenia of > 50,000/mm?3

o If ingestion within 2 hours, activated charcoal 50 g by mouth

o Three- or four-factor PCC 50 units/kg IV can be considered to reverse antico-
agulation activity

5.11 Thrombin Inhibitors

5.11.1 Oral
Dabigatran
Indications

Nonvalvular atrial fibrillation stroke prevention (primary or secondary pro-
phylaxis), DVT and PE treatment, and hip/knee surgery postoperative
thromboprophylaxis.

Mechanism
Thrombin (IIa) inhibition

Metabolism

Hepatic esterases, not a substrate of the P450 system, t;,=12-17 hours;
elderly = 14-17 hours; hepatic metabolism; rapid absorption; time to peak is
1 hour.

67

printed on 2/11/2023 10:56 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



Transfusion Medicine and Anticoagulation

d Use for Api: or Ri Associated ICH
Alternative to PCC (Kcentra, Profilnine) when last dose of apixaban/rivaroxaban was < 24 hours

Inclusion Crtieria for Use

The following inclusion criteria were developed as a tool to assist the clinician in determining potential eligibility for the use of
andexanet.

The use of andexanet versus concentrated prothrombin complex concentrate should be determined on an individualized basis with
recommendations from the attending physician.

- Restricted to life threatening, salvageable apixaban or rivaroxaban associated CNS bleeding (intracranial or intraspinal)
- No history of prior exposure to andexanet
- No sepsis or septic shock

Alternative treatment options if patient does not meet criteria

Use 4 factor PCC (Kcentra) if last dose administered >24 hrs ago, or for other non CNS serious/life threatening hemorrhages
(if 4 factor PCC is not available, alternative treatment is a 3 factor PCC (Profilnine) +/- fresh frozen plasma. FFP). Please refer to
ICH algorithm and ICH order set for additional details.

Exclusion Criteria

Patient must have undergone a head CT or MRI scan demonstrating evidence of new or expanding intracranial bleeding,
based on clinical trial criteria, patients excluded if any of the following are present:

 Baseline modified rankin score of >4 prior to ICH

* Glasgow coma score <7

« Intracerebral hematoma volume >60 cc as assessed by the CT volumetric formula ABC/2 (see below*)
« For subdural hematomas: maximum thickness >10 mm and midline shift >5 mm

 For subarachnoid hematomas, any evidence of hydrocephalus

* Hemorrhagic conversion of an ischemic CVA for patients initiated on apixaban or rivaroxaban

« Infratentorial ICH location

« Epidural hematomas

« Intraventricular extension of hemorrhage

*ABC/2 Formula: A is the greatest hemorrhage diameter by CT, B is the diameter 90° to A, and C

Determination of Andexanet Dose

Last DOAC dose administered <8 hrs: use High dose protocol

Last DOAC dose administered >8 but <24 hrs: use Low dose protocol

If DOAC administered <2 hrs ago, consider concomitant administration of activated charcoal

Concomtiant Antiplatelet Therapy: refer to antiplatelet therapy reversal guideline in ICH algorithm in addition to direct factor Xa
reversal algorithm

FXa Inhibitor FXa Inhibitor Last Timing of FXa Inhibitor Last Dose Before
Dose And: alfa Initiati

<8 Hours or > 8 Hours
Unknown
o | <10mg Low Dose
>10 mg | Unknown High Dose

Low Dose
P <5mg Low Dose
>5mg [ Unknown High Dose

Administration
Total infusion time 2 ¥ - 2 % hours, use 0.22 micron filter
Andexanet Bolus and Infusion Rates

Dose* Initial IV Bolus Follow-On IV Infusion
400 mg at a target 4 mg/min for 120 minutes
Low dose rate of 30 mg/min 480 mg
B 800 mg at a target 8 mg/min for 120 minutes
Aldictese rate of 30 mg/min 960 mg

* Repeat Head CT recommended at 6 and 24 hours after administration of andexanet for reevaluation. There is no indication for
redosing of andexanet after initial dose.

Please refer to andexanet checklist / fact sheet for additional information

Fig.5.3 Andexanet Use for Apixaban or Riveroxaban Associated ICH.

Reversal
Idarucizumab 5 g IV (administered in 2.5 g doses)
¢ Activated charcoal 50 g by mouth if ingestion within 2 hours
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e Three- or four-factor PCC 50 units/kg IV and hemodialysis are other options
to consider to help reverse anticoagulation activity if bleeding is severe

Pros

No long-term monitoring, noninferior to warfarin

Cons

Caution in impaired renal clearance, severe hepatic impairment, and body mass
index (BMI)>40. Adverse reactions reported include bleeding and gastrointesti-
nal (dyspepsia and gastroesophageal reflux disease [ GERD]-like symptoms).

5.11.2 Intravenous
Argatroban
Indication

Prophylaxis or treatment for patient with HIT.

Mechanism

Inhibits fibrin formation, V/VIII/XIII/Protein C activation, and platelet and
aggregation.

Metabolism

Hepatic hydroxylation and aromatization; t;;,=39-51 minutes (181 minutes in
moderate-severe hepatic impairment), time to peak=1-3 hours.

Pros

Discontinuation of infusion should reverse effects quickly given short half-life
(unless moderate-severe hepatic impairment).

Cons

e Can be difficult to titrate to therapeutic window

e Wide spectrum of cardiovascular effects: Chest pain, hypotension, bradycar-
dia, ventricular tachycardia, and coronary thrombosis

e Headache, pain, rash, nausea/vomiting/diarrhea, dyspnea, cough, abdominal pain

o Falsely elevates INR on plasma testing

e Conversion from argatroban to warfarin involves consideration of current
INR and rate of argatroban infusion
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Reversal

No specific direct reversal agent

5.12 The Heparins
5.12.1 Unfractionated Heparin

e Indication: Venous thromboembolism (DVT, PE, cerebral venous sinus
thrombosis), non-ST elevation myocardial infarction (non-STEMI), cardiac
thrombus, and in certain situations with mobile thrombus (cardiac or arte-
rial) on a case by case basis
¢ Subcutaneous heparin (SQH) used as chemoprophylactic agent for venous
thromboembolism (VTE) (see DVT prophylaxis for dosing)
e Mechanism: Very large molecular weight heparin (3,000 to 30,000 Daltons)
that acts via thrombin inhibition and factors Ila, Xa, [Xa, and Xlla inactivation
via serine protease antithrombin III (ATIII) activation
e Metabolism: Via reticuloendothelial system; t;,=1.5 hours
¢ Dose adjustment may be needed for low body weight
e Pros: Ideal in the brain injured patient where there may be need for antico-
agulation but with elevated adverse risk of major bleeding or worsening
given short half-life allows for relatively fast reversal of anticoagulant effect
¢ Cons: Hemorrhage, thrombocytopenia or HIT, hypersensitivity reactions,
drug fever, rigors
¢ Reversal
o In most cases, discontinuation of infusion is sufficient given short half-life
(waiting at least four half-lives equates to approximately 6 hours prior to
near-complete reversal of heparin effect by partial thromboplastin time
[PTT] parameter)

o For severe bleeding, reversal agent is protamine sulfate (1 mg IV for every
100 units heparin administered in previous 2 to 3 hours with maximum of
50 mg dose)

5.12.2 Low-Molecular-Weight Heparin (LMWH)
Indication

Venous thromboembolism (DVT or PE), knee or hip replacement prophylaxis,
and acute coronary syndromes including unstable angina and acute STEMI.
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Mechanism

2,000 to 9,000 Daltons heparin primarily inactivates factor Xa and less so
thrombin inhibition (most of the pentasaccharide chains are not long enough
to induce thrombin inhibition but does have some effect).

Dose Adjustment
Needed for low body weight.

Metabolism

Hepatic metabolism (CYP450), urine excretion (40%)
ti2=4.5 - 7 hours

Pros

Predictable pharmacokinetics compared to unfractionated heparins; activity
can be measured via anti-Xa assay if necessary; no serum testing needed to
monitor anticoagulant effect.

Cons

Hemorrhage, spinal/epidural hematoma, prosthetic heart valve thrombosis,
thrombocytopenia, HIT, hypersensitivity reactions, skin necrosis, hyperkale-
mia, hepatotoxicity, injection site reaction, osteoporosis (with long-term use),
nausea, diarrhea, and drug fever

Reversal

* No specific direct reversal agent

e Protamine sulfate 1 mg for every 1 mg of enoxaparin given in previous
8 hours or 0.5 mg for every 1 mg enoxaparin given prior to 8 hours and up to
preceding 12 hours (maximum 50 mg of protamine sulfate)

o Ratio for other agents is protamine sulfate 1 mg for every 100 units of either
dalteparin or tinzaparin in previous 8 hours

5.12.3 Fondaparinux

¢ Indication: Prophylaxis or treatment for patient with HIT

e Subcutaneous option, compare to argatroban (IV option and a direct throm-
bin inhibitor)

e Mechanism: Inactivation of Xa
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e Metabolism: Metabolism is not clearly well established; urine excretion;
ti,=17 - 21 hours

e Pros: Subcutaneous option for prophylaxis or treatment with history of HIT,
no monitoring required (generally does not increase the PTT)

¢ Cons: Hemorrhage, epidural/spinal hematoma, thrombocytopenia, hypersen-
sitivity reactions, injection site reactions (rash), anemia, and drug fever

e Can be used in patients weighing < 50 kg in dose-adjusted manner but con-
traindicated if concomitantly undergoing hip fracture, hip replacement, knee
replacement, or abdominal surgeries

¢ Reversal: If severe bleeding occurs, use recombinant factor Vila 90 mcg/kg

5.13 Deep Vein Thrombosis (DVT) Prophylaxis

e Venous thromboembolism occurs as a result of venous stasis, endothelial
injury, and/or hypercoagulable state. Increased incidence of venous thrombo-
embolic events specifically occurs in critically ill patient with brain injury
compared to medical or surgical ICU patients.8
o Endothelial injury and dysfunction secondary to primary brain injury leads

to release of excess tissue factor, compromising homeostatic mechanisms

toward prothrombotic state 11,1213

e Screening versus symptomatic assessment varies by institution. Given the
propensity of neurocritical care patients to experience VTE relative to medi-
cal or surgical ICU patients, it is routine practice at our institution to perform
screening of lower extremity Doppler studies to rule out DVT.

e Several risk factors for VTE development have been studied. Significant fac-
tors that have been associated with an increased risk include®?:

o Timing of chemoprophylaxis initiation: Patients with severe acute brain
injury are at high risk for VTE; VTE incidence increases during the initial
days of hospitalization (3 to 6 days).? Timing of initiation of chemoprophy-
laxis depends on type of primary insult and individualized injury pattern
but earlier prophylaxis with SQH and interpneumatic compression (IPC)
devices is generally advised. Summary of a recent statement from the Neu-
rocritical Care Society!!:

- ICH: As soon as hemorrhagic progression risk of a brain injury is deter-
mined clinically or radiographically stable within 48 hours.!? Our institu-
tional practice is to start chemoprophylaxis at 24 hours if radiographi-
cally stable.

- Ischemic stroke: Delayed by 24 hours if [V tPA is given or as soon as fea-
sible if no tPA.

- Aneurysmal SAH: As soon as aneurysm is secured and SAH is deemed
radiographically stable on 24-hour follow-up.
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- Spinal cord injury: Within 72 hours of injury and after control of any
source of bleeding.

- Brain tumor: As soon as feasible if risk for major bleeding is low and
there are no signs of hemorrhagic conversion.

- Neuromuscular disease: As soon as feasible.

BMI > 30 kg/m?2

Increasing severity of brain injury!213

o strong recommendation exists toward any one specific agent, dosing, and

timing,'213 our institutional practice is to initiate subcutaneous unfractio-
nated heparin 5000 units every 8 hours for patients > 50 kg and every
12 hours for patients <50 kg.
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6 Cerebral Edema and Elevated

Intracranial Pressure
Anna Karpenko and Michelle Ghobrial

Abstract

Elevated intracranial pressure (ICP) is a medical condition commonly encoun-
tered in the intensive care unit (ICU) and can be seen in association with sev-
eral highly morbid processes including traumatic brain injury, global hypoxic
injury, large territory strokes, intracranial hemorrhage, brain tumor, and
hepatic encephalopathy among other etiologies. In this chapter, we will discuss
the stepwise management of elevated ICP.

Keywords: cerebral edema, intracranial pressure, cerebral perfusion pressure,
management, therapeutic temperature management, hyperosmolar therapy

6.1 The Basics
6.1.1 Monro-Kellie Doctrine (> Fig. 6.1)

e There is a fixed volume within the cranial vault consisting of:
o Blood (arterial and venous), 10%
o Cerebrospinal fluid (CSF), 10%
o Brain parenchyma, 80%
e An increase in any one will lead to a decrease in the other two
o Example: intracranial tumor will take up space at the expense of CSF and
blood volume which can lead to elevated intracranial pressure (ICP) and
decreased blood flow

6.1.2 ICP and Cerebral Perfusion Pressure (CPP)

e Normal ICP in adults is 5 to 15 mm Hg

e CSFis produced and reabsorbed in a continuous fashion. The body produces
approximately 500 mL/day.

e CPP=MAP - ICP

e Normal CPP is 50 to 90 mm Hg

o Cerebral autoregulation (> Fig. 6.2) allows cerebral blood flow to be main-
tained across a range of cerebral perfusion pressures (50-150 mm Hg)

o Intracranial hypertension is defined as sustained ICP>20 mm Hg
o ICP elevation is independent risk factor for poor outcome in brain trauma®
o » Table 6.1 lists some of the more common causes of elevated ICP
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Fig. 6.1 Monro-Kellie doctrine states that the sum of the components within the cranial
vault is constant (normal). When intracranial hemorrhage occurs, it increases the volume
of the parenchyma and decreases the volume of the cerebrospinal fluid (CSF) without
compromising the total blood volume. With a brain tumor, the mass adds volume to the
parenchyma at the expense of both the CSF volume and blood volume.

e Indications for ICP monitoring
o Obstructive hydrocephalus
o Communicating hydrocephalus with early signs of high ICP
o Severe traumatic brain injury (TBI) patients
o ICP monitors are addressed within Chapter 17

6.1.3 Intracranial Compliance (> Fig. 6.3)

e Intracranial compliance is defined as the change in volume over the change
in pressure (AV/AP)!
¢ With increase in intracranial volume
o ICP slowly increases
o CSF displaces into the thecal sac
o Decrease in venous return from compression of the cerebral veins
o Without intervention ICP becomes malignant and deadly

6.1.4 ICP Waveforms and Herniation Syndromes

e With ICP monitoring, it is common to review the waveform at the bedside
e Three components to the ICP waveform (> Fig. 6.4)
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Fig. 6.2 Cerebral autoreqgulation curve. In a normal brain, varying the size of the blood
vessel allows the brain to maintain a constant cerebral blood flow over a range of
cerebral perfusion pressures (50-150 mm Hg). When the cerebral perfusion pressure
(CPP) is>150 mm Hg (hyperemic state), blood vessels become “leaky.” There is blood-
brain barrier breakdown and endothelial injury causing cerebral edema. On the other
end, when the CPP is<50 mm Hg (reactive vasodilation), the vessels are maximally
dilated and blood flow continues to fall causing hypoperfusion and ischemia. On both
ends there is an increase in intracranial pressure (ICP) when autoregulation is disrupted.
(Reproduced with permission from Rose |.C. et al. Optimizing blood pressure in
neurological emergencies. Springer Nature Jan 1, 2004.)

Table 6.1 Conditions associated with elevated intracranial pressure

Brain tumor Meningitis/ Encephalitis
Traumatic brain injury Fulminant hepatic failure
Hemispheric stroke Eclampsia
Subarachnoid hemorrhage Hypertensive encephalopathy
Anoxic brain injury Subdural, epidural, or intracranial
hemorrhage
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Fig. 6.3 Intracranial compliance curve. Pressure volume curve has four zones: Zone 1:
Baseline intracranial volume with good compensatory reserve and high compliance
(blue). Zone 2: Gradual depletion of compensatory reserve as intracranial volume
increases (yellow). Zone 3: Poor compensatory reserve and increased risk of cerebral
ischemia and herniation (red). Zone 4: Critically high intracranial pressure (ICP) causing
collapse of cerebral microvasculature and disturbed cerebrovascular reactivity (grey)
(From Hagay M. Intracranial pressure monitoring-review and avenues for development.
Sensors 2018;18;465:1-15.)

o P1: percussive wave represents arterial pulsation transmitted through the
choroid plexus to the CSF
o P2: tidal wave represents cerebral compliance
o P3: dicrotic wave represents closure of aortic valve (venous outflow)
e When P2 is elevated above P1 it is a sign of poor intracranial compliance
(» Fig. 6.5) and that management is needed
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Fig. 6.4 Normal intracranial pressure waveforms. (Adapted from Abraham M and Singhal
V. Intracranial Pressure Monitoring. Journal of Neuroanaesthesiology and Critical Care.
Thieme 2015.)

Poor intracranial compliance

/

¢ Increased amplitude
« Elevated P2 (P2 > P1)
¢ Rounding of waveform

Fig. 6.5 Pathologic waveforms indicating poor compliance. (Adapted from Abraham M
and Singhal V. Intracranial Pressure Monitoring. Journal of Neuroanaesthesiology and
Critical Care. Thieme 2015.)

e Pathologic ICP waveforms4~>6 (Lundberg waves) (> Fig. 6.6)
o Occur when ICP is increased and intracranial compliance is decrease
o Three waveforms that occur
- Lundberg A: sustained elevated ICP that needs immediate treatment
- Lundberg B: unstable ICP and should be aggressively managed
- Lundberg C: clinically insignificant
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Fig. 6.6 Lundberg waves. Lundberg A waves, “Plateau waves,” represent sudden
increased in intracranial pressure (ICP)>20 mm Hg for>5 minutes; sign of impending
herniation. Lundberg B waves, “Pressure Waves,” are smaller increases in ICP for shorter
period of time; self-limited associated with vasomotor changes and unstable ICP.
Lundberg C waves are low amplitude period waves. They occur every 4 to 8 minutes and
are of unknown significance. (From Hirzallah MO, Choi HA. The Monitoring of Brain
Edema and Intracranial Hypertension. ] Neurocit Care 2016;9:92-104.)

¢ Herniation syndromes’8 (> Table 6.2; » Fig. 6.7)

o Brain herniation occurs when pressure gradients cause the brain paren-
chyma to shift displacing and compressing surrounding tissues, cranial
nerves, and blood vessels

o Note that herniation occurs in approximately one-third of patients without
elevated ICP
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Table 6.2 Herniation syndromes

Syndrome Clinical finding

Uncal herniation Ipsilateral fixed and dilated pupil
due to 3rd nerve palsy
Can be signs of confusion or agitation prior to pupil
change
Motor posturing contralateral or bilateral

Subfalcine (Cingulate) herniation Can be asymptomatic until the anterior cerebral
artery is compressed
Decreased mental status
Contralateral leg weakness

Central (Transtentorial) herniation ~ Diabetes insipidus due to shearing of the pituitary stalk

e There are stages of herniation Cortical blindness from entrapment of the posterior
¢ Diencephalic cerebral arteries

e Midbrain-upper pons Altered consciousness — coma

e Power pons-upper medullary Bilateral pupil dilation

e Medullary (terminal) Extensor motor posturing

Respiratory changes (not normally seen on
mechanically ventilated patients)

Upward herniation Bilateral pupillary dilation
Extensor posturing
Altered consciousness — coma

Cerebellar (Tonsillar) downward Altered consciousness — coma
herniation Respiratory arrest
Cardiac arrhythmias

External or transcalvarial herniation Symptoms depend on area affected
e Post decompressive surgery
e Due to skull fracture

6.2 Cerebral Edema

e Common complication for patients in the neurologic intensive care unit (ICU)
e Approximately half of the patients will develop increase in ICP or cerebral
edema requiring intervention
e There are two types of cerebral edema:
o Vasogenic edema
- Breakdown of blood-brain barrier
- Increased fluid within the extracellular space
- Commonly associated with:
=Brain tumor
=Infection: Meningitis, encephalitis, abscess
= Cerebral contusion
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Fig. 6.7 Brain herniation subtypes: (a) Subfalcine, (b) Central, (c) Uncal, (d) Upward/
Tonsillar. (Reproduced with permission from ICP management. In Jallo G, Kothbauer K,
Recinos V. ed, Handbook of Pediatric Neurosurgery. 1st edition. Thieme; 2018.)

- Affects white matter rather than grey matter within the brain. On imag-
ing there is preservation of the grey-white junction.

- Managed mostly with glucocorticoids and mannitol

- Cytotoxic edema

- Intracellular accumulation of fluid; metabolic changes within the cell

- Swelling of cells

- Commonly associated with
=Stroke
= Liver failure
= Water intoxication

- Affects grey and white matter within the brain with loss of the grey-
white junction on imaging

- Managed primarily with hyperosmolar medications, not responsive to
glucocorticoids

6.3 Stepwise Approach to the Management of
Elevated ICP

Refer to » Fig. 6.8.
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Jefferson

Thomas Jefferson University
HOME OF SIDNEY KIMMEL MEDICAL COLLEGE

Management of Increased Intracranial Pressure

Maintian ICP <20/CPP>60 or patient specific goal indentified
Physician
Tier 1 Tier 2
HOB 30 d_egrees Physician/Nurse Practitioner Management Interventions
Head Midline Consider Hyperventilation Increase Mechanical
Transducer at tragus
Ventilation by 20%
¥ Reduce PEEP (if possible)
ICP>20 mmHg sustained > 10 min
<] Continuous EtCO2 monitoring
Evidence of decreased cerebral perfusion Consider Sedation to achieve RASS
Deterioration in mental status as determined by provider team
- Short acting titratable agents: Fentanyl, Versed, Propofol
I Ensure Tier 1 interventions I Consider CSF Diversion
3 Consider Optimizing CPP Increase 10-20 mm/Hg
1CP remains >20 mmHg Consider Hyperosmolar therapy
Drain CSF Mannitol (0.5-1.5 g/kg bolus)
or
*3% Hypertonic Saline bolus
«
*5% Hypertonic Saline bolus
(ordered under attending supervision)
Notify NP/MD for orders or
*23% Hypertonic Saline bolus
(ordered under attending supervision)
*Central line required for Hypertonic saline bolus
Tier 3
Yes < ICP@Goal? No
Refractory ICP Therapies
Initiate in Step wise fashion
l A. Consider Deep Sedation
B. Consider Paralysis
. C. Consider Hypothermia
Remove Tier 2 Initiate Tier 3 i n
I etions o |:;ella'v entlizrns D. Consider Pentobarbital
by one Introduce one
intervention at a
l time and assess
effectiveness
Return to Tier1
Interventions

Reviewed & updated 3/2019 by Dr. Matt
Vibbert and the CSC Committee

Fig. 6.8 Thomas Jefferson University management of increased intracranial pressure.
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6.4 Management of Increased Intracranial
Pressure

6.4.1 Tier 1

¢ Conservative measures
o Head of bed is elevated 30 degrees
o Head midline
o Ensure ICP transducer is at the level of the tragus
o Treat fever
o Ensure normovolemia
o Treat seizure if witnessed (can connect to electroencephalography [EEG] if
nonconvulsive seizures are suspected)
e Reevaluate ICP if it remains > 20 mm Hg and CPP <60 mm Hg OR there is
decreased mental status
o Drain CSF to keep ICP <20 mm Hg
o If no improvement in ICP or CPP with these measures proceed to Tier 2

6.4.2 Tier 2

¢ Add or increase sedation using short-acting agents with goal of decreasing
the ICP (note: may need to add or increase vasopressors to maintain CPP)
o Propofol
o Fentanyl
o Versed
e Consider hyperventilation by increasing minute ventilation by 20% to achieve
a PaC02 of 28 to 30 mm Hg
o Should be used as temporizing measure while hyperosmolar medications
or glucocorticoids are being ordered
- Causes vasoconstriction
- For every 1 mm Hg decrease in PaCO2 there is a 3% decrease in cerebral
blood flow
- Prolonged hyperventilation increases the risk of ischemia
- The goal of these practices is to manage edema, lower ICP while main-
taining mean arterial pressure?
e Optimize CPP by increasing MAP by 10 to 20 mm Hg
¢ Consider adding hyperosmolar therapy
o Hyperosmolar therapy
- Mannitol10
=Osmotic diuretic, increases CPP through plasma expansion and reduced
viscosity of blood by altering the rheology of RBCs, and therefore pro-
motes CBF (cerebral blood flow)
=20% solution given in 0.25 to 1 g/kg bolus; repeat every 6 hours
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= Monitor serum osmolality (SOsm) and hold for SOsm > 320 or osmolal
gap>20
=Can cause hypovolemia from diuretic effect
= Cautious use with renal failure
= Replace fluid loss cc per cc with isotonic solution
=Can get rebound intracranial hypertension with prolonged use
=Increased risk for rebound edema with abrupt discontinuation after
prolonged use
- Hypertonic saline 3%
= As efficacious as mannitol,'12 also supports intravascular volume,
blood pressure, and thus CPP
=Dosing
- Can be started peripherally with 18 G IV or larger at no more than
30 mL/hour; cannot bolus peripherally
- With central access: Bolus 250 mL for over 30 minutes
- After bolus begin infusion at 30 mL/hour
- Check Serum Na and serum Osm every six hours
- Goal Na* 150-155
- Can rebolus and increase infusion every 6 hours if not at goal. See
» Table 6.3 for infusion adjustment.
- Maximum rate is 100 mL/hour

Table 6.3 Na goal-based titration schedule for 3% normal saline infusion

Serum Na* Rate (mL/hr) Expected Recheck Na*
(mmol/L) A Na* (mmol|L/
6 hours)
<135 Increased rate by 40 mL/hr 6 6 hours
136-137 Increased rate by 35 mL/hr 6 6 hours
138-139 Increased rate by 30 mL/hr 5 6 hours
140-141 Increased rate by 25 mL/hr 5 6 hours
142-143 Increased rate by 20 mL/hr 4 6 hours
144-145 Increased rate by 15 mL/hr 4 6 hours
146-147 Increased rate by 10 mL/hr 3 6 hours
148-149 Increased rate by 5mL/hr 3 6 hours
150-155 Continue current rate 6 hours
>156 Stop infusing and call ordering 6 hours
physician

printed on 2/11/2023 10:56 PMvia . All use subject to https://ww. ebsco. coniterns-of -use

85



Cerebral Edema and Elevated Intracranial Pressure

=De-escalation
- Wean slowly over 24 to 48 hours to avoid rebound intracranial
hypertension
- Continue to follow serum Na* every 6 hours
- Avoid dropping Na by more than 8 mmol/L/day (can restart at higher
dose with significant drop)
=Precautions
- Can precipitate decompensated heart failure
- Can cause tissue necrosis if extravasates
- Can cause hypotension with rapid infusion
- Can induce platelet dysfunction, monitor platelets
- Avoid increasing Na* by more than 10 mmol/L/day
- Monitor electrolytes
- Can cause hyperchloremic metabolic acidosis
- Cautious use in patient with renal failure or on hemodialysis
- Cautious use in patients with Na* <130 mmol/L due to risk of osmotic
myelinolysis
- Can cause thrombophlebitis
- Hypertonic saline alternative dosing
=5% NaCl: Bolus 3 mL/kg over 10 to 20 minutes
=7.5% NaCl: Bolus 2 mL/kg over 10 to 20 minutes
=23.4% NaCl should be reserved for herniation syndrome only. Bolus
30mL over 3 to 5 minutes via central line only
o Reevaluate ICP and clinical examination: If no improvement in ICP, refer to
Tier 3 for refractory management

6.4.3 Tier 3
Deep Sedation

e Increase sedation to induce coma Richmond Agitation Sedation Scale (RASS)
Score of -4
o If there is no improvement of ICP, add paralytics
¢ Used to prevent coughing, shivering, spontaneous posturing, or other reflex-
ive movements or to offset effects of abdominal hypertension which may
contribute to elevation of ICP
e Commonly used:
o Rocuronium 0.6 mg/kg IVP bolus followed by 0.3 mg/kg/hour continuous
infusion
o Cisatracurium 0.1 mg/kg IVP bolus followed by 0.15 mg/kg/hour continuous
infusion
e Monitoring with train of four (sequential electrical stimulation to facial,
ulnar, or posterior tibial nerves), target one to two twitches
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e Long-term neuromuscular blockade (NMB) associated with ICU acquired
weakness, DVT, corneal abrasions, anaphylaxis, and awareness during paral-
ysis if sedation is insufficient

¢ Guidelines recommend against routine use of paralytics for ICP

Therapeutic Temperature Management for Refractory ICP
Mechanism

Reduces ICP by lowering metabolic rate of O, consumption and thus cerebral
blood volume (CBV).

Contraindications (*Relative Contraindications)

¢ Do-not-resuscitate (DNR)/do-not-intubate (DNI) status

¢ Brain death

e Skin condition that would preclude use of cooling pads

¢ Patients with vasodilatory shock requiring multiple vasoactive agents

e Chronic renal failure

» Severely impaired pre-arrest cognitive status (modified Rankin Scale [mRS]
>4 or Glasgow Outcome Scale [GOS]<3)

¢ Follows commands

¢ Uncontrolled arrhythmias

o Other obvious reasons for coma, trauma, intoxication, etc.

e Multi-organ dysfunction syndrome

o Evident sepsis

¢ *Bleeding or coagulopathy (international normalized ratio [INR] > 2.0, DIC,
platelet <50,000)

e *Shock

e *Pregnancy

Protocol

¢ Obtain baseline basic metabolic panel (BMP), partial thromboplastin time
(PTT), prothrombin time (PT), platelet, and arterial blood gas (ABG)

¢ Consider continuous EEG monitoring and cardiac monitoring (if not already
on)

o Surface or endovascular cooling methods can be used

e Rectal, esophageal, pulmonary artery, or bladder thermometer

e Every 1 hour for vital signs every one hour while on protocol, need A-line for
BP monitoring, I/Os, patient and water temperature

e Target temperature
o Normothermia (37 °C) if febrile and unable to control with medications or
o Mild-moderate hypothermia (33-36 °C) within 3 hours
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¢ Assess for signs of shivering every 1 hour using the bedside shivering assess-
ment scale!3 (> Table 6.4)
¢ Implement anti-shivering protocol' (> Table 6.5)

Other Medications
Pentobarbital

¢ Acts by reducing the metabolic rate of the brain

¢ Continuous EEG, target burst suppression with two to three bursts/screen

¢ Loading dose of 3 to 5 mg/kg with repeat boluses every 15 to 30 minutes as
needed to reach ICP <20 mm Hg

e Maintenance dose of 1 to 4 mg/kg/hour

e Complications: Hypotension, ileus

Table 6.4 Bedside shivering assessment score

Score Type of Location
shivering
0 None No shivering noted on palpation of masseter, neck, or chest wall
1 Mild Localized shivering of neck and thorax (may only be seen on ECG
monitor)
2 Moderate  Intermittent visible shivering of upper extremities in addition to the

neck and thorax
3 Severe Generalized shivering or sustained shivering in the upper extremities

Abbreviation: ECG, electrocardiogram.

Table 6.5 Anti-shivering protocol
Goal Intervention Dosing Additional concerns

Peripheral vasoconstriction

Warming blanket Apply hand and foot

at max temp warmer if available

(42°C)

Magnesium sul-  0.5-1 mg/hour IV Monitor daily ECG

fate infusion Goal mag level Daily K* and Ca**
3-4mg/dL Monitor for toxicity

Follow every 6 hours

Acetaminophen ~ 650-1,000 mg by
mouth or IV every
4-6 hours standing

(Continued)
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Table 6.5 (Continued) Bedside shivering assessment score

Goal Intervention
Central alpha receptors

Buspirone

Dexmedetomi-
dine infusion

or
Fentanyl infusion
or

Meperidine

Skeletal muscle activity

For refractory Rocuronium
shivering, not
for routine use

Or

Cisatracurium

Or

Dantrolene

Dosing

30 mg by mouth every
8 hours

0.2-1.5 mcg/kg/hour

25 mcg/hour titrate up

25-50mg IV or IM every
4 hours as needed (max
dose 600 mg/24 hours)

0.6 mg/kg IVP bolus
followed by
0.3 mg/kg/hour infusion

0.1 mg/kg IVP bolus
followed by

0.15 mg/kg/hour
infusion

2.5mg/kg IV every
6 hours

Additional concerns

Contraindicated

o Renal insufficiency
(SCr>1.2)

e CVVHD and HD

e MOAI use in prior 14d

e Active or ongoing
seizures

Follow train of four
Goal 1-2 twitches

Follow train of four
Goal 1-2 twitches

e Cannot be used for
more than three con-
secutive days

Follow liver function
panel daily while
medication is being
given

Abbreviations: CVVHD, continuous veno-venous hemodialysis; ECG, electrocardiogram;
HD, hemodialysis; IM, intramuscular; IV, intravenous; MOAI, monoamine oxidase inhibitor;

SCr, serum creatinine.
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7 Fevers and Infections in the Neuro-ICU
Deena M. Athas, Amna Sheikh, and Jacqueline S. Urtecho

Abstract

Fever, both infectious and noninfectious, is a common occurrence in neuro-
critical care unit (neuro-ICU). This chapter will discuss key components in
diagnosis and management of some of the most common infectious and nonin-
fectious causes of fever in the neuro-ICU.

Keywords: meningitis, HIV, toxoplasmosis, fevers, infection and central fevers

7.1 Brain
7.1.1 Meningitis

Meningitis is inflammation of the leptomeninges which consist of three layers
(dura, arachnoid, and pia mater) which surround the brain and spinal cord.
There are various causes of meningitis (> Table 7.1).

Signs/Symptoms

Most patients present with one or more of the following symptoms:

¢ Headache

e Fever

o Stiff neck

o Nausea/Vomiting

e Rash (petechial or vesicular)

o Altered mental status

o Sensitivity to light or sound

o Physical examination findings of:
o Brudzinski’s sign—flexion of the knees and hips upon neck flexion
o Kernig's sign—flexion of the knees and hips to 90 degrees, and then exten-

sion of knees causes pain and resistance

Risk Factors

e Age

e Living conditions

e Medical conditions/diseases
e Exposure

o Travel
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Table 7.1 Various causes of meningitis

Bacteria Viral Fungal Tubercular Noninfectious

S. pneumoniae HSV Cryptococcus Mycobacteria Malignancy

N. meningitidis ~ VZV Coccidioides Medications/

H. Flu Enterovirus Histoplasma drugs (NSAIDs,

L. monocytogenes HIV Aspergillosis IVIG, antibiotics,

Aerobic gram (=) Arboviruses antiepileptic

bacilli (West Nile) medications)
Lymphocytic Autoimmune
choriomeningitis diseases

Abbreviations: HIV, human immunodeficiency virus; HSV, herpes simplex virus; IVIG,
intravenous immunoglobulin; NSAIDs, nonsteroidal anti-inflammatory drugs; VZV,
varicella-zoster virus.

Workup
Laboratory Studies

e Complete blood count (CBC), chemistry, coagulation panel, blood cultures,
and liver function

e Human immunodeficiency virus (HIV), Lyme, Lupus Ab, Purified protein
derivative (PPD), Rapid Plasma Reagin (RPR) or Fluorescent treponemal anti-
body absorption (FTA-ABS)

e Lumbar puncture (LP) sending cell count and culture can help to narrow the
diagnosis (> Table 7.2). For patients on anticoagulants or antiplatelet agents
other than aspirin, a hematology consultation can be considered prior to
reversal recommendations. Do not delay antibiotics if the LP is delayed.

Imaging

Computed tomography (CT) scan of brain is not recommended routinely prior
to the LP. According to the Infectious Disease Society of America, a CT scan
should be performed prior to performing the LP when any of the following
conditions apply (> Table 7.3).

7.1.2 Acute Bacterial Meningitis
Epidemiology

According to Centers for Disease Control and Prevention (CDC), bacterial men-
ingitis affects 4,000 people every year worldwide. Common causative organ-
isms include: Streptococcus pneumoniae (61%) and Neisseria meningitidis (16%).
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Table 7.2 CSF profiles by cause

Test Viral Fungal Tubercular
Appearance Clear Purulent or Clear Clear to Opaque,
clear fibrous cob-web
formation
Opening Normal Elevated Normal Normal to Normal to
pressure <20mm Hg elevated elevated
WBC 0-8/mm3 >1,000/mm3 <100 to 100-500/ Variable
1,000/mm3  mm?3
Cell Lymphocyte Predominance Lymphocytes Lymphocytes Lymphocytes
differential and of PMN
monocytes
Protein 15-45mg/ 100-500mg/ Normal to Elevated Elevated
dL dL elevated 100-500 mg/ 100-
50-250mg/ dL 500 mg/dL
dL
Glucose 50-80mg/ <40mg/dL 50-80mg/dL 30-45mg/dL <50 mg/dL
dL
CSF:serum 0.6 <0.4 >0.6 <0.4 <0.4
glucose
Organisms ~ None S. pneumoniae, HSV-2, VZV, Crypto, Coc- Mycobacteria
Neisseria, H. Enterovirus,  cidioides,
Flu, Listeria, S. HIV, West- Histoplasma,
aureus, Gram  Nile Aspergillosis
(=) bacilli

Abbreviations: CSF, cerebrospinal fluid; HIV, human immunodeficiency virus; HSV-2,
herpes simplex virus 2; VZV, varicella-zoster virus.

Group B streptococcus (14%), Haemophilus influenzae (7%), and Listeria mono-

cytogenes (2%).

Diagnosis

All patients with suspicion of bacterial meningitis should get immediate blood
cultures and LP (lumbar puncture) and antibiotics started without significant
delay. » Fig. 7.1 details the algorithm for suspected bacterial meningitis.
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Table 7.3 Conditions when patients should obtain CT of head prior to performing lumbar
puncture. (Adapted from Tunkel et al.3)

Conditions Details

Abnormal neurologic exam Nonreactive pupils, arm/leg drift, gaze deviation, cranial
nerve palsy, aphasia

Altered mental status Inability to follow commands or answer questions

Papilledema Presence of papilledema suggests increased ICP

Seizure Within 1 week

Immunocompromised state HIV/AIDS, cancer, any immunosuppressive therapy,

post-transplantation
History of prior CNS disease Mass lesion (tumor/abscess), large stroke, etc.

Abbreviations: AIDS, acquired immunodeficiency syndrome; CNS, central nervous system;
CT, computed tomography; HIV, human immunodeficiency virus; ICP, intracranial
pressure.

X kY
N\ Yes
/

Fig.7.1 Management algorithm for adults with suspected bacterial meningitis.?
(Adapted from Tunkel A, et al. Practice guidelines for the management of bacterial
meningitis.)
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Table 7.4 Antibiotic therapy for meningitis based on predisposing factors. (Adapted
Practice Guidelines for bacterial meninigitis.>)

Predispos- Common bacteria First-line antibiotic Alternative antibi-
ing factor therapy otic therapy
Age: 2-50  N. meningitidis Third-generation Penicillin G, ampicil-
years S. pneumoniae cephalosporin lin, chloramphenicol,
Vancomycin plus third-  fluoroquinolone or
generation cephalospo- aztreonam
rin (ceftriaxone or meropenem,
cefotaxime) fluoroquinolone
Age:>50 S. pneumoniae, Vancomycin +
years N. meningitidis, ampicillin + third-
L. monocytogenes, generation cephalospo-
aerobic gram-negative rin (ceftriaxone or
bacilli cefotaxime)
Basilar skull S. pneumoniae, H. influen-  Vancomycin + third-
fracture zae, Group A B-hemolytic generation
Penetrating streptococci cephalosporin
trauma S. aureus, coagulase- Vancomycin + cefepime
negative or Vancomycin +
staphylococci, aerobic ceftazidime or Vanco-
gram-negative bacilli mycin + meropenem
(including P. aeruginosa)
Post-neuro- Aerobic gram-negative Vancomycin + cefepime
surgical bacilli (including P. aerugi- or Vancomycin +
procedure  nosa), S. aureus, coagu- ceftazidime or Vanco-
lase-negative staphylo- mycin + meropenem
cocci (especially
S. epidermidis)
CSF shunt  Coagulase-negative Vancomycin + cefepime

staphylococci (especially
S. epidermidis), S. aureus,
aerobic gram-negative
bacilli (including

P. aeruginosa),
Propionibacterium acnes

Abbreviation: CSF, cerebrospinal fluid.

Treatment

or Vancomycin +
ceftazidime or
Vancomycin +
meropenem

Empiric antibiotics should be started as soon as possible. Broad-spectrum
antibiotics are chosen initially based on risk factors or age (> Table 7.4). As
specific pathogens are identified, the antibiotic of choice should be narrowed.
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Dexamethasone (10 mg IV every 6 hours) should be started 10 to 20 minutes
prior to first dose of antibiotics whenever pneumococcal meningitis is sus-
pected.?’ Steroids should be continued for 2 to 4 days when pneumococcal
meningitis is confirmed. If LP results are not consistent with bacterial menin-
gitis then steroids should be discontinued. Antibiotics can be continued until
cultures are finalized.

7.1.3 Aseptic Meningitis

Meningitis with clinical symptoms but negative bacterial cultures is called
aseptic meningitis. Some of the more common causes of aseptic meningitis
include:

e Viruses: Enterovirus, HIV, herpes simplex virus (HSV), mumps, Epstein-Barr
virus (EBV), cytomegalovirus (CMV), human herpesvirus 6 (HHV-6), and
adenovirus

¢ Fungal infections: Cryptococcal infection and coccidioidal infection

e Spirochetes: Lyme and syphilis

e Leptomeningeal neoplasm

¢ Drug-induced meningitis: Nonsteroidal anti-inflammatory drugs (NSAIDs),
intravenous immunoglobulin (IVIG), antibiotics, and antiepileptic drugs

Diagnosis

LP should be done in all patients with suspected meningitis (> Fig. 7.1).

Treatment

All patients with suspected meningitis should be started on antibiotics until
bacterial causes are ruled out.

7.1.4 Viral Meningitis

It is the most common form of meningitis but less severe than bacterial menin-
gitis. Enteroviruses (coxsackievirus, echovirus, non-polio enteroviruses) which
occur in the summer and fall are the most common cause of viral meningitis.

Treatment

Most cases are self-limited and resolve within 7 to 10 days. Generally, most
patients can be managed with supportive treatment (antipyretics, IV fluids,
pain medications, etc.). Antiviral treatment is required for some viruses such as
HSV-2 and varicella-zoster virus (VZV) which are treated with acyclovir and
HIV which is treated with anti-retrovirals.
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Table 7.5 Common fungal infections and treatment

Fungi Transmission Treatment
Cryptococcus  Soil IV Amphotericin B +5-Flucytosine x 2
Bird droppings weeks then oral fluconazole

Decaying wood

Coccidioides  Soil in the southwest United Oral fluconazole induction
States, Central and South IV fluconazole with IT Amphotericin B
America for patients who fail oral therapy
Histoplasma  Bird/bat droppings IV Amphotericin B with transition to
Central and Eastern USA oral itraconazole or fluconazole
Aspergillosis ~ From sinusitis, [VDA IV Voriconazole or Amphotericin B
Blastomyces  Moist soil IV Amphotericin B

Decaying wood/leaves
Midwest, Southcentral, and
Southeast USA

Candida Colonized on body, Amphotericin B+ 5-Flucytosine
hematogenous spread

7.1.5 Fungal Meningitis

Although relatively rare in the United States, they can occur in patients who
are immunocompromised. Risk factors include organ transplantation, chemo-
therapy, or chronic steroid use. They present in a subacute or chronic fashion.
Fungal meningitis does not spread person to person but rather patients inhale
the spores which then spread from the lungs to the brain or spinal cord. Special
attention should be paid to patients who have recently moved and may have
been exposed based on their prior geographic location. » Table 7.5 notes some
of the more common fungal infections according to the CDC.

7.1.6 Ventriculitis

Inflammation of ependymal lining of cerebral ventricles due to infection is
called ventriculitis.

Etiology

¢ Causes include meningitis, cerebral abscess, trauma, external ventricular
drains, intraventricular shunts, and intrathecal chemotherapy3!

e Common causative organisms include staphylococcus species, gram-positive
skin flora, gram-negative rods, and S. pneumoniae
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Incidence

Ventriculitis rates ranges from 0 to 45% in the setting of intraventricular
catheter.?>

Clinical Features

Fever, seizures, nuchal rigidity, new headache,! photophobia, nausea, lethargy,
altered mental status, erythema, and tenderness over the tubing in patients
with ventriculoperitoneal shunt (VPS). Pleuritis in cases of ventriculopleural
shunt infection, peritonitis, abdominal pain, abdominal fluid collections in
cases of ventriculoperitoneal shunt infection,?3 and blood stream infection and
endocarditis in cases of ventriculoatrial shunt infection.

Diagnosis

¢ According to Infectious Diseases Society of America (IDSA) guidelines!diag-
nosis of a cerebrospinal fluid (CSF) drain infection
o Single or multiple positive CSF culture with pleocytosis, hypoglycorrhachia,
and increasing cell count and clinical symptoms are ventriculitis and
meningitis.
* However, abnormalities in CSF cell count and glucose/protein may not be
reliable indicators of infection, and normal CSF does not exclude infection.
If cultures are negative initially, they should be held for at least 10 days for
slow growing organisms.
If a CSF device (including shunt, intrathecal pump, deep brain stimulatory,
vagal nerve stimulator or associated hardware) is infected then current rec-
ommendations are to remove the infected device. Any device/shunt that is
removed should be sent for culture.
In addition to CSF cultures, blood cultures should be obtained for any patient
with a ventriculoatrial shunt and should be considered for patients with a
ventriculoperitoneal or ventriculopleural shunt.

Imaging

¢ Magnetic resonance imaging (MRI) with gadolinium is recommended for
anyone with suspected CSF device infection.

¢ CT of head with contrast can be considered an alternative if MRI is unavail-
able or contraindicated.

¢ Abdominal imaging with CT of chest/abdomen or ultrasound of the abdomen
should be completed in patients with peritoneal or pleural shunts and
abdominal or pleuritic chest pain.
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Table 7.6 Empiric antibiotic coverage in patients with suspected healthcare-associated
ventriculitis/meningitis

No beta-lactam allergy or carbapenem With serious beta-lactam or carbapenem
allergy allergy
Vancomycin + antipseudomonal Vancomycin + Aztreonam or Ciprofloxacin

beta-lactam agent (cefepime, ceftazidime,
or meropenem)

Treatment

¢ Includes antibiotic therapy and removal of infected shunt or device
(» Table 7.6).

e Once a specific pathogen is identified, antibiotics should be narrowed
(» Table 7.7).

e Duration of antibiotic is between 10 and 14 days depending on the pathogen,
can extend to 21 days for some gram-negative bacilli. Duration should be
determined after the last positive CSF culture.

7.1.7 HIV-Related Infections

Cerebral Toxoplasmosis

Central nervous system (CNS) opportunistic infections caused by the parasite
Toxoplasma gondii.* It is one of the major causes of mortality and morbidity in
patients with HIV. Toxoplasmosis is the most common of these infections.
Patients with HIV are at risk for toxoplasmosis reactivation when CD4 cell
count drops to<200.# Its manifestations in CNS infections range from focal
brain lesions to diffuse encephalitis.*5

Diagnosis

e (Clinical presentation:
o Fever, headache, seizures, altered mental status, and focal neurologic deficit
e Laboratory studies:
o HIV
o CD4
o Anti-toxoplasma IgG antibodies?3
o Blood cultures
o LP: Should be performed in all patients suspected unless contraindicated.
Opening pressure should be noted and CSF should be sent for:
o Cell count
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Table 7.7 Antimicrobial selection based on organism and sensitivity

Specific antimicrobial agents based on pathogen
Pathogen Antimicrobial agent

Methicillin-susceptible S. aureus Nafcillin or oxacillin (unless beta-lactam allergy
then vancomycin can be alternative)

Methicillin-resistant S. aureus Vancomycin
Second-line therapy would be linezolid, dapto-
mycin, or trimethoprim-sulfamethoxazole if
unable to use vancomycin

Coagulase-negative staphylococci Vancomycin
Rifampin: this agent should be added in
combination, if sensitivities allow
Linezolid or daptomycin or trimethoprim-
sulfamethoxazole can be used for patients
unable to use beta-lactams or vancomycin

P. acnes Penicillin G

Gram negative bacilli (non-pseudomonal) Based on sensitives and CNS penetration

Enterobacter Ceftriaxone or cefotaxime

Klebsiella

Citrobacter

Serratia

H. influenzae

Proteus

Neisseria

Pseudomonas Cefepime,
ceftazidime, or
meropenem

Alternative would be aztreonam or a
fluroquinolone

Acinetobacter Meropenem
If carbapenem resistant, can use colistimethate
sodium or polymyxin B

Candida Liposomal Amphotericin B with 5-flucytosine

Aspergillus or Exserohilum Voriconazole

o Protein, glucose

o Cytology

o Culture

o Cryptococcal antigen

o Toxoplasma polymerase chain reaction (PCR)%3
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e History of immunocompromised state (T-cell deficiency) due to HIV, cancer,
or immunosuppressive therapy
e Positive imaging: MRI with gadolinium is preferred to CT®
o Ring enhancing lesions with surrounding edema
o Lesions tend to be in the deeper grey matter (basal ganglia, thalamus)
o Can use MR spectroscopy or positron emission tomography to differentiate
from cerebral lymphoma?8

Treatment

e Consists of induction then maintenance therapy (> Table 7.8)

o Corticosteroids can be used to treat cerebral edema

¢ Anticonvulsant agents should be used for all patients who present with seiz-
ure. Seizure prophylaxis should be based on location of lesion.

¢ Antiretroviral therapy (ART) initiation: Patients with HIV not receiving ART
should be evaluated regarding timely initiation of ART since suppression of
HIV viral load and reconstitution of the immune system by increasing CD*
count following diagnosis of an opportunistic infection such as toxoplasmosis
has been shown to decrease AIDS progression and mortality.

Cryptococcus

Cryptococcus neoformans is a fungus that can cause meningitis in patients with
immunosuppression or advanced HIV disease, often with CD count < 100.*

Table 7.8 Treatment of cerebral toxoplasmosis28-2°

Medication Duration
Induction Dose Pyrimethamine 200 mg PO 1 dose
Maintenance Dose Pyrimethamine 50 mg PO daily+  Minimum 6 weeks—longer
<60kg Sulfadiazine 1,000 mg PO every  therapy may be needed for
6 hours + extensive disease or partial
Leucovorin 10-25 mg PO daily response

(can be increased to 50 mg daily or
two times per day if needed)

Maintenance Dose Pyrimethamine 50 mg PO daily+  Minimum 6 weeks—longer

>60 kg Sulfadiazine 1,000 mg PO every  therapy may be needed for
6 hours + extensive disease or partial
Leucovorin 10-25 mg PO daily response

(can be increased to 50 mg daily or
two times per day if needed)
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Symptoms: Malaise, fever, headache, nausea, photosensitivity, visual distur-
bances, altered mental status, and cranial nerve palsies in cases of high intra-
cranial pressure.?

Diagnosis

e LP should be done in all cases with suspicion of cryptococcal meningitis.
o It may show elevated opening pressures >25 cm H;0.
o CSF profile usually shows low white blood cell (WBC) of <50 cells/microL,

low to normal glucose, and mild protein elevation.

o Positive cryptococcal antigen in CSF establishes the diagnosis.

e In patients who cannot undergo LP, serum antigen should be tested. It has
been shown to be comparable to CSF antigen.!? CT of head or MRI of brain
with gadolinium should be performed to rule out other causes.

Treatment

¢ Consists of three phases: Induction, consolidation, and maintenance3
(» Table 7.9)

e Induction with amphotericin and 5-flucytosine has shown a decrease in early
mortality (within the first 2 weeks) when compared to amphotericin and flu-
conazole combination.!!

e May require serial LPs for patients with elevated opening pressure or persis-
tent intracranial symptoms suggestive of high intracranial pressure. Lumbar
drain or ventriculoperitoneal shunt can be considered but should not be
routine.

Table 7.9 Treatment guidelines for cryptococcal meningitis

Phase Duration Treatment
Induction Phase 2 weeks Liposomal amphotericin
B 3-4 mg/kg IV daily AND
5-flucytosine 25 mg/kg PO four
times a day'’

Consolidation Phase: 8 weeks Fluconazole 400 mg PO daily
Follows successful induction

phase defined as clinical

improvement and negative CSF

cultures on repeat LP

Maintenance Phase Minimum 1 year Fluconazole 200 mg PO daily

Abbreviations: CSF, cerebrospinal fluid; IV, intravenous; LP, lumbar puncture.
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e In contrast to toxoplasmosis, initiation of ART should be delayed in the set-
ting of acute cryptococcal infection.

7.1.8 Empyema

An infected fluid collection inside a body cavity is referred to as an empyema.
Empyemas can occur intracranially or in the spinal canal. When the collection
occurs between the dura and the arachnoid it is called a subdural empyema,6
likewise a collection located between the skull and dura is referred to as an
epidural empyema. Subdural empyemas still carry a high morbidity and mor-
tality with rates estimated as high as 55% and 48% respectively.

Risk Factors

Sinusitis (commonly), dental and ear infections, cranial surgery, trauma, and
bacteremia.'2

Microbiology

S. pneumoniae, H. influenzae, aerobic streptococci, Staphylococcus aureus,
anaerobes, Pseudomonas aeruginosa, and Staphylococcus epidermidis

Clinical Presentation

Fever,!3 headache, nausea vomiting, altered mental status, earache, seizures,!3
meningismus, and focal neurologic signs.1213

Diagnosis

e Laboratory studies
o CBC, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), and
blood cultures
e Imaging: All patients with suspected intracranial empyema should undergo
brain imaging
o MRI with gadolinium' preferred choice
o CT of head with contrast can be performed if MRI is unavailable or
contraindicated
o MRV should be performed if there is a suspicion for infected sinus venous
thrombosis
e LP: can be performed based on clinical suspicion but imaging should be com-
pleted first to avoid potential risk of herniation
e Operative cultures
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Treatment

e Early diagnosis, early empiric antibiotic therapy, and surgical evacuation are
the main stay of treatment.

e Empiric antibiotics include vancomycin, metronidazole, and ceftriaxone or
cefepime or ceftazidime (pseudomonal coverage).

¢ Conservative treatment with antibiotics alone can be considered provided
that the is no focal neurologic deficit, the collection is limited and localized
(not in the posterior fossa) and there is rapid improvement with the initia-
tion of antibiotic therapy. The drawbacks to conservative treatment are the
patient will require frequent imaging to evaluate resolution and will require
long-term broad-spectrum antibiotics, which carry risk of adverse effect.26

Complications

Cerebritis, venous sinus thrombosis, septic thrombophlebitis, venous infarc-
tion, cerebral edema, and cranial osteomyelitis.!214

7.2 Spine
7.2.1 Epidural Abscess

Presence of purulent material between the dura and vertebral bodies is called
spinal epidural abscess.!> It can cause injury to the spinal cord by direct com-
pression, or by causing septic thrombophlebitis causing vascular occlusion.
This can lead to permanent loss of neurologic function.

Epidemiology

The incidence of spinal abscess is about 0.2 to 1.2 cases per 10,000.15 The inci-
dence has increased over the past 25 years. It is more common in men than
women.

Risk Factors

e Diabetes

e Spinal surgery/procedure/instrumentation
e Spinal deformity

e Immunosuppression

e Alcoholism

e Trauma

e Intravenous drug abuse (IVDA)

¢ Bacteremia
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Microbiology

S. aureus accounts for two-thirds of the cases, and MRSA accounts for about
15% of cases. Other organisms include: Coagulase-negative staphylococci
(S. epidermidis), Escherichia coli, P. aeruginosa, anaerobic bacteria (rare), and
mycobacteria including tuberculosis (rare). Approximately one-third of
patients have no identifiable cause.

Clinical Presentation

* Neurologic deficits are the most common feature: Motor weakness, numb-
ness, and bladder or bowel dysfunction

e Pain: Back pain, radicular pain, and shooting pain, electric shock like. On
physical examination, palpation along the spinal axis can help to localize the
suspected area of injury

e Fever

Diagnosis
Laboratory studies: CBC, ESR, CRP, and blood cultures

Imaging

e MRI spinal access (gold standard),
o CT of spine with intravenous contrast, or
e CT myelogram if MRI is unavailable or contraindicated

Treatment (> Table 7.10)

o Surgical decompression should be performed as early as possible to avoid
permanent neurologic injury.
e Empiric systemic antibiotics should be initiated upon presentation.

Table 7.10 Treatment for spinal epidural abscess

Medication Duration

Empiric treatment Vancomycin + Minimum 6 weeks'®
cefotaxime, ceftriaxone,
cefepime, or ceftazidime OR

Meropenem
If high suspicion for Vancomycin + cefepime or
pseudomonas ceftazidime or meropenem
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¢ Antibiotic therapy

o Vancomycin + ceftriaxone (ceftazidime or cefepime); narrow based on cul-
ture results; duration of treatment at least 6 weeks!®

e Patients with high-risk perioperative risk, panspinal infection, irreversible
paralysis, or those who decline surgery may be treated with antibiotics
alone.

e CT-guided aspiration of the abscess for organism identification should be
done if surgical decompression is not an option.

e If unable to obtain direct cultures, antibiotics can be tapered based on blood
culture results.

7.2.2 Osteomyelitis

Vertebral osteomyelitis is usually an indolent disease with chronic symptoms
that can lead to misdiagnosis.3° It is usually the result of hematogenous spread
but can also be from contiguous spread from surrounding soft tissues.

Risk Factors

e [VDA

e Diabetes

e Degenerative joint disease

¢ Endocarditis

e Spinal surgery/procedure or instrumentation
e Immunocompromised state

It occurs twice as often in men than women.

Microbiology

Most common organism: S. aureus'”

Foreign-body-associated infection: Coagulase-negative staphylococci or Pro-
pionibacterium spp.

Common in nosocomial infections: Enterobacteriaceae, P. aeruginosa, Can-
dida spp.

TB prevalent areas: Mycobacterium tuberculosis

Endemic pathogens: Brucella spp., Coxiella burnetti, fungil”

Clinical Presentation
¢ Pain over the affected vertebra is the most common presenting feature.

Patients can have pain for days to weeks. Pain can be elicited on physical
examination by palpation along the spinal axis.
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e Fever is not always present.
e Lumbar vertebra is more commonly involved than thoracic and cervical.

Diagnosis

e Laboratory studies
o CBC, ESR, CRP, and blood cultures
e Imaging
o Echocardiogram should be performed in all patients with positive blood
cultures.
o X-ray: Low sensitivity and low specificity. Can take up to 2 weeks before
imaging is abnormal:
- Soft tissues swelling
- Bone destruction
- Periosteal reaction
- Widening or narrowing of joint spaces
o MRI with and without gadolinium
o CT has limited use except in cases when MRI is unavailable or contraindi-
cated. Poor resolution of soft tissue and inability to show bone marrow
edema. A normal CT scan does not exclude the diagnosis of osteomyelitis.
e Tissue culture: Image-guided needle aspiration should be performed when
blood cultures are negative. Tissue cultures should be sent for bacteria, fun-
gus, mycobacteria, and brucella (when appropriate).

Treatment

If patients are hemodynamically stable and without evidence of epidural
abscess, antibiotics can be held until the microbiologic diagnosis is established.
Antibiotic therapy can be tailored to the specific pathogen as shown in
» Table 7.11. Total treatment duration is generally a minimum of 6 weeks.

Monitoring

Assess clinical improvement and trend ESR and CRP after 4 weeks of antimicro-
bial therapy. In patients who do not improve, repeat MRI is warranted; addi-
tional tissue specimen should be obtained if there is evidence of clinical and
radiographic failure of therapy.!8

Surgical Intervention

Surgery is recommended for patients who have progressive neurologic deficits,
or epidural or paravertebral abscesses, cord compression due to vertebral
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Table 7.11 Antimicrobial selection for osteomyelitis without abscess. (Adapted from IDSA
guidelines 2015'8)

Micro-organisms First choice

Empiric therapy Vancomycin plus cefotaxime or ceftazidime
or ceftriaxone or cefepime

MSSA Nafcillin or oxacillin or cefazolin
MRSA Vancomycin

Enterococcus species, penicillin susceptible Penicillin G or ampicillin

Enterococcus species, penicillin resistant Vancomycin IV

P. aeruginosa Cefepime/Meropenem/Doripenem
Enterobacteriaceae Cefepime/Ertapenem
Propionibacterium acnes Penicillin G/ceftriaxone

Abbreviations: MRSA, methicillin-resistant Staphylococcus aureus; MSSA, methicillin-
susceptible Staphylococcus aureus.

collapse, or persistent or recurrence of disease in spite of antimicrobial
therapy.17.18

7.3 Central Fever

Central fevers are fevers without any identifiable cause (infectious or noninfec-
tious) in the setting of acute neurologic injury. Fever has been defined as a
body temperature > 38.3 °C daily for 2 consecutive days.!® Fever has been asso-
ciated with increased mortality rate, worse neurologic outcome, longer ICU
stay, and higher cost of care.!9.20
e Predictors of central fevers include

o Early onset within 72 hours of admission to ICU1920

o Persistent fevers lasting for more than 6 hours for 2 or more days20.21.22

o Recent blood transfusion

o Diagnosis of traumatic brain injury, subarachnoid hemorrhage, intraven-

tricular hemorrhage, or tumor

Central fever is also a diagnosis of exclusion. Infectious and noninfectious
causes need to be ruled out before a diagnosis of central fever can be made.
e Other noninfectious causes of fever include the following:

o Drug induced

o Superficial thrombophlebitis
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o Acute deep vein thrombosis
o Pancreatitis
o Acalculous cholecystitis

Aggressive management of all fevers is recommended. Acetaminophen and
surface cooling agents are the recommended treatment. Details on methods
for temperature management can be found in Chapter 6.
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8 Treatment of Status Epilepticus in
Adults

James Park, Alan Wang, Andres Fernandez, and Sara Hefton

Abstract

Status epilepticus is a neurologic emergency that requires immediate evaluation
and treatment in order to prevent significant morbidity and mortality. Seizures
can present in many different ways, and therefore status epilepticus can be
varied in its presentation, as well (i.e. convulsive, nonconvulsive, focal motor,
myoclonic). Status epilepticus can become refractory; timely recognition and
treatment is necessary to avoid the refractory state/neurologic damage that can
occur with prolonged status epilepticus. Here, we will define status epilepticus
and detail its management.

Keywords: status epilepticus, status, seizure(s), convulsive, nonconvulsive,
refractory status

8.1 Overview and Definitions

Status epilepticus (SE) is a neurologic emergency. This chapter will address the

evaluation and management of a seizing patient.

e Seizures may be focal (starting in one part of the brain) or generalized (start-
ing in the whole brain at once)
o Focal seizures may impair consciousness or may occur without impaired

consciousness

o Generalized seizures will always cause impaired consciousness

e Seizures may consist of tonic (stiffening) and clonic (rhythmic jerking)
phases, but may also consist of staring, nonresponsiveness, and automatisms
(unconscious movements)

There are two types of SE: convulsive SE (CSE) and nonconvulsive SE (NCSE)
e Clinical presentation:
o CSE: Rhythmic jerking of the extremities, impairment in mental status, and
may have postictal focal neurologic deficits!
o NCSE: Subtle and variable semiology (may have positive or negative symp-
toms)!2
o SE definitions were applied generally to CSE and NCSE in the past (refer to
the points below). But now the definition of NCSE is evolving as continuous
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EEG monitoring has become more readily available and we can learn more
about it (see below in NCSE section for definitions).
e SE is defined by the Neurocritical Care Society Status Epilepticus guidelines as:
o Continuous clinical and/or electrographic seizure activity of 5 minutes or more!
o Recurrent seizure activity without a return to baseline between seizures!
¢ Epidemiology:
o 50,000 to 150,000 SE cases per year are reported in the United States?
o Up to 30% mortality in adults3
¢ Pathophysiology
o SE occurs due to the failure of mechanisms that terminate seizures or initi-
ation of mechanisms that lead to prolonged seizures*
o There is a decrease in inhibitory receptors and an increase in excitatory
receptors>6
o Key timepoints as per the ILAE Task Force on Classification of Status
Epilepticus:
- t1: when seizures are likely to be prolonged and become continuous
=Tonic-clonic: 5 minutes
=Focal SE with impaired consciousness: 10 minutes
= Absence: 10 to 15 minutes
- tp: when seizures can cause long-term consequences
=Tonic-clonic: 30 minutes
=Focal SE with impaired consciousness: > 60 minutes
= Absence: unknown

8.2 Convulsive Status Epilepticus Management

e Two main CSE treatment guidelines

o Neurocritical Care Society!

o American Epilepsy Society?

o See » Fig. 8.1 for timeline and medication doses?

Initial SE management (the below management is based on the NCS and AES

guidelines in addition to our local institutional practice) 123

o Evaluate and secure adequate airway, breathing, and circulation (ABCs)

o Obtain intravenous (IV) access

o Check finger-stick glucose
- If glucose <60 mg/dL, give thiamine 100 mg IV x 1, then 50 mg D50 IV

o Monitor Sp02, blood pressure, heart rate, and rhythm as vital signs may
become unstable

o Treat hyperthermia

o Obtain labs: CBC, CMP, ABG, PT, INR, aPTT, Ca2*, Mg2*, PO4-2, troponin,
HCG (if appropriate), ammonia (if appropriate)

o Check toxicology screen
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Proposed Algorithm for Convulsive Status Epilepticus

From “Treatment of Convulsive Status Epilepticus in Children and Adults,” Epilepsy Currents 16.1 - Jan/Feb 2016

. Stabilize patient (airway, breathing, circulation, disability - neurologic exam)

. Time seizure from its onset, monitor vital signs

. Assess oxygenation, give oxygen via nasal cannula/mask, consider intubation if respiratory assistance
needed

wN

P

Initiate ECG monitoring

w

. Collect finger stick blood glucose. If glucose < 60 mg/dl then
Adults: 100 mg thiamine IV then 50 ml DSOW IV
Children > 2 years: 2 mi/kg D25W IV Children <2 years: 4 ml/kg D12.5W IV
. Attempt IV access and collect electrolytes, hematology, toxicology screen, (if appropriate) anticonvulsant
drug levels

o

Does Seizure
Continue?

A benzodiazepine is the initial therapy of choice (Level A): If patient at baseline,
Choose one of the following 3 equivalent first line options with dosing and frequency: then symptomatic
+ Intramuscular midazolam (10 mg for > 40 kg, 5 mg for 13-40 kg, single dose, medical care
Level A) OR
5-20 Minutes « Intravenous lorazepam (0.1 mg/kg/dose, max: 4 mg/dose, may repeat dose
Initial Therapy once, Level A)OR
Phase . s diazepam (0.15-0.2 , max: 10 mg/dose, may repeat dose
once, Level A)

If none of the 3 options above are available, choose one of the following:
* Intravenous phenobarbital (15 mg/kg/dose, single dose, Level A) OR
+ Rectal diazepam (0.2-0.5 mg/kg, max: 20 mg/dose, single dose, Level B) OR
« Intranasal midazolam (Level B), buccal midazolam (Level B)

Does Seizure
Continue?

There is no evidence based preferred second therapy of choice (Level U): If patient at baseline,
Choose one of the following second line options and give as a single dose then symptomatic
* Intravenous fosphenytoin (20 mg PE/kg, max: 1500 mg PE/dose, single dose, medical care
20-40 Minutes Level U) OR
Second Therapy « Intravenous valproic acid (40 mg/kg, max: 3000 mg/dose, single dose,
Phase Level B) OR
* Intravenous levetiracetam (60 mg/kg, max: 4500 mg/dose, single dose, Level U)
If none of the options above are available, choose one of the following (if not given
already)
+ Intravenous phenobarbital (15 mg/kg, single dose, Level B)

Does Seizure
Continue?

40-60 Minutes There is no clear evidence to guide therapy in this phase (Level U): If patient at baseline,
Third Therapy Choices include: repeat second line therapy or anesthetic doses of either thiopental, then symptomatic
Phase midazolam, pentobarbital, or propofol (all with continuous EEG monitoring) medical care

patients with status epilepticus. It is not intended to establish a community standard of care, replace a clinician's medical judgment, or
establish a protocol for all patients. The dlinical conditions contemplated by this algorithm/guideline will not fit or work with all patients
Approaches not covered in this algorithm/guideline may be appropriate.

2016 © Epilepsy Currents

n E L Disclaimer: This clinical algorithmy/guideline is designed to assist clinicians by providing an analytic framework for evaluating and treating

AMERICAN EPILEPSY SOCIETY

Fig. 8.1 American Epilepsy Society Guidelines for Convulsive Status Epilepticus.?

o Check antiepileptic drug (AED) levels (if appropriate)
o Obtain computed tomography (CT) of the head to evaluate for structural
lesion if no history of seizures
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- May consider magnetic resonance imaging (MRI) of brain with and with-
out contrast after seizures are controlled
o Consider lumbar puncture and/or antibiotics if there is clinical suspicion of
infection
o Begin continuous electroencephalography (cEEG) if appropriate; consider-
ing the indications outlined by the consensus statement by American
Clinical Neurophysiology Society (ACNS)?
- Electroencephalography (EEG) is required for the diagnosis of nonconvul-
sive seizures and NCSE
= CSE may transition to NCSE; cEEG should be used in patients who do
not return to baseline despite therapy
- EEG is required for the assessment of efficacy of continuous IV therapy in SE
- cEEG should be continued until patient is seizure free for at least 24 hours
e Initial medical therapy
o Benzodiazepines!3 should be administered in parallel with the initial man-
agement steps listed above
- IV Lorazepam 2 to 4 mg at a time for up to 0.1 mg/kg total dose
- IM Midazolam (especially in prehospital® setting) 10 mgx 1 (if the patient
weighs more than 40 kg)
- IV Diazepam 0.15 to 0.2 mg/kg/dose for up to 10 mg/dose
¢ Second medical therapy
o Administered if benzodiazepines fail, but often concurrently ordered
o No definitive evidence for a preferred AED3
o AED options include:
- IV Fosphenytoin/Phenytoin (20 PE/kg or 20 mg/kg load, max 1,500 mg/
dose)
= Fosphenytoin may be administered more rapidly than phenytoin and
does not have risk of purple glove syndrome
= Patients must be monitored on telemetry, given risk of cardiac arrhythmias
=Post-load phenytoin level 2 hours after administration, goal 15 to
20 pg/mL
- IV Valproic Acid (40 mg/kg load, max 3,000 mg/dose)
=May cause hepatotoxicity, hyperammonemia, and thrombocytopenia
= Post-load level 1 hour after administration, target level 70 to
100 pg/mL
- IV Levetiracetam (60 mg/kg load, max 4,500 mg/dose)
=Renal clearance; dose must be adjusted for creatinine clearance
- IV Phenobarbital (if the above options are not available, 15 mg/kg load)
=May cause hypotension, metabolic acidosis, and respiratory depression
- While more research needs to be done lacosamide is commonly used in
the clinical setting for the treatment of SE. As it is more recent it is not
part of the guidelines. IV lacosamide is typically given as a 300 or 400 mg
load.
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= A systematic review of the available evidence showed most clinicians
using anywhere from 200 to 400 mg.!!
=However, another study using weight-adjusted dosing showed better
efficacy when a loading dose of 5.3 mg/kg was administered (for the
average 60-70 kg person this would equate to 300-400 mg).!!
=May cause PR prolongation and AV block. Hypotension and arrhythmias
have also been occasionally reported.
o Individual patient scenario may play a role in the choice of AED!
- Consider patient comorbidities and potential side effects of AEDs noted
above
o In patients with known epilepsy and on an AED, it is reasonable to give an
IV bolus of that AED if IV formulation is available!
e The Established Status Epilepticus Treatment Trial (ESETT)1213
o No statistically significant difference was seen in terms of efficacy and
safety outcome between the three drugs (fosphenytoin, valproic acid, and
levetiracetam) for the treatment of benzodiazepine-refractory SE

8.3 Nonconvulsive Status Epilepticus (NCSE)

o Variable definitions have been used in the past such as:

o Nonconvulsive status lasting more than 30 minutes or recurrent over
30 minutes without return to normal consciousness?

o Continuous nonconvulsive seizure lasting more than 5 minutes!

o Electrographic seizures seen on more than 50% of an EEG epoch?

e There are upcoming new definitions for nonconvulsive status epilepticus
based on the American Clinical Neurophysiology Society’s Standardized
Critical Care EEG Terminology: 2021 version
o This document is currently in “public comment format” after which the

revision and publication process will occur; see the public comment link.26
o Based on this upcoming publication:
- The definition should change from NCS >30 minutes to electrographic
seizure for 210 continuous minutes
- The required seizure burden to diagnose NCSE will also decrease from
50% to 20% or more of a 60-minute epoch

e Must be monitored on EEG2

o EEG recording lasting less than 1 hour only identifies 45 to 58% of patients
who eventually have seizures
o Recording for at least 24 hours is recommended

¢ Often occurs after CSE

e Worse prognosis,’especially if no history of seizures!4

¢ Treatment typically extrapolated from the guidelines for the treatment of
CSE and practice is variable

e Determining and treating the underlying etiology is important
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8.4 Refractory Status Epilepticus (RSE)

e Defined as failure of benzodiazepines (initial medical therapy) and standard
AED (second medical therapy)!

e No definitive evidence for a preferred AED agent3
o One randomized controlled trial could not be completed due to poor

enrollment?’>

e Management
o Must be monitored on EEG16.17
o Identify and treat the underlying etiology where possible
o Ensure AEDs are at therapeutic levels
o Intubate for airway protection and admit to intensive care unit (ICU)

e Third medical therapy:

o Continuous infusion of anesthestics!819

- Midazolam, propofol, or pentobarbital may be used!

- Case reports and series have shown ketamine to be effective, but clinical
trials are ongoing to prove its efficacy and safety in the treatment of RSE.
There are some questions about using ketamine earlier in SE because of
neuroprotective effects seen in rodent models27-28.29

No standard approach and practice is variable

May target burst suppression or seizure suppression on cEEG; no clear

superiority for effective seizure control.!.18

Maintain adequate dosing of second medical therapy medications

Wean infusion gradually after targeted EEG pattern (burst suppression or

seizure suppression) has been maintained for 24 hours and monitor for

recurrence of seizures

¢ Focal motor seizures without loss of awareness (epilepsia partialis continua)
o Often difficult to control
o Risk of escalation of care with intubation and anesthetics must be weighed

against benefits
o Often treated with nonsedating medications requiring polypharmacy

o

o

o

[}

8.5 Super Refractory Status Epilepticus (SRSE)

e Defined as SE that continues for > 24 hours after the onset of anesthesia,
including when SE recurs with the reduction or withdrawal of anesthesia!®

¢ Anywhere from 4 to 26% of SE cases have been reported as becoming super
refractory2021:22.2324

e Treatment
o There is no consensus on treatment.
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o Anesthetics: Typically IV anesthesia is weaned every 24 to 48 hours. If sei-
zures recur, anesthesia is restarted and the duration of each cycle can be grad-
ually increased. Slower weaning of anesthetics should also be considered.!®

o In select cases based on the clinical picture, immunotherapy (steroids,
intravenous immunoglobulin [IVIG], and/or plasma exchange) is consid-
ered to treat possible autoimmune etiologies.

o Consider neurosurgical evaluation if a structural lesion is present.

o Other potential therapies include: inhaled anesthetics, ketamine25, hypo-
thermia, ketogenic diet, and electroconvulsive therapy.2>
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9 Trauma

Ravichandra Madineni and Christian Hoelscher

Abstract

Traumatic brain injury (TBI) and traumatic spinal cord injury (SCI) are serious
neurologic injuries with potentially devastating impact on patients, caregivers,
and society. The pathophysiologic mechanisms of these injuries are complex.
While the primary injury is likely associated with irreversible deficit, increas-
ing research and better treatment protocols aimed at mitigating secondary
injury cascades has led to consistent progress in taking care of this critically ill
patient population.

Keywords: traumatic brain injury, spinal cord injury, primary injury, secondary
injury, dysautonomia

9.1 Acute Spinal Cord Injury
9.1.1 Introduction

Spinal cord injury (SCI) is an increasingly common problem posed to both neu-
rosurgeons and neuro-intensivists, with an estimated incidence of up to 0.05%,
with about 10,000 to 15,000 SCI occurring each year in the United States
alone.’23 The consequences can be devastating, with long-term clinical, func-
tional, and financial burdens imposed on providers, care-takers, and, of course,
the patient. Managing SCI patients requires a general understanding of the
involved physiology, which includes:

e Primary injury: The result of direct tissue damage to the spinal cord, either
from penetrating or blunt trauma, that causes irreversible tissue damage via
direct compression, distraction, or laceration of the spinal cord.

* Secondary injury: Damage to potentially salvageable tissue caused by
inflammation, hypoperfusion, thrombosis, edema, and accumulation of toxic
metabolites and reactive oxygen species.

Given that the underlying primary insult causes irreparable tissue damage, the
bulk of research in the field of SCI has been directed toward modulating and
reducing secondary injury cascades. This can be accomplished via medical and
surgical interventions.

9.1.2 Medical Treatment of Acute SCI

Medical management of SCI begins at the scene with strict spine precautions,
immobilization on a hard backboard, and placement of a hard cervical collar.
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Acute SCI is often caused by high-energy mechanisms with potentially unsta-
ble injuries, and particular attention must be provided to avoid causing or
worsening a SCI during patient transfer and transport. Upon arrival at an
appropriate trauma center, standard Advanced Trauma Life Support (ATLS) pro-
tocols should be followed to identify all injuries. Particular attention should be
paid to maintenance of the airway and adequate respiration/ventilation. This is
especially true in cases of cervical SCI, as such patients may have significant
neck soft-tissue edema that places their airway at high risk for progressive
compromise in a manner that may make urgent intubation increasingly diffi-
cult. Injuries above the C5 level are additionally at high risk for respiratory fail-
ure given the impaired or absent innervation to the diaphragm. As such, there
should be a very low threshold for intubation to ensure adequate respiratory
function.6”

The next most important consideration in acute SCI patients is aggressively
supporting the systemic circulation. The traumatized central nervous system
often displays significantly dysfunctional vascular autoregulation, and tissue
perfusion is often directly dependent on mean arterial pressure (MAP). Avoid-
ance of hypotension is critical, with many centers pursuing a prolonged (e.g.,
5-7 days) course of artificially elevated MAP (>85-90 mm Hg) in an effort to
ensure adequate perfusion of any potentially salvageable ischemic penumbra
in the traumatized spinal cord. This often requires the administration of press-
ors to achieve this goal, especially in patients with neurogenic shock due to loss
of sympathetic tone to the vasculature. This is common after cervical and high
thoracic injuries, and often manifests as hypotension without an appropriate
tachycardic response (i.e., bradycardia or an inappropriately normal heart rate).
The data in the literature in support of this protocol is unfortunately of low
quality, but the available data from two prospective studies support this ele-
vated MAP goal in an effort to maximize neurologic recovery.

The spine is stabilized, a detailed neurologic examination is critical. This is
often performed according to the standards of the American Spinal Injury
Association (ASIA) scale. This takes into account strength in 10 core myotomes,
as well as light touch and pinprick sensation in all dermatomes including
sacral, and is graded A-E (> Table 9.1). Accurate ASIA classification is essential
as there is prognostic significance and it forms the baseline for monitoring
future recovery.

Use of steroids in the setting of blunt trauma to the spinal cord has been a
topic of debate in the literature. The NASCIS®1011 trials attempted to establish
the role of steroids, specifically methylprednisolone, in SCI with the results
suggesting benefit when used within 8 hours of injury, for a duration of up to
48 hours. However, neurologic recovery gained in follow-up periods was mod-
est at best, and the use of high-dose steroids in this setting is maintained cau-
tiously as an option but with the caveat that the evidence is more convincing
for adverse effects, including death, than it is for significant clinical benefit.
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Table 9.1 American Spinal Injury Association impairment scale

A No motor or sensory function below the level of injury, including sacral segments.
Complete injury.

B Preservation of at least partial sensory function below the level of injury, without
motor preservation. Incomplete injury.

C Preservation of partial motor function below the level of injury, with fewer than 50% of
key myotomes showing <3/5 strength grade. Incomplete injury.

D Preservation of partial motor function below the level of injury, with fewer than 50% of
key myotomes showing = 3/5 strength grade. Incomplete injury.

E  Normal sensory and motor function in a patient with a previously documented spinal
cord injury.

There are a variety of other pharmacologic agents being studied in myriad clin-
ical trials, but these are used only in carefully constructed research protocols
and none have reached standard clinical practice as yet.

9.1.3 Surgical Management of Acute SCI

Many patients with SCI require surgical intervention for stabilization of unsta-
ble spinal column injuries and/or decompression of neural elements, with an
added benefit being early mobilization and avoidance of prolonged periods of
bedrest that are associated with complications such as pneumonia, deep
venous thrombosis, pulmonary embolism, and general deconditioning. The
exact timing of surgery for SCI has been an area of debate. Several animal stud-
ies have shown that earlier decompression of the spinal cord leads to improved
neurologic outcomes, presumably as a result of improved tissue perfusion and
reduced secondary injury cascades.'>13 This bench research led to optimism
that early decompression would clearly benefit actual SCI patients, and led
many surgeons to support earlier (originally defined as <72 hours after injury)
rather than later surgery for decompression and stabilization. However, early
studies did not necessarily support this hypothesis, with one review of incom-
plete cervical SCI showing no direct correlation between early surgery and
functional recovery,'* and another review of about 800 patients who under-
went early, late, or no surgery showing no difference in recovery or functional
improvement between the early and late surgical groups, and in fact at 1-year
follow-up noted motor improvements were more likely in the nonsurgical
cohort.’> A high degree of variability in defining “early” versus “late” surgery
was thought to be a factor in this lack of clinical benefit. A follow-up systematic
review, using<24 hours as the cutoff for “early surgery” found significant
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benefit for early surgery, which led the Spine Trauma Study Group to adopt this
threshold in its clinical guidelines. However, the quality of the evidence
remained relatively poor. Several small studies have noted better neurologic
recovery in those operated on early (<24 hours after injury), as well as fewer
complications related to reduced length of stay and bedrest.1617.18.19 In 2012,
the first multicenter, prospective cohort study evaluated early versus late sur-
gery for acute cervical SCI, with 19.8% in the early surgery group versus 8.8% in
the late surgery group showing at least a 2 grade improvement on the ASIA
scale, and the benefit remained significant when adjusted for administration of
steroid protocols and the degree of neurologic impairment.29 Subsequent sys-
tematic reviews on the issue have noted marginal benefits in favor of early sur-
gery, noting that the strength of the evidence remains relatively poor.212223 At
this time, most centers continue to favor early (< 24 hours from injury) surgery
for decompression and stabilization of acute spinal cord injuries, especially for
incomplete injuries, in order to maximize their potential for neurologic recov-
ery as well as to support early mobilization and rehabilitation and reduce com-
plications associated with prolonged bedrest.

9.2 Traumatic Brain Injury
9.2.1 Introduction

Traumatic brain injury (TBI) is an unfortunately common event in the devel-
oped world, and often cited as one of the leading causes for mortality and
long-term disability in young patients. Sources have quoted 2.5 million cases of
TBI per year and 50,000 to 100,000 deaths annually in the United States alone,
with associated costs approaching $100 billion. The leading cause of these inju-
ries includes falls, motor vehicle accidents, and assault.242526 Not only are
these injuries common, but the pathophysiology is extremely complex. With
the emergence of neurocritical care as a distinct medical subspecialty over the
past several decades, the progress in treating this challenging patient popula-
tion has been slow but steady. An understanding of the mechanisms of injury
and appropriate medical care are essential to maximize outcomes in this diffi-
cult patient population.?’ Classification of TBI is commonly based on the Glas-
gow Coma Scale (GCS) score, shown in » Table 9.2. This classification is useful
because outcomes in terms of morbidity and mortality correlate with this clas-
sification, and it provides a simple framework that allows quick communica-
tion between care providers across multiple disciplines and specialties. With
that in mind, it should be understood that the GCS is a very simple classifica-
tion scheme, and that injuries to the central nervous system can be quite
different despite an identical GCS score. Thus, further understanding the mech-
anisms and pathophysiology behind TBI is critical.2” Key to this is the differ-
ence between primary and secondary injury.
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Table 9.2 Glasgow Coma Scale

Category Behavior Score
Eye opening Spontaneously 4
To command 3
To painful stimulus 2
None 1
Verbal Oriented 5
Confused speech 4
Inappropriate speech 3
Incomprehensible 2
None 1
Motor Follows commands 6
Localizes pain 5
Withdraws to pain 4
Decorticate/flexor posturing 3
Decerebrate/extensor posturing 2
None 1

Mild TBI: 13-15, Moderate TBI: 9-12, Severe TBI: 3-8

Abbreviation: TBI, traumatic brain injury.

¢ Primary injury: Direct tissue injury related to the force of impact. The injury

can be blunt or penetrating, with resulting injuries either focal (e.g., subdural

hematoma or parenchymal contusion) or diffuse (e.g., diffuse axonal injury)

and result in largely irreparable tissue damage.

Secondary injury: Progressive injury to surrounding brain parenchyma as a

result of functional and metabolic derangements in the traumatized brain.

This represents tissue that can potentially be salvaged by appropriate neuro-

critical care protocols. Examples include:27.28.29

o Loss of cerebrovascular autoregulation

o Abnormal neuronal circuitry with imbalance in excitatory/inhibitor
throughput

o Metabolic derangements

Historically, the two most important parameters associated with expanding

secondary injury have been hypotension and hypoxia.3%3! Commonly quoted
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thresholds to maintain are systolic blood pressure >90, and Pa 02 > 60 mm
Hg. Treatment aimed at avoiding falling below these values should be aggres-
sive in all phases of care, including pre-hospital, as even transient episodes
below these thresholds have been associated with worse functional outcome
and higher mortality.

Arrival at an appropriately equipped trauma center begins the intense hospi-
tal phase of TBI care. ATLS protocols should be strictly adhered to. Systemic
injuries should be evaluated and the patient stabilized efficiently, with par-
ticular attention paid to blood pressure and oxygenation. Of note, aggressive
hyperventilation should not be pursued prophylactically, as this may lead to
severe vasoconstriction and worsening ischemic damage to at-risk penum-
bra.24 Home medications and lab values should be reviewed, particularly for
anticoagulant and antiplatelet medication. Once stable, a noncontrast com-
puted tomography (CT) scan of the head should be performed and reviewed
immediately for the presence of hematomas that warrant surgical evaluation.
Guidelines have been published to help streamline decision-making. While
each case is unique, in general acute subdural hematomas associated with
clot thickness > 10 mm, midline shift >5 mm, and/or abnormal pupillary
function should be evacuated. An epidural hematoma with clot volume

>30 mm?3, midline shift >5 mm, and/or abnormal pupillary function should
be strongly considered for evacuation regardless of GCS. Parenchymal
hematomas > 50 mm?3 should always be considered for decompression, and
the threshold for surgery is lower for lesions in the temporal lobe or associ-
ated with significant midline shift of basal cistern effacement. Posterior fossa
hemorrhages should prompt a very low threshold for suboccipital craniec-
tomy for clot size >3 cm, distortion of the fourth ventricle, obstructive hydro-
cephalus, and basal cistern or brainstem mass effect.

In surgical patients, the threshold for leaving the bone flap off (i.e., craniec-
tomy) should be low, especially for acute subdural hematomas, which are
often associated with more severe parenchymal injury and swelling com-
pared to an epidural hematoma.?42632 This is being further evaluated by the
RESCUE-ASDH trial, results of which are not yet published.33 Additionally, in
the setting of intracranial hemorrhage, antiplatelet and anticoagulant agents
should be reversed. This may require consultation with a hematologist to dis-
cuss reversal options for some newer anticoagulant agents.

Upon completion of an ATLS evaluation and with no emergent operative
interventions planned, the patient should be quickly transferred to a neuro-
or surgical intensive care unit (ICU). Invasive monitoring, usually with arte-
rial and central venous lines, is often indicated. Aggressive avoidance of
hypotension and hypoxia is the rule. With that in mind, all administered flu-
ids should be isotonic or hypertonic, as hypotonic fluids may exacerbate
cerebral edema due to blood-brain barrier disruption in the setting of TBL
Further, blood transfusion thresholds higher than 7 g/dL showed no benefit
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at 6 months in a randomized trial.34 Historically, an intracranial pressure
(ICP) monitor is placed in those with GCS <9 and an abnormal head CT. How-
ever, due to low quality evidence, the most recent guidelines make no state-
ment on selecting patients for I[CP monitoring, or on open versus continuous
cerebrospinal fluid (CSF) drainage, and they stress that the clinical judgment
of treating physicians should select which patients are at risk for elevated
ICP.2>3> Although the BEST TRIP study suggested severe TBI patients could be
successfully managed without ICP monitor placement, the accepted practice
in many severe TBI patients is to directly assess ICP.3! Options for this include
the following:

e Epidural and subdural monitors

o Direct parenchymal monitors

e Intraventricular monitor (aka external ventricular drain or EVD)

¢ EVD placement is often considered the gold standard due to the ability to
both monitor ICP and therapeutically drain CSF as needed; however, all of
the above options provide acceptable ICP measurements.26 Additionally, ICP
monitors allow for calculation of cerebral perfusion pressure (CPP), by the
formula:

CPP = Mean arterial pressure (MAP) — ICP

CPP should be maintained between 50 and 70 mm Hg to ensure adequate met-
abolic supply to the brain. Ancillary invasive monitoring techniques, such as
jugular bulb oximetry, direct brain tissue oxygen monitors, and microdialysis
catheters, also exist, although discussion of these is beyond the scope of this
chapter.26:36.37.38 39

9.2.2 Management of Elevated ICP

Prolonged elevated ICP is associated with worse outcomes.254041 Thus, timely
management is critical. Any acute change in ICP should prompt an urgent head
CT to evaluate for surgical lesions and the degree of parenchymal edema. If an
external ventricular drain is placed, CSF should be drained to bring ICP <20 if
possible. Medical management of elevated intracranial pressures should pro-
ceed in stepwise fashion, and include:
e Patient positioning

o Head of bed elevated by > 30 degrees

o Head midline position

o Ensure hard cervical collars are not too tight and avoid neck kinking to

optimize venous outflow

e Adequate pain control
¢ Adequate sedation to decrease metabolic demand of brain parenchyma with

optimization of blood pressure for cerebral blood flow
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¢ Use of hyperosmolar therapy can be used to reduce intracranial pressure in
severe TBI patients4243

¢ Assess serial bladder pressures when appropriate for early identification of
abdominal compartment syndrome?2*

Further details on the medical management of elevated ICP can be found in
Chapter 6. For the surgical management in severe TBI, there have been two
prospective, randomized clinical trials evaluating the role of decompressive
craniectomy.#445 The consensus is that while ICP is likely reduced with craniec-
tomy, this comes at a high risk of poor long-term functional recovery, and frank
discussions with family members is required to make sure that expectations
are reasonable prior to pursuing this treatment modality. Given the lack of
clarity in the data, the most recent Brain Trauma Foundation Guidelines only
recommend that if craniectomy is pursued, a large decompressive hemicra-
niectomy should be pursued compared to a smaller flap, with the anterior-
posterior dimension often quoted as 12 to 15cm.3> Another consideration in
the treatment of ICP is hypothermia, either on a prophylactic basis for neuro-
protection after severe TBI or as a therapy for refractory ICP elevations. Two
recent reviews on the topic suggested reduced mortality and poor neurologic
outcome in patients with severe TBI treated with hypothermia, but there was
significant heterogeneity in a variety of therapeutic parameters and much of
the data was of relatively low quality leaving the authors to suggest its use only
in carefully constructed research settings.#647

9.2.3 Other Post-TBI Considerations

A variety of other miscellaneous considerations in the post-TBI patient often
arise. Skull fractures are not uncommon, and may be classified as open or
closed, linear or comminuted, and depressed or nondepressed. Conservative
care is generally the rule, with the exception being surgical washout and eleva-
tion of open fractures depressed>5mm beyond the adjacent inner table or
greater than the thickness of the calvarium.2648 The primary goal of surgery is
to reduce the likelihood of infection and as such a course of broad-spectrum
antibiotics is recommended, and a secondary goal is improved cosmesis.26:4849
Post-TBI hydrocephalus is an additional concern, with incidence reports vary-
ing widely. It should be considered in any post-TBI patient with neurologic
decline or less-than-anticipated recovery, especially in the setting of ventricu-
lomegaly.260>152 CSF diversion procedures may offer benefit for such patients.
Post-TBI CSF leaks are also worth mentioning, which are quoted to complicate
up to 2% of TBI cases.2653 Those at particularly high risk are those harboring
fractures of the frontal or ethmoidal sinuses as well as the temporal bone.
Infections including meningitis/encephalitis are the primary concern, but
thankfully most leaks resolve spontaneously. Persistent leaks may require a
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period of lumbar drainage to allow the torn dura to scar, or direct surgical
repair. The role of prophylactic antibiotics in this setting is unclear, and no
clear guidelines have been published.26.53.54

9.3 Paroxysmal Sympathetic Hyperactivity
(PSH)

Many patients with TBI display signs of autonomic instability during their
recovery period, which is quoted to be as high as 33% incidence in severe
TBI.5>56 This can last up to months after the injury, and is associated with
worse outcomes. There are many names used to describe the syndrome; some
of the more common ones are sympathetic storming and dysautonomia; how-
ever, in 2014 a consensus agreed upon the name Paroxysmal Sympathetic
Hyperactivity, along with the definition and diagnostic criteria.>’

The clinical syndrome consists of the following features:
e Tachycardia
e Tachypnea
e Diaphoresis
e Hyperthermia
e Hypertension
e Dystonic posturing

Given the features found with the clinical syndrome it is a diagnosis of exclu-
sion.>8 » Table 9.3 lists features shared with other conditions.

Various theories regarding pathophysiology have been postulated, with
recent studies supporting the “excitatory:inhibitory ratio model” in which rel-
ative disconnection of cortical inhibitory circuits leads to overexcitation of
more caudal excitatory pathways, which in turn drives recovery of inhibitory
centers.>> This leads to the classic manifestation of symptoms with often mini-
mally or even non-nociceptive external stimuli such as tracheal suctioning or
even simple patient movement by nursing staff. Symptoms are generally noted
at the time sedation is lifted. Treatment of dysautonomia is geared toward
avoiding triggers, and limiting both sympathetic tone and its effects on end
organs. The overall evidence base is of low quality, with no randomized con-
trolled trials. Typical regimens to control dysautonomia focus on preventing
episodes for starting via opioids, often in the form of either as required or con-
tinuous infusions or morphine or fentanyl, propofol, and benzodiazepines.
Beta-blockers such as propranolol, labetalol, and metoprolol as well as alpha-2
agonists such as clonidine are often used to treat the clinical manifestations of
the storming episode. Other agents, such as baclofen and gabapentin, have also
been used for treatment of spasticity, allodynia, and dystonia. Such treatment
regimens are important to institute as early as possible because extended
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courses of dysautonomia have been associated with worse outcomes and even
mortality in patients with TBI.>>-6
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10 Neuromuscular and Other Neurologic

Emergencies
Danielle Wilhour and Alison L. Walsh

Abstract

Prompt recognition, diagnosis, and treatment of neuromuscular conditions in
the critical care setting are crucial as specific therapies and supportive care can
prevent mortality and mitigate morbidity. Neuromuscular disorders are dis-
eases that affect the peripheral nervous system from the anterior horn cells,
peripheral nerves, and neuromuscular junction to the muscles. Many of these
patients present with rapidly advancing or severe weakness which can lead to
respiratory failure. Possessing the acumen to quickly and accurately identify
neuromuscular emergencies is therefore essential. This chapter will discuss
high-yield information on identification and management of various neuro-
muscular disorders.

Keywords: Guillain-Barré syndrome, acute inflammatory demyelinating polyra-
diculoneuropathy, myasthenia gravis, botulism, organophosphate toxicity, neu-
romuscular junction, neuroleptic malignant syndrome, serotonin syndrome

10.1 Guillain-Barré Syndrome (GBS)/Acute
Inflammatory Demyelinating
Polyradiculoneuropathy (AIDP)

10.1.1 Definition

¢ Acute immune-mediated polyradiculoneuropathy characterized by flaccid
ascending weakness with areflexia, and, when severe, neuromuscular respi-
ratory failure.1.234

» Monophasic course with symptom onset to nadir of weakness <4 weeks.3

¢ Most often caused by demyelination and occasionally caused by axonal

type#

10.1.2 Epidemiology

¢ Worldwide incidence of 1 to 2 per 100,000 per year.?

e Median age is 53 years old with a ratio of men to women of 1.78.23

¢ Mortality ranges between 3 and 13% with higher mortality in patients who
require mechanical ventilation.”
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e Respiratory failure, pneumonia, autonomic dysautonomia, and cardiac arrest
are the most common causes of death in these patients.”

10.1.3 Differential Diagnosis

Bilateral strokes, posterior fossa structural lesion, transverse myelitis, compres-
sive myelopathy, anterior spinal artery syndrome, poliomyelitis, acute infec-
tious myelitis (West Nile virus, coxsackie, echovirus), Lyme disease, botulism,
myasthenia gravis (MG), neuromuscular blocking agents, acute viral myositis,
acute inflammatory or metabolic myopathies, periodic paralysis, and psycho-
genic symptoms

10.1.4 Common Clinical Presentation

* Two-thirds of cases are preceded by respiratory infection or gastroenteritis
days to weeks before (most commonly Campylobacter jejuni, cytomegalovi-
rus [CMV], Epstein-Barr virus [EBV], varicella-zoster virus [VZV], and Myco-
plasma pneumoniae).34

o Initial symptoms: Numbness, paresthesias, weakness, dysautonomia, and
pain in limbs.!3

o Cardinal features: Progressive, bilateral, and symmetric ascending weakness
of the limbs with hypo/areflexia which progresses over days to weeks.34

o Dysautonomia occurs in 70% of patients.# Dysautonomia is characterized by
wide fluctuations in blood pressure and respiratory rate, tachyarrhythmias,
bradyarrhythmias, urine retention, diaphoresis, and gastric slowing causing
ileus.

10.1.5 Diagnosis
See » Table 10.1.

10.1.6 GBS Variants

¢ GBS/AIDP: Areflexia, mild sensory changes, distal paresthesias, loss of deep
tendon reflexes (DTR), ascending paralysis, respiratory failure, and auto-
nomic dysautonomia

¢ Acute motor axonal neuropathy (AMAN): Acute, flaccid ascending paralysis
associated with GM1 and GD1a ganglioside antibodies

¢ Acute motor and sensory axonal neuropathy (AMSAN): Loss of DTR, distal
weakness, and sensory symptoms (GM1 and GD1a antibodies)

o Miller-Fisher syndrome (MFS): Ophthalmoplegia, ataxia, areflexia (GQ1b
and GT1a antibodies)
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Table 10.1 Diagnostic criteria for GBS/AIDP2

Required features Supportive features Unlikely GBS

o Progressive weakness e Symptom progression over days to e Sensory level
of>1 limb, the trunk, 4 weeks e >50 WBC in CSF
bulbar and facial mus- e Relative symmetry o Asymmetry of
cles, or o Mild sensory symptoms or signs weakness
ophthalmoplegia o Cranial nerve involvement o Severe and

o Hyporeflexia or areflexia e Recovery 2-4 weeks after plateau persistent bowel and

o Autonomic dysfunction bladder dysfunction

o No fever at the onset

o CSF has 1 protein with WBC
<10/mm?3

o GBS electrodiagnostic abnormalities

Abbreviations: AIDP, acute inflammatory demyelinating polyradiculoneuropathy; CSF,
cerebrospinal fluid; GBS, Guillain-Barré syndrome; WBC, white blood cell.

« Bickerstaff encephalitis: Encephalopathy, ophthalmoplegia, and ataxia with
areflexia to hyperreflexia (GQ1b and GT1a antibodies)

10.1.7 Ancillary Testing

¢ Autoimmune and infectious workup (can be presenting sign of human
immunodeficiency virus [HIV])

¢ Serum ganglioside antibodies (GM1, GD1a, GQ1b, and GT1a) when consider-
ing a GBS variant

e Lumbar puncture can rule out infectious diseases or malignancy.34

o Albuminocytologic dissociation (elevated cerebrospinal fluid [CSF] protein
with normal CSF white blood cell [WBC]) seen in 50% of patients’ CSF in the
first week and proportion increases with time.3#

¢ Nerve-conduction studies (NCS) help confirm the presence, pattern, and
severity of neuropathy.

o Prolonged F-wave latencies, prolonged distal motor latencies, temporal dis-
persion, conduction block, and slow motor nerve conduction velocities
(typically in demyelinating range).!

o Note that NCS are usually not performed immediately and can be delayed
by up to 2 weeks.

10.1.8 Complications of GBS

e Cardiac: Labile blood pressure (70%), hypertension, hypotension, arrhyth-
mias, tachycardia, bradycardia (4%), atrioventricular (AV) blocks, and asystole
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e Pulmonary: Respiratory failure, pneumonia, aspiration, atelectasis, and
mucus plugging
o Ventilator support is required by 20 to 30% of patients.5

e Gastrointestinal: Gastroparesis and adynamic ileus

e Genitourinary: Bladder dysfunction, retention, and incontinence

¢ Endocrine: Syndrome of inappropriate antidiuretic hormone secretion
(SIADH) (monitor sodium and fluid status)

¢ Hematologic: Venous thromboembolism and pulmonary embolism

¢ Neuropathic pain (40-50%): Use gabapentin or carbamazepine in acute phase.

10.1.9 Management

e Monitor respiratory function closely. Intubation may be required if vital
capacity (VC) is <20 mL/kg and maximum negative inspiratory force (NIF) is
<30cm H,0 (or a reduction of 50% from baseline VC or NIF).!

e Treatment with intravenous immunoglobulin (IVIG) or plasma exchange has-
tens recovery from GBS if initiated within 4 weeks of the onset of symptoms.
Combining these two treatments is not beneficial.l:6 See » Table 10.2.

o Corticosteroid treatment is not effective and therefore not recommended.!-6

10.1.10 Prognosis

e At 1 year
o 84% of patients will be able to walk.
o 5 to 10% of patients have incomplete recovery.

Table 10.2 Medications used in treatment of GBS

Dosing Adverse effects Contraindications
IVIG 2 g/kg over Headache, chills, dizziness, rash, Hypersensitivity reac-
2-5 days myalgias, CHF exacerbation, tions, selective IgA

aseptic meningitis, acute renal  deficiency, and coagu-
failure, thrombotic events, and  lation disorders

anaphylaxis
Plasma Five exchanges  Coagulopathy, fever, hypocalce- Patients taking ACE
exchange (3-5L of plasma mia, hypotension, cardiac inhibitors, hemody-
each) every arrhythmias, myocardial infarc-  namic instability
other day for tion, hemolysis, and myalgias
10 days Catheter complications such as

infection pneumothorax and
local hematoma

Abbreviations: ACE, angiotensin-converting enzyme; CHF, congestive heart failure; GBS,
Guillain-Barré syndrome; IVIG; intravenous immunoglobulin.
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o 4 to 5% of patients with GBS die despite intensive care.!"”
¢ Relapses can occur in approximately 10% of patients.

10.2 Myasthenia Gravis
10.2.1 Definition

e Autoimmune disorder affecting postsynaptic neuromuscular transmission at
the neuromuscular junction (NM]), producing characteristic variable and
fatigable weakness in skeletal muscles.89.10.11

e Myasthenic crisis is a complication of MG with worsening muscle weakness,
resulting in respiratory failure that often requires intubation and mechanical
ventilation.11.12.13

10.2.2 Epidemiology

e Prevalence is about 20 per 100,000.1°

¢ Bimodal distribution with age of onset: Early peak in the 2nd and 3rd
decades (female predominance) and late peak in the 6th to 8th decades
(male predominance).

e The median time from onset of MG to first myasthenic crisis is 8 to 12
months. However, myasthenic crisis may be the initial presentation of MG in
20% of patients.

10.2.3 Differential Diagnosis

Lambert-Eaton myasthenic syndrome, GBS, organophosphate toxicity, botu-
lism, congenital myasthenia syndromes, thyroid ophthalmopathy, mitochon-
drial disorders, myotonic dystrophy, skull-based tumors, and motor neuron
disease.

10.2.4 Clinical Presentation of Generalized
Myasthenia Gravis

¢ Presents with several days/weeks of worsening ptosis, diplopia, bulbar symp-
toms, extremity weakness, and/or shortness of breath.?

¢ Physical examination findings: Ptosis, inability to sustain upgaze, normal
pupillary reflexes, bulbar weakness, flaccid dysarthria, neck flexor/extensor
weakness, proximal > distal limb weakness, tachypnea, intact sensation, and
decreased reflexes.10
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10.2.5 Diagnosis

¢ Diagnosis is based on history and physical examination and supported by
electrophysiologic and serologic studies.
e Electrophysiologic studies

o Repetitive nerve stimulation: Low rates of repetitive stimulation (2-5 Hz)
deplete acetylcholine and cause > 10% decrement in compound muscle
action potential (CMAP) amplitude (80% sensitive for generalized MG).210

o Single fiber electromyography (EMG): Increased jitter or variation in con-
traction time between pairs of muscle fibers (95% sensitive,
nonspecific).>10

¢ Serologic antibody tests are positive in >90% of MG patients.

o Acetylcholine receptor (AChR) antibodies
- Present in 85% of patients with generalized MG>10
- Highly specific for MG (>99%)

- Correlate with thymic hyperplasia and thymoma

o Muscle-specific kinase (MuSK) antibodies: Found in 40% of patients with
generalized MG who are negative for AChR antibodies.?

o Low-density lipoprotein receptor-related protein 4 (LRP4) antibodies:
Found in 18% of patients with generalized MG who are negative for AChR
and MuSK.?

o Ancillary tests: CT of chest with contrast to evaluate for thymoma

Myasthenic Crisis

o Precipitating factors: Infection (38%), medication changes (particularly initi-
ation and withdrawal of corticosteroids), aspiration pneumonitis, upper air-
way obstruction, pregnancy, surgery, and disease progression.1.12

o For one-third of the patients, no precipitating factor can be found.

Cholinergic Crisis

Increase in anticholinergic medications that can lead to weakness associated
with signs of increased cholinergic activity (miosis, salivation, lacrimation, bra-
dycardia, diarrhea).!

10.2.6 Management of Myasthenic Crisis

e Supportive care: Aspiration precautions, temporary nil per os (NPO) with
nasogastric tube feedings, frequent monitoring with NIF and VC, and ventila-
tory support. ABGs are insensitive.

» Treatment typically consists of high-dose steroids with either IVIG or plasma
exchange. See » Table 10.3.
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Table 10.3 Treatment of myasthenia crises

Dosing Adverse effects Contraindications
IVIG 2g/kg over 2-5  Headache, chills, dizziness, =~ Hypersensitivity reac-
days CHF exacerbation, aseptic tions, selective IgA

meningitis, acute renal fail- deficiency, and coag-
ure, thrombotic events, and ulation disorders

anaphylaxis
Plasma Five exchanges Bleeding, fever, hypocalce-  Patients taking ACE
exchange (3-5L of plasma  mia, hypotension, cardiac inhibitors, hemody-
each) every other arrhythmias, myocardial namic instability
day infarction, hemolysis, and
myalgias

Catheter complications such
as infection and thrombosis

Pyridostigmine Initial dose 15-  Abdominal cramping, and Gl or GU obstruction;
30 mg four times diarrhea; others are caution with bronchial
per day; increase increased salivation, bron- asthma
to goal 30-90mg chial secretions, nausea,

four times per diaphoresis, bradycardia,
day and myalgias

Steroids 60-100mg per  Hyperglycemia, insomnia, Relative contraindica-
day or 1-1.5mg/ mania, hypertension, dys-  tions: Infection, poorly
kg daily pepsia, and hypokalemia controlled diabetes,

and severe
osteoporosis

Abbreviations: ACE, angiotensin-converting enzyme; CHF, congestive heart failure; Cl,
gastrointestinal; GU, genitourinary; IVIG; intravenous immunoglobulin.

o Plasma exchange is more efficacious than IVIG but has higher complication
rate.!
e Thymic tumors are found in 32% of patients with myasthenic crises, which
should be treated with thymectomy when myasthenic crisis is resolved.!!

10.2.7 Prognosis

e Overall, the outcome for patients with myasthenic crisis is good if therapeu-
tic measures are instituted quickly. Extubation failure rate is around 27%.
Mortality rate is approximately 5%.1213

¢ One-third of patients with myasthenic crisis will experience a recurrent
episode.
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10.3 Botulism
10.3.1 Definition

Rare but potentially life-threatening neuroparalytic syndrome caused by neu-
rotoxin of the bacterium Clostridium botulinum.1516

10.3.2 Epidemiology

Approximately 110 cases of botulism are reported each year in USA. Of these
cases, around 72% are infant botulism, 25% are foodborne botulism (typically
from improperly canned foods), and 3% are wound botulism.!>

10.3.3 Pathophysiology

e C. botulinum is a gram-positive, rod-shaped, spore-forming, anaerobic
bacterium.!>

o Spores of C. botulism produce a very potent toxin which blocks neurotrans-
mitter release at peripheral cholinergic nerve terminals. 17

¢ Toxin binds irreversibly to receptors on presynaptic membrane of NM]J. It is
internalized by endocytosis, and then cleaves SNARE proteins preventing
transmitter exocytosis. This blocks the release of acetylcholine from the pre-
synaptic motor nerve terminal resulting in skeletal muscle paralysis and
autonomic dysfunction.!8

10.3.4 Differential Diagnosis

Stroke, GBS, MG, Lambert-Eaton myasthenic syndrome, diphtheric polyneur-
opathy, poliomyelitis, tick paralysis, hypermagnesemia, and curare poisoning.

10.3.5 Clinical Presentation

e Neuromuscular symptoms begin 2 to 36 hours after exposure. Weakness
progresses for several days then plateaus. Fatal respiratory paralysis may
occur rapidly.18.1920

e Classic triad: Afebrile, symmetrical descending flaccid paralysis, and intact
mental status.

¢ Physical examination findings: Fixed dilated pupils with impaired pupillary
reflex, ptosis, ophthalmoplegia, facial weakness, dysarthria, dysphagia, dry
mouth, urinary retention, postural hypotension, and intact sensation.!>
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Table 10.4 Treatment of botulism

Dosing Adverse effects
Trivalent equine serum bot- Adults: One vial IV Headache, fever, chills, rash,
ulinum antitoxin Children (1-17 years): itching, nausea, anaphylaxis
20-100% of vial (3%), and serum sickness
(20%)
Botulism Immune Globulin  Infants (<12 months): Erythematous rash
Intravenous (Human) 1mL/kg

Abbreviation: IV, intravenous.

10.3.6 Diagnosis

e Cultures and toxin assay of suspected food, wound, and stool for C. botulinum
e Lumbar puncture to rule out other causes; CSF analysis is benign in botulism
e Electrophysiologic testing shows abnormal single fiber EMG (routine motor
and sensory studies normal)
o In at least two muscles, > 20% facilitation of CMAP amplitude during tetanic
stimulation; prolonged post-tetanic facilitation > 120 seconds; absence of
post-activation exhaustion.!>18

10.3.7 Management (> Table 10.4)

e When botulism is suspected, contact the State Health Department or CDC
immediately.2!

e For infant botulism, administer human-derived botulism immune globulin
(BIG-1V).22

e For wound botulism, administer antitoxin if able, as well as penicillin G 3 mil-
lion units IV every 4 hours or metronidazole 500 mg IV every 8 hours, debr-
ide wound, and give tetanus booster if appropriate.

e For foodborne toxin, administer botulinum antitoxin if able.23

e Intubate patients with worsening upper airway competency and those with
a VC<30% of predicted.

10.3.8 Prognosis

With prompt attention and supportive care, mortality in botulism ranges
from<5 to 10%.
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10.4 Organophosphate Toxicity
10.4.1 Definition

Organophosphates are potent cholinesterase inhibitors capable of causing
severe cholinergic toxicity following cutaneous exposure, inhalation, or
ingestion.242526

10.4.2 Epidemiology

e Acute poisoning from organophosphates causes over 300,000 fatalities annu-
ally worldwide, which is more than any other class of drug or chemical.2427

¢ In the USA, there were more than 8,000 reported exposures to these agents
in 2008.27

10.4.3 Pathophysiology

Organophosphorus compounds bind to acetylcholinesterase (AchE) and render
this enzyme nonfunctional. This inhibition leads to an overabundance of ace-
tylcholine at the NM], which activates both nicotinic receptors in the central
nervous system (CNS) and peripheral nervous system (PNS) as well as musca-
rinic receptors in the autonomic nervous system.242>

10.4.4 Differential Diagnosis

Gastroenteritis; asthma; myxedema coma; hypoglycemia; diabetic ketoacidosis;
sepsis; meningoencephalitis; GBS; spider, scorpion, or snake bite; consumption
of muscarine-containing mushrooms; narcotic overdose; phencyclidine (PCP)
overdose; and nicotine overdose.

10.4.5 Clinical Presentation

e Activation of muscarinic receptors: Salivation, lacrimation, urination, diar-
rhea, gastric emptying, bradycardia, bronchorrhea, and bronchospasm.242>
e Activation of nicotinic receptors:
o PNS: Fasciculations, muscle weakness, and paralysis.
o CNS: Agitation, confusion, central respiratory depression, seizures, and
coma.24

10.4.6 Diagnosis

e Made on clinical grounds when patient presents with symptoms of choliner-
gic excess.24
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Table 10.5 Treatment of organophosphate overdose
Dosing Mechanism

Atropine 2-5mg IV/IM bolus Competes with acetylcholine at
Double dose every 3-5 minutes until muscarinic receptors, preventing
bronchial secretions and wheezing  cholinergic activation

stopped
Pralidoxime 2g IV or 600 mg IM Reactivates acetylcholinesterase by
(2-PAM) May repeat in 30 minutes or give displacing organophosphate enzyme

continuous infusion at 8 mg/kg/hour from receptor site

Diazepam Diazepam 10 mg IV as needed Decreases neurocognitive dysfunction
Repeat if seizures occur

Abbreviations: IM, intramuscular; IV, intravenous.

¢ Serum measurement of red blood cell (RBC) acetylcholinesterase to confirm
diagnosis.?

10.4.7 Management

e Deliver 100% oxygen via facemask; early intubation often required (avoid
succinylcholine).24.28

¢ Decontamination: Aggressive dermal and ocular irrigation. Bag and discard
clothing.24

e Administer atropine concurrently with pralidoxime. See » Table 10.5.

10.4.8 Prognosis

Using a cut off for Glasgow coma score (GCS) <13, patients can be divided into
a high-risk group with a 37% case fatality rate and a low-risk group with only
4% mortality.2°

10.5 Neuroleptic Malignant Syndrome (NMS)
and Serotonin Syndrome (SS)

10.5.1 Definition

o NMS is a rare but life-threatening idiosyncratic reaction to antipsychotic
drugs characterized by fever, altered mental status, muscle rigidity, and auto-
nomic instability.30
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¢ SSis a potentially life-threatening condition associated with increased sero-
tonergic activity in the CNS which causes mental status changes, autonomic
instability, hyperreflexia, and clonus.3?

10.5.2 Epidemiology

¢ The incidence of NMS has declined recently because of awareness to 0.1 to
0.2%.3031.32
o Both age and gender distributions correspond with the distribution of the

exposure to neuroleptic agents.32

e The true incidence of SS is unknown because many cases go unrecognized,
although increased incidence parallels the increasing use of serotonergic
agents in medicine.3!
o Observed in all age groups, including newborns and the elderly.34

10.5.3 Pathogenesis

o NMS is due to decreased dopamine activity in CNS either from blockade of
D, receptors of hypothalamic and nigrostriatal pathways or reduced dopa-
mine signaling resulting from sudden withdrawal of dopaminergic
agents.3035.36

¢ SSis due to excess serotonergic activity causing an increase in the 5HT;4 and
5HT,4 receptors due to therapeutic medications, drug interactions, and
intentional overdose.3!

10.5.4 Differential Diagnosis

Malignant hyperthermia, anticholinergic toxicity, drugs of abuse (cocaine,
amphetamine, 3,4-methylenedioxymethamphetamine [MDMA], PCP), drug
withdrawal of alcohol, benzodiazepines, or baclofen, delirium tremens, thyro-
toxicosis, acute renal failure, meningoencephalitis, and heat stroke.33

10.5.5 Clinical Presentation
See » Table 10.6.

10.5.6 Diagnosis

Levenson'’s clinical criteria for diagnosis of NMS:
¢ A high probability of NMS is suggested if patient has all three major criteria
or two major and four minor criteria if supported clinically
o Major: Fever, rigidity, and elevated creatinine phosphokinase
concentration
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Table 10.6 Presentation of toxidromes

Medication history
Time to development

Vital signs

Muscle tone
Mucosa/skin
Pupil size
Bowel sounds
Reflexes

Mental status

Serotonin syndrome Neuroleptic malig-

Pro-serotonergic drug

<12 hours

T BP, T HR, T RR,
T temp (>41.1°C)

Rigid
Wet
Increased
Increased
Increased

Agitated, coma

nant syndrome
Dopamine agent
1-3 days

T BP, T HR, T RR,
T temp (>41.1°C)

Rigid

Wet

Normal
Normal/decreased
Bradyreflexia

Stupor, coma

Anticholinergic
toxidrome

Anticholinergic agent
<12 hours

T BP, T HR, T RR,
T temp (<38.8°C)

Normal
Dry
Increased
Decreased
Normal

Agitated, delirium

o Minor: Tachycardia, abnormal blood pressure, altered consciousness, dia-
phoresis, and leukocytosis36

Hunter criteria for serotonin syndrome—serotonergic agent plus one of the

following:

e Spontaneous clonus
e Inducible clonus with agitation or diaphoresis
e Ocular clonus with agitation or diaphoresis

¢ Tremor and hyperreflexia
¢ Hypertonia and temperature >38 °C (100 °F) and ocular clonus or inducible

clonus3!

10.5.7 Management (> Table 10.7)

¢ The single most important treatment is to stop the causative agent. However,
in cases where the cause is due withdrawal of dopaminergic therapy;, it is
recommend that the medication be resumed.3637 See » Table 10.8.

¢ For NMS, dantrolene and bromocriptine may be used alone or in combina-
tion along with benzodiazepines. Electroconvulsive therapy has been
reported to improve some of the symptoms of NMS .36

e For serotonin syndrome, cyproheptadine is used along with

benzodiazapam.38
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Table 10.7 Medications for neuroleptic malignant syndrome and serotonin syndrome

Mechanism Dose

Dantrolene (NMS)  Skeletal muscle relaxant 1 to 2.5mg/kg IV followed by 1 mg/kg
Inhibits calcium release every 6 hours up to a maximum dose of
from the sarcoplasmic 10 mg/kg/d

reticulum e Discontinue when symptoms stop
Bromocriptine D, receptor agonist 2.5mg po every 8-12 hours, titrated up
(NMS) to a response or max dose of 40 mg/day.

e Continue for 10 days followed by slow
taper

Benzodiazepine GABAa agonist Lorazepam 2-4mg IV or diazepam
(NMS/SS) 5-10mg IV
Cyproheptadine Serotonin 2a antagonist  Initial dose: 12 mg, then 2 mg every
(SS) 2 hours if symptoms continue

Maintenance: 8 mg every 6 hours

Abbreviations: IV, intravenous; NMS, neuroleptic malignant syndrome; SS, serotonin
syndrome.

10.5.8 Complications

* The need for aggressive and supportive care is essential. Complications are
common and can be fatal.

e Cardiac: Cardiac arrhythmias (torsades de pointes and cardiac arrest), myo-
cardial infarction, and cardiomyopathy
o Maintain cardiorespiratory stability with antiarrhythmic agents or

pacemaker.
o Lower blood pressure with short-acting agents such as nitroprusside and
esmolol.

o Pulmonary: Respiratory failure from chest wall rigidity, aspiration pneumo-
nia, and pulmonary embolism
o Mechanical ventilation may be required.

¢ Renal: Dehydration, electrolyte imbalance, acute renal failure, and
rhabdomyolysis36
o Maintain euvolemic state using IV fluids.

* Hematologic: Deep venous thrombophlebitis, thrombocytopenia, and dis-
seminated intravascular coagulation (DIC)36
o Prophylaxis with subcutaneous heparin

¢ Infectious disease: Fever and sepsis
o Use cooling blankets

e Psychiatric: Agitation
o Use benzodiazepines, avoid mechanical restraints3!
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Table 10.8 Drugs associated with NMS and SS

Drugs associated with NMS
o Typical neuroleptics:
o Haloperidol, fluphenazine, chlorpromazine, prochlorperazine, trifluoperazine, thiorid-
azine, perphenazine, and promazine
e Atypical neuroleptics:
o Clozapine, risperidone, olanzapine, quetiapine, and aripiprazole
¢ Antidopaminergic agents:
o Metoclopramide, droperidol, promethazine, prochlorperazine, tetrabenazine, reser-
pine, amoxapine, and diatrizoate
o Withdrawal of: Levodopa, dopamine agonists, amantadine, tolcapone, and lithium

Drugs associated with serotonin syndrome
e Monoamine oxidase inhibitors
o Irreversible inhibitors: Phenelzine, tranylcypromine, iproniazid, and isocarboxazid
o Reversible inhibitors of monoamine oxidase A: Moclobemide
o Nonpsychotropic drugs: Linezolid, methylene blue (methylthioninium chloride)
e Serotonin releasing agents
o Sympathomimetics: Amphetamine, methamphetamine, and methylphenidate
o Synthetic stimulants: MDMA and LSD
o SSRIs: Fluoxetine, fluvoxamine, paroxetine, citalopram, sertraline, and escitalopram
o SNRIs: Venlafaxine, desvenlafaxine, and duloxetine
o TCAs: Clomipramine and imipramine
o Opioid analgesics: Tramadol, fentanyl, dextromethorphan, and pethidine
o Anti-emetics: Ondansetron and metoclopramide
o Herbal products: St John’s wart (Hypericum perforatum), and panax ginseng
e Miscellaneous: Lithium, ritonavir, valproate, tryptophan, buspirone, and mirtazapine

Abbreviations: LSD, lysergic acid diethylamide; MDMA, 3,4-methylenedioxymethamphet-
amine; NMS, neuroleptic malignant syndrome; SS, serotonin syndrome; SNRIs, serotonin-
norepinephrine reuptake inhibitors; SSRIs, selective serotonin reuptake inhibitors; TCAs,
tricyclic antidepressants.

10.5.9 Prognosis

e For NMS, mean recovery times are 2 to 14 days and most patients recover
fully.30
o Reported mortality rates for NMS are 5 to 20%. Disease severity and the
occurrence of medical complications such as renal failure are the strongest
predictors of mortality.
e For SS, prognosis is favorable if condition is treated early. Symptoms typically
resolve over 24 hours, but persist longer in 40% of patients.39
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11 Brain Tumor Postoperative
Management

Richard F. Schmidt, Nikolaos Mouchtouris, Muaz Qayyum, James |. Evans, and
Christopher Farrell

Abstract

In this chapter, we discuss the critical care management of patients with brain
tumors. Given that many patients with brain tumors present to the intensive
care unit (ICU) in the perioperative period, significant attention is given to the
perioperative management of these patients, addressing commonly encoun-
tered conditions that can complicate their stay in the ICU. Furthermore, we will
discuss other factors that may require critical care management, including
cerebral edema, cerebrospinal fluid (CSF) leakage, hormonal dysregulation,
and pituitary apoplexy. We outline the pathophysiology, clinical presentation,
diagnostic evaluation, and management for each of these conditions to prepare
the intensivist to safely manage this complex patient population.

Keywords: cerebral edema, cerebrospinal fluid leak, pneumocephalus, pituitary
apoplexy, postoperative complications, brain tumor

11.1 Introduction

Brain tumors encompass a wide variety of pathologies that can present in a
highly variable fashion depending on the location of the tumor, type of tumor,
amount of surrounding edema, and involvement of vascular structures. The
management of brain tumors is highly complex, involving extensive inpatient
and outpatient treatment strategies. This chapter will focus exclusively on the
critical care management of patients with brain tumors, specifically on impor-
tant clinical factors in the perioperative management of these patients. The
topics covered include perioperative complication avoidance, treatment of
tumor-associated cerebral edema, diagnosis and management of cerebrospinal
fluid (CSF) leakage, and specific concerns for sellar region tumors, including
acute endocrinopathies and pituitary apoplexy. Armed with the information in
this chapter, the neuro-intensivist should be able to manage routine postoper-
ative intensive care unit (ICU) admissions in addition to diagnosing and treat-
ing potentially devastating complications.
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11.1.1 Clinical Presentation

The clinical presentation of the patient varies and depends on the size and
location of the tumor. Slow growing tumors can grow for years before a patient
becomes symptomatic while a smaller metastatic tumor can be fast growing
and have early signs and symptoms. » Table 11.1 details some of the present-
ing symptoms. An understanding of involved cortical and subcortical struc-
tures, cranial nerves, vascular structures, and bony anatomy is important in
identifying nuances in examination changes and allows for the neuro-
intensivist to anticipate, mitigate, and manage potential complications in the
perioperative period.

Table 11.1 Clinical presentation considerations and concerns

Symptoms

Headache

Nausea and
vomiting

Seizure

Focal neurologic
deficit

Encephalopathy
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Considerations

New onset
Atypical

Progressive over period of time
Associated with additional finding

Worse with coughing, laying
down or bending over, and
Valsalva maneuvers

Intractable

No associated systemic findings
(fever, diarrhea, abdominal pain)

e Association with headache

printed on 2/11/2023 10:56 PMvia .

Relief of headache after vomiting

New onset

Refractory to medical therapy

New motor weakness

New speech/language deficit
Ataxia

Sensory deficits
Hyperreflexia/spasticity

Psychomotor slowing

Confusion with common daily

events

Concerns

Mass effect
Increased intracranial
pressure
Hydrocephalus
Venous thrombosis

Mass effect on the fourth
ventricle
Hydrocephalus

Surgical resection may be
delayed with status
epilepticus

May require multiple medi-
cations to manage

Symptoms depend on
location

May be related to surround-
ing cerebral edema

Often occur in association
with other symptoms

Cerebral edema
Mass effect
Increased intracranial
pressure
Hydrocephalus
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11.1.2 Tumor Classification

There are two main classifications of brain tumors: metastatic and primary
brain. Metastatic brain tumors are the most common tumor in adults. These
tumors arise from outside the brain. According to the American Brain Tumor
Foundation, the incidence of metastatic brain tumors is estimated between
200,000 and 300,000 people per year. Although any cancer has the potential to
metastasize to the brain, it is most common with the following:

e Lung

e Breast

e Melanoma

e Colorectal

e Renal cell

e Lymphoma

Primary brain tumors can be further classified into benign or malignant, with

benign occurring almost twice as frequently as malignant. They can be classi-

fied as intra-axial, extra-axial, and intraventricular (see » Table 11.2).

¢ Infra-axial tumors arise from cells within the brain parenchyma itself, i.e.,
glial cells.

¢ Extra-axial tumors arise from structures outside the brain, i.e., dura, cranial
nerves, and bone.

e Intraventricular tumors arise from cells within the ventricles.

They can be further categorized into supratentorial and infratentorial. Distinc-

tions between the two are important when considering associated anatomic
structures and potential perioperative complications.

Table 11.2 Tumors by location

Intra-axial Extra-axial Intraventricular
Astrocytoma Chordoma Ependymoma
Oligodendroglioma Craniopharyngioma Subependymoma
Ganglioglioma Meningioma Choroid plexus papilloma
Medulloblastoma Pituitary adenoma Central neurocytoma
Hemangioblastoma Schwannoma
Metastases Epidermoid

Metastases
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Supratentorial Tumors

e Higher incidence of pre- or postoperative seizures!>

e May grow to larger sizes before exhibiting clinically significant mass effect

e Risk of venous injury causing venous infarction or possible catastrophic
hemorrhage

e Potential for injury to anterior circulation arteries or branches causing hem-
orrhage or ischemia

Infratentorial Tumors

e Composed of the contents of the posterior fossa (cerebellum, brainstem,
fourth ventricle, cerebral aqueduct, and origin of cranial nerves II-XII)

¢ Limited space available to accommodate postoperative swelling

o At risk for rapid clinical decompensation and cranial nerve involvement

e Potential for injury to posterior circulation arteries or branches causing hem-
orrhage or ischemia

e Tumors may invade or exhibit mass effect on the brainstem reticular activat-
ing system or the fourth ventricle potentially compromising a patient’s level
of consciousness or causing hydrocephalus

11.2 Postoperative Care and Complications
(» Table 11.3)

Most patients who undergo surgical intervention for brain tumors experience
a relatively uneventful postoperative stay. The rate of postoperative complica-
tions is estimated to be around 3 to 4% based on National Inpatient Database
sampling. Furthermore, certain at-risk populations may experience signifi-
cantly higher rates of postoperative morbidity:!2

e Patients > 70 years of age

e Preoperative Karnofsky Performance score < 80

¢ High intraoperative blood loss (=350 mL)

¢ Drop in hemoglobin of > 2 g/dL preoperative to postoperative

11.2.1 Airway Management

Patients are typically extubated in the operating room once they are awake
and following commands or exhibiting purposeful movement.? However, pro-
longed operative times and brain retraction during surgery may result in an
extended postanesthetic recovery period during which the patient might be at
increased risk for respiratory compromise.? Extended intubation times are not
uncommon. In patients with delayed emergence from anesthesia, a screening
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Table 11.3 Postoperative management following brain tumor resection

Airway management

Antibiotic prophylaxis
and postoperative
infection

Blood pressure control
and postoperative
hemorrhage

Cerebral edema
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Considerations

Prolonged intubation

Risk factors for prolonged
intubation (COPD, asthma)
Lower cranial nerve/bulbar
dysfunction/vocal cord injury
Prolonged anesthetic effect
(patients with renal or liver
dysfunction baseline)

Endoscopic transphenoidal

surgery, especially if nasal

packing

Comorbidities

e Diabetes, obesity, poor
nutritional status

Patient age >40 years
Incompletely resected or
biopsied tumors

Tumor pathology plays
important role (frozen tissue
diagnosis)

Astrocytic, vascularized, cys-
tic, and/or malignant tumors
carry increased post-op
bleeding risk

Can be both vasogenic
(tumor related) and cytotoxic
(secondary to ischemia)

Can be symptomatic or
asymptomatic

Concerning when mass effect
and potential ICP crisis
Corticosteroids (decadron)
preferred

Steroids may be held until
post operatively if tumor is
concerning for lymphoma
Tumor debulking may worsen
edema

Management

Serial neurologic checks

o Sedation vacation

e Pulmonary toilet

CT of head, if delayed extuba-
tion with poor neurologic
exam

o Consider ENT evaluation prior
to extubation

e Standard prophylaxis as per
institutional guidelines
Aggressive workup if concern
for wound infection/meningi-
tis, including CSF sampling
and broad-spectrum
antibiotics

Systolic BP>90 and <140
Mean arterial BP>65
and<100

e Continuous infusion of antihy-
pertensive to avoid fluctua-
tions in blood pressure

Continue intravenous steroids
4-8 mg every 6 hours
Maintain normal serum Na
(135-145 mEq/Dl)

Malignant edema can be
managed with mannitol or
hypertonic saline

Head of bed>30 degrees

(Continued)
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Table 11.3 (Continued) Postoperative management following brain tumor resection

CSF leak

Diabetes insipidus

Fluid resuscitation

Hypocortisolemia
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Considerations

High flow (ventricular/cister-

nal entry) vs. low flow

Signs of intracranial

hypotension

e Rhinorrhea

e Positional headache (worse
when sitting or standing)

e Nausea

e Neck stiffness

Development of infection/

meningitis

Development of tension

pneumocephalus

Send B2-transferrin but don’t

delay treatment while waiting

for results

Delay in management can

increase the risk of meningitis

e Hourly urine output, urine
specific gravity

Cognitive status—ability to
respond to thirst

Serum sodium levels
Involvement of pituitary
stalk (likely permanent if
transected)

Triphasic response

Need to know intraoperative
ins/outs

Prolonged surgery has higher
insensible losses

Secreting vs. nonsecreting
pituitary tumors

Tracking AM cortisol levels
—best evaluation hypotha-
lamic pituitary axis
Possible cardiovascular col-
lapse if untreated

Management

Sinus precautions (for
transphenoidal)

CTH to evaluate for pneumo-
cephalus (Mt. Fuji sign)
Antibiotics if suspected of
infection

Notify neurosurgeon, may
need CSF diversion (lumbar
drain, external ventricular
drain, ventriculoperitoneal
shunt)

Primary operative repair

Supportive measures—readily
available water

Hormone supplementation—
DDAVP

Crystalloid replacement
Blood products when
indicated

Blood pressure may not be
initially affected due to intra-
operative pressor use
Hemoglobin may not be
reflective of hypovolemia
initially

Hormone supplementation
Dexamethasone does not
affect endogenous cortisol
level measurements

(Continued)
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Table 11.3 (Continued) Postoperative management following brain tumor resection

Hyponatremia

Pain management

Seizure prophylaxis

VTE prophylaxis

Considerations

Often due to SIADH in the
setting of tumor

Can be chronic with euvole-
mic state

Preoperative management
with crystalloid fluids
preferred

Poorly controlled pain can
contribute to elevated blood
pressure

Pain can be associated with
nausea and vomiting

History of prior seizures

Not required for posterior
fossa (infratentorial) tumors
Supratentorial tumors predis-
posed to seizures

Malignant tumors (GBM)

e Higher risk if age>60
years, large tumor burden,
and/or on chemotherapy or
bevacizumab

Limb paresis

Admission screening when

possible

Management

¢ In SIADH, manage with free
water restriction

e Avoid rapid correction over
24 hours, no more than
8-10 mEq/dL

Minimize use of narcotics in
order to maintain neurologic
exam

Consider 1000 mg IV acet-
aminophen every 6 hours
during the first 24 hours when
available

Avoid NSAIDs and aspirin to
minimize risk of bleeding

Continue any preoperative
AEDs

e No standard guidelines
Consider short course when
possible

Consider side effect profile
and drug-drug interactions
when selecting agent

For prolonged encephalopathy
post-op continuous EEG mon-
itoring is recommended
Enteral access may be needed
if no IV formulation is available

SCDs in all patients, minimum
20 hours/day

Low-dose heparin/LMW
heparin generally tolerated

at 24 hours

Abbreviations: AEDs, antiepileptic drugs; BP, blood pressure; COPD, chronic obstructive
pulmonary disease; CSF, cerebrospinal fluid; CT, computed tomography; DDAVP,
D-amino D-arginine vasopressin; EEG, electroencephalography; ENT, ear, nose, and throat;
GBM, glioblastomas; IV, intravenous; LMW, low molecular weight; NSAIDs, nonsteroidal
anti-inflammatory drugs; SCDs, sequential compression devices; SIADH, syndrome of
inappropriate antidiuretic hormone secretion.
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computed tomography (CT) scan of the head is typically performed to rule out
acute perioperative complications, such as a hematoma, followed by further
monitoring if needed. Minimizing post-operative sedation and regular pulmo-
nary toilet are important in preparing for extubation. Occasionally, patients
develop airway edema which can delay extubation. Consider ear, nose, and
throat (ENT) evaluation if concern. Patients with infratentorial lesions and sus-
pected lower cranial nerve deficits require particular attention to limit the
potential risk for aspiration due to insufficient airway protection.3 This also
applies to patients with tumors of the pons, medulla, or fourth ventricle, as
involvement of brainstem parenchyma or edema in this region may exacerbate
vocal cord and pharyngeal muscle dysfunction. These patients require close
monitoring to limit the risk for aspiration and further respiratory compromise.

11.2.2 Blood Pressure Control and Postoperative
Hemorrhage

Postoperative hemorrhage is associated with a 3.3 times increased risk of inpa-
tient hospital mortality and can be seen in 1.1 to 4.4% of cases, 88% of which
occur within 6 hours of surgery.!* While postoperative hemorrhage is often
considered a result of insufficient intraoperative hemostasis, perioperative
hypertension has been suggested to play a role as well by increasing dynamic
stress on fragile bod vessels in the operative bed.4> Patients aged >40 years,
with astrocytic tumors, giant tumors, and partially resected or biopsied
tumors, especially highly vascularized, cystic, and/or malignant tumors, are at
an increased risk of postoperative hemorrhage.57# Minimally invasive proce-
dures, such as stereotactic biopsies, may have hemorrhage rates as high as 5%,
especially within high-risk locations, such as the pineal region.” Furthermore,
patients with a recurrent malignant gliomas and who have taken bevacizumab
are also at an increased risk of perioperative hemorrhage.?

While there are no standardized parameters for blood pressure manage-
ment, maintaining systolic blood pressure less than 140 mm Hg and mean
arterial pressure less than 100 mm Hg have been reported to prevent sponta-
neous hematoma expansion, and are often used as guidelines for protection
against postoperative bleeding following resection.>10 Furthermore, adequate
control of postoperative pain and nausea, as well as an appropriate bowel regi-
men are recommended to limit blood pressure spikes from discomfort, retch-
ing, and Valsalva.3

11.2.3 Seizure Prophylaxis
Evidence based on a meta-analysis of high-quality randomized controlled trials

suggests that seizure prophylaxis in the postoperative setting does not provide
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any significant benefit.' However, there are numerous criticisms to this asser-
tion. Postoperative seizures have the greatest risk of occurring within 48 hours
of surgery and can be present in 1 to 12% of cases. Furthermore, the potential
consequences of postoperative seizure can be devastating, including malignant
cerebral edema and hemorrhage.# The vast majority of studies looking at peri-
operative seizure prophylaxis investigated older antiepileptic drugs (AEDs),
such as phenytoin, which are known to have a more deleterious side effect pro-
file, particularly in regards to their action on the cytochrome P450 enzyme
complex.!! Currently, there has been only one meta-analysis that has incorpo-
rated a study of more modern AEDs, specifically levetiracetam, which is known
to have a far more limited side effect profile.'2 Levetiracetam is associated with
rare behavioral disturbances, with dose limiting side effects seen in as few as
2.4% of patients.!3 Additionally, newer agents, such as lacosamide, have yet to
be studied regarding effectiveness for perioperative seizure prophylaxis in this
population. Therefore, while there is limited data to suggests routine use of
seizure prophylaxis following brain tumor resection, a thorough assessment of
individual risks and benefits must be considered. Populations that are at an
increased risk of seizures should be given additional consideration for starting
seizure prophylaxis, namely patients with oligodendrogliomas, ganglioglio-
mas, dysembryoplastic neuroepithelial tumors (DNET),8 glioblastomas (GBM)
of the frontal lobe, non-skull base meningiomas, and meningiomas with signif-
icant peritumoral edema.8141> Generally, a short course of a recent generation
AED, such as levetiracetam, is well-tolerated in patients for whom prophylaxis
is deemed appropriate, and patients with history of seizure should have their
AED maintained postoperatively.#11.12 Patients with posterior fossa lesions are
unlikely to require any seizure protection due to the inherent lack of cortical
involvement.

11.2.4 Venous Thromboembolism Prophylaxis

Venous thromboembolism (VTE) remains the most common adverse event
affecting brain tumor patients in the postoperative setting, occurring in 3 to
26% of patients in the perioperative period.#16 Unfortunately, there is a dearth
of literature to provide meaningful guidance on balancing this risk with the
risk of postoperative hemorrhage. The use of sequential compression devices
(SCDs) in neurosurgical patients has been well described and is currently rec-
ommended for all postoperative patients.!” The optimal timing and dose of
chemical thromboprophylaxis with either heparin or low-molecular-weight
heparins (i.e., enoxaparin) remain unclear; however, most practitioners agree
that starting low-dose prophylactic anticoagulation in the acute postoperative
period is generally acceptable. Patients with significantly increased risk of
thromboembolic complications, such as those with a mechanical heart valve,
hypercoagulability, or history of deep vein thrombosis, initiation of mechanical
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and chemical thromboprophylaxis should be started as soon as possible.*18
Patients with a paretic limb, patients on bevacizumab for recurrent GBM, and
patients with malignant gliomas who are >60 years old, are on active chemo-
therapy, and/or have a larger tumor burden, have also been showed to be at an
increased risk for VTE.1920 Ultimately, the timing for restarting thrombopro-
phylactic medication must be based on the individual patient’s risk profile for
both hemorrhage and thromboembolism.41920

11.2.5 Antibiotic Prophylaxis and Postoperative
Infection

Routine use of postoperative antibiotics has been shown to reduce the risk of
surgical site infections, including a reduction in postoperative meningitis in
neurosurgical patients.2!22 Therefore, perioperative antibiotic use for approxi-
mately 24 hours postoperatively is universally recommended, with specific
agents determined by institutional guidelines to account for local antibiotic
resistances. Patients who undergo transsphenoidal surgery warrant special
consideration, with studies suggesting up to 7 days of antibiotics, while nonab-
sorbable packing is in place, to prevent bacterial overgrowth and development
of toxic shock syndrome.!® Other patients who may be at an increased risk for
postoperative infection include those with advanced age, extended length of
surgery, and factors that may affect wound healing such as obesity, diabetes/
hyperglycemia, and poor nutritional status.??

An important consideration regarding the workup for postoperative infec-
tion is the potential for aseptic (chemical) meningitis. The underlying etiology
of this phenomenon is not clearly understood but is suspected to be an inflam-
matory response to the presence of external substances in the CSF such as
blood, bone dust, tumor, and/or cystic contents. The clinical presentation of
aseptic meningitis is highly variable, but largely mimics the symptoms of bac-
terial meningitis such as headache, neck stiffness, photophobia, and possibly
fever. There are no clear risk factors for aseptic meningitis; however, resection
of certain cystic tumors, such as epidermoid cysts and craniopharyngiomas,
have been suggested to play a role in postoperative meningeal inflammation,
especially if there is spillage of cystic contents intraoperatively or incomplete
resection of the cyst wall.2425.2627 Dye to the largely ambiguous presentation
of aseptic meningitis, patients exhibiting meningeal symptoms in the postop-
erative setting, particularly those with fever, CSF leak, or wound breakdown,
should be expeditiously evaluated for bacterial meningitis with CSF sampling
and started on broad-spectrum antibiotics while cultures are pending. There is
no agreed upon standard for the diagnosis of aseptic meningitis based on CSF
specimens. However, negative CSF cultures in low-risk patients may favor an
aseptic etiology.26 These patients may be treated conservatively for aseptic
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meningitis at the practitioners’ discretion with corticosteroids to reduce men-
ingeal inflammation and possibly serial lumbar puncture or CSF diversion in
cases of persistent symptoms or elevated intracranial pressure (ICP).26

11.2.6 Cerebral Edema

Cerebral edema is commonly seen in patients harboring brain tumors and war-
rants careful management to avoid devastating complications. A more detailed
discussion on the management of cerebral edema can be found in Chapter 6.
therefore, only information as it pertains to brain tumor patients will be dis-
cussed. Vasogenic edema, which results from the disruption of the blood-brain
barrier (BBB) and affects mostly the white matter, is the most common form of
edema seen in brain tumors. Pathophysiologically, this is the result of the accu-
mulation of inflammatory cytokines, leukotrienes, prostaglandins, vascular
endothelial growth factor (VEGF), and matrix metalloproteinases (MMPs), which
ultimately result in BBB breakdown and extravasation of plasma into the sur-
rounding brain parenchyma.28293031.3233 Syrgical debulking relieves tumor mass
effect and may improve surrounding edema. However, the timing of edema res-
olution is highly variable and may temporarily worsen following operative
manipulation. Brain retraction and intraoperative venous compromise may also
lead to venous congestion, worsening cerebral edema. Furthermore, cytotoxic
edema from cerebral infarction my also occur in cases of injury to crucial drain-
ing veins, such as the veins of Trolard, Labbe, basal vein of Rosenthal, the dural
sinuses, or in cases with intraoperative arterial compromise.

Symptomatic cerebral edema in the postoperative period is present in
approximately 7.7 to 9.5% of patients.4343> Patients with cerebral edema
require careful monitoring to mitigate the development of transient neurologic
deficits and prevent potentially life-threatening elevations in ICP.3¢ Early mani-
festations of elevated ICP secondary to cerebral edema include headaches, nau-
sea, vomiting, diplopia (from cranial nerve VI palsy), and papilledema.3¢ Focal
neurologic deficits, impaired consciousness, aphasia, and seizures can also be
seen as edema progresses. With the onset of any new neurologic deficit, emer-
gent noncontrast CT of the head should be obtained to assess for alternative
potential etiologies such as cerebral infarction or hemorrhage that may require
emergent intervention.28 Radiographic evidence of midline shift, sulcal efface-
ment, and basal cistern obliteration can help assess the severity of the edema
and potential for elevated ICPs. Magnetic resonance imaging (MRI) may also be
used to better characterize the nature and extent of the edema, particularly T2
and fluid-attenuated inversion recovery (FLAIR) sequences.

Postoperatively, patients should have their head of bed elevated at a mini-
mum of 30 degrees angle to increase venous outflow and decrease the hydro-
static pressure in the cranial vault to limit the potential for worsening
edema.37-3® Pharmacologically, steroids have been extensively used in the
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treatment of vasogenic edema, with dexamethasone being the most common
agent. Corticosteroids can be administered 1 to 2 days before resection to
reduce the edema preoperatively in symptomatic patients and are routinely
administered intraoperatively. Steroids have been shown to result in neuro-
logic improvement within the first 24 to 72 hours after initiation.394° Postop-
eratively and/or upon improvement of symptoms, steroids should tapered to a
low maintenance dose or weaned entirely as tolerated.* Acute exacerbations in
cerebral edema and ICP elevation should prompt interventions to improve
cerebral perfusion and oxygenation, reduce the metabolic demands of the
brain, and decrease ICP. Algorithms for the management of ICP crisis are
beyond the scope of this chapter, but treatment should be initiated as soon as
possible to limit the potential for permanent neurologic injury or death.

11.2.7 CSF Leak

CSF leakage is a potential complication of brain tumor resection that can signif-
icantly prolong the postoperative ICU course. A variety of etiologies can lead to
CSF leakage, including the presence of hydrocephalus, inadequate dural clo-
sure, and disruption of bony and soft tissue structures secondary to tumor
invasion or extensive skull base surgical approaches.##! Rates of CSF leak have
been reported to range from 2 to 16% following transsphenoidal surgery104243
and up to 32% for posterior fossa surgeries.#44546 High-flow CSF leaks occur
when CSF cisterns and/or ventricles are entered during surgery and are much
more likely to result in postoperative CSF leakage compared to low-flow
leaks.’® Communication of operative factors between the surgeon and the ICU
team is crucial in establishing the risk for postoperative CSF leak and the nec-
essary treatment measures. For example, high-flow leaks may require more
aggressive early intervention in order to resolve completely.1047

Depending on the site of surgical intervention, CSF leakage may manifest as
clear fluid drainage from the wound or as rhinorrhea, with patients often com-
plaining of a metallic or salty taste. Sampling of draining fluid for f2-transfer-
rin can be helpful for establishing the presence of a CSF leak when the diagno-
sis is uncertain. B2-transferrin testing, however, typically does not yield rapid
results and waiting for laboratory confirmation may lead to unnecessary delays
in initiating treatment.*! In patients who have undergone transsphenoidal sur-
gery, endoscopic exploration can sometimes be useful in isolating the source of
the leak. Also, CT or MRI may be useful in identifying the site of an anatomical
defect and potential CSF egress site, although small defects along the skull base
may be missed on even thin-cut imaging. Other diagnostic tools available
include radioactive cisternography, CT cisternogram, and intrathecal fluores-
cein administration, but these diagnostic interventions are used less frequently
due to their invasive nature. Occasionally, a CSF leak may present solely as
symptomatic intracranial hypotension, manifesting as positional headaches,
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nausea, and/or neck stiffness. Lastly, patients with prolonged CSF leaks may
present with meningitis due to communication between the environment and
the intracranial space. Therefore, patients with a CSF leak and clinical suspicion
for meningitis should be evaluated emergently with CSF sampling and treated
with antibiotics until the presence or absence of infection is confirmed.

Initial prevention of CSF leak involves patient positioning and basic postoper-
ative care. Patients should be positioned with their head elevated and patients
who have undergone a transsphenoidal resection should be placed on strict pre-
cautions to try and limit pressure gradients across the cranial defect into the
sinonasal cavity. These precautions include sneezing with their mouth open and
avoiding blowing their nose.!® Furthermore, all patients should be started on
stool softeners and antiemetic medication to help avoid straining, which may
result in transient ICP elevation and failure of intraoperative CSF leak repair.

Many patients with an established leak can be successfully managed with
temporary CSF diversion, typically via a lumbar drain or external ventriculos-
tomy, to allow the communicating defect to heal.'947 In patients with CSF leaks
following posterior fossa surgery, several studies support the use of lumbar
drainage for at least 5 days with good results.104849 On the contrary, in patients
with CSF leaks following endoscopic transsphenoidal surgery, less than 24% are
able to be treated conservatively with lumbar drainage alone, and many of these
patients require operative intervention for definitive leak repair.104243 Patients
with persistent CSF leaks should also be evaluated for the presence of hydro-
cephalus. Increased ICPs from hydrocephalus will not only prevent healing of
dural defects but may also lead to long-term consequences if not managed
appropriately. Diagnosis revolves around a constellation of clinical and radio-
graphic findings, such as altered mental status, neurologic deficit, and ventricu-
lomegaly; however, some patients may be asymptomatic. If hydrocephalus is
suspected, alternative methods of CSF diversion, such as external ventricular
drainage or ventriculoperitoneal shunt insertion, may be required.*!

Tension pneumocephalus is a rare but potentially life-threatening condition
in which air enters the cranial cavity via a one-way valve mechanism, resulting
in progressively increased ICP as air enters and cannot escape. Tension pneu-
mocephalus is frequently associated with a CSF leak, most commonly following
transnasal surgery, and can exhibit a rapidly progressive course, resulting in
severe clinical and neurologic sequelae.”?>1 Increased ICPs from tension pneu-
mocephalus can result in brain herniation, air embolism, and/or cardiac arrest
in cases where it is not recognized or treated rapidly.>>2 On imaging, tension
pneumocephalus may present as the “Mount Fuji sign” (> Fig. 11.1), seen when
intracranial air compresses the bilateral frontal lobe convexities, exhibiting a
“peak” at the frontal poles, or as the “air bubble sign” in which numerous air
bubbles are found throughout the basal cisterns.>%51.53 Management of tension
pneumocephalus relies primarily on operative intervention. Burr hole decom-
pression may allow release of the built-up air; however, ultimate treatment
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Fig. 11.1 Mount Fuji sign and
air bubble sign. (Reproduced
with permission from Sebastian
B and Moideen J. Mount Fuji is
Not as “Active” as We Think.
Indian Journal of Neurosurgery
2018; 07(03):278-279.)

typically involves focal repair of the bony defect or site of CSF leak to prevent
further air entry.5053.54

11.3 Specific Concerns for Sellar and Parasellar
Tumors

11.3.1 Hormonal Dysregulation

Pituitary surgery is often performed without complication. However, even
without direct injury to the hypothalamic-pituitary axis (HPA), removal of
sellar and parasellar tumors can result in postoperative endocrinopathy related
to traction on normal tissues. In general, patients with preoperative pituitary
dysfunction should be continued on hormonal replacement postoperatively.*’
Patients with suppressed preoperative adrenal function may require stress-
dose corticosteroids in the perioperative period.3>3¢ Dexamethasone is
frequently preferred for supplementation, as it will not directly affect serum
cortisol measurements, exhibiting only a suppressive effect on the adrenal
axis.4” To assess for endogenous corticosteroid function, morning cortisol test-
ing is typically performed on postoperative day 1 or 2. Patients with values <10
ng/L often require long-term glucocorticoid replacement; however, there is no
standardized protocol and the exact management varies between practition-
ers. Patients treated for Cushing’s disease require unique consideration as they
may experience a rapid decrease in cortisol levels following tumor resection,
resulting in adrenal crisis without adequate replacement.#’>6 On the other
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hand, adrenocorticotropic hormone (ACTH)-secreting tumors that are sub-
totally resected may continue to experience elevated levels of cortisol produc-
tion and supplemental steroid administration may be contraindicated.
Therefore, communication between the treating surgeon, endocrinologist, and
intensivist is critical to anticipate and avoid hormone related complications.
Clinical signs of hypocortisolemia include hypotension, nausea, and lethargy,
and given the potential for rapid decline, hormonal replacement should be ini-
tiated in suspected patients while laboratory test results are pending.4’

Postoperative diabetes insipidus (DI) is a relatively frequent complication of
pituitary surgery, occurring in up to 12 to 24% of postoperative patients.#”>7 How-
ever, this is often a transient occurrence, with only 1 to 2% of patients needing
permanent hormone supplementation.5” Monitoring for postoperative DI involves
strict monitoring of fluid balance in all patients. Polyuria is a hallmark sign of DI.
Monitoring the patient’s ins and outs becomes critical. There is no consensus as to
what amount of urine output becomes concerning, thresholds of >30 mL/kg/day,
>2 mL/kg/hour to>250-500 mL/hour have been reported.” The practice at our
institution is a patient with urine outputs of greater than 250 cc for 2 to 3 consec-
utive hours should obtain a urine specific gravity, urine osmolality, serum osmo-
lality, and serum sodium concentration. Urine specific gravity values<1.005 and
urine osmolality of <300 mOsm/kg with serum osmolality of >300 mOsm/kg in
the setting of high fluid output typically are indicative of D1.477> Management of
DI varies greatly depending on the extent of fluid balance and the patient’s clinical
examination. Patients with moderate losses who are alert and able to drink free
water can typically maintain a normal sodium level and overall fluid balance due
to appropriate activation of their thirst mechanism. However, patients with
depressed mental status, those with elevated sodium levels, or those who are oth-
erwise unable to keep up with extensive fluid losses may require pharmacologic
support in the form of D-amino D-arginine vasopressin (DDAVP), an analog of
antidiuretic hormone (ADH) that acts on V2 receptors in the kidneys.#” DDAVP
can be delivered either intravenously or intranasally; however, careful consider-
ation for the side of any packing or mucosal grafts is needed in patients who
have recently undergone transsphenoidal surgery.>” Furthermore, practitioners
must be aware of a possible bi- or tri-phasic response in DI (> Fig. 11.2), which
may occur over 1 to 2 weeks postoperatively in up to 5 and 1.1% of patients,
respectively.>3>9 This triphasic response is believed to be due to (1) initial DI
from decreased secretion of ADH from injured cells, followed by (2) a period of
syndrome of inappropriate antidiuretic hormone secretion (SIADH), resulting in
hyponatremia as injured cells degenerate or necrose, releasing ADH in the blood
stream, and (3) persistent DI in patients with permanently injured posterior
pituitary or pituitary stalk who cannot return to physiologic ADH secre-
tion.47.5859 Careful monitoring of fluid balance, urine specific gravity, and elec-
trolytes is critical throughout this period to maintain adequate treatment of DI
while ensuring overcorrection does not occur in periods of SIADH.
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Diabetes Antidiuretic Diabetes
insipidus interphase insipidus

— Urine Output
----- - Serum Sodium
- - Serum Osmolality

----- Urine Osmolality

Time after surgery —)

Fig. 11.2 Triphasic response of diabetes insipidus. (Reproduced with permission from
Schreckinger M, Szerlip N, Mittal S. Diabetes insipidus following resection of pituitary
tumors. Clin Neurol Neurosurg. 2013; 115(2):121-126.)

11.3.2 Pituitary Apoplexy

Although pituitary apoplexy is generally considered a preoperative condition,
it is a potentially fatal condition and should be mentioned. Pituitary apoplexy
is caused by rapid expansion of a mass within the sella turcica due to hemor-
rhage or infarction. The incidence of apoplexy ranges from 0.6 to 27.2% of pitu-
itary adenomas, resulting from the formation of abnormal venous sinuses that
are prone to rupture 606162636465666768 Factors that can predispose to apo-
plexy include pregnancy, fluctuating hypertension, anticoagulant therapy, sur-
gery, recent head injury, or sudden increases in ICP. Additionally, rapid growth
of the tumor may compress its blood supply or extend beyond it, resulting in
tissue ischemia and subsequent infarct.
Patients with acute pituitary apoplexy may present with:
e New onset of visual field defects: Decreased visual acuity, diplopia, and
ophthalmoplegia
¢ Altered mental status secondary to increased ICP
¢ Dizziness
e Headaches
¢ Hypotension
e Cardiac dysrhythmias
¢ Meningismus (neck pain, photophobia, nausea, and/or vomiting)®°
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Suspicion of pituitary apoplexy warrants prompt endocrine serologic evalua-
tion and imaging of the brain, including MRI or thin-cut CT imaging and neuro-
surgical consultation.

Initial management involves establishing hemodynamic stability through
administration of IV fluids and administration of glucocorticoids. Hormone
replacement therapy with DDAVP and levothyroxine should be initiated
depending on the hormonal deficiencies present, but these are often less acute
in nature than hypocortisolemia. Surgical decompression is required in
patients with new-onset neurologic deficits, including decreased visual acuity
and/or visual fields, diplopia, and reduced level of consciousness.”® Improved
recovery of vision has been seen in patients who underwent surgery within 6
to 8 days from the onset of apoplexy, with complete resolution of visual deficits
achieved in 43 to 64% of patients. Normal pituitary hormonal function was
seen in 19% of patients at a median of 49 months.”1.7273.74

11.4 Conclusion

The management of brain tumor patients in the ICU requires a tailored approach
to each individual patient, focusing on the specific pathology and nature of their
treatment. Frequently, these patients are managed in the ICU during the periop-
erative period. As such, a detailed understanding of postoperative management
and potential complications that can occur in these patients is imperative.
Armed with a robust understanding of the variability and complexity of the
perioperative management of patients with brain tumors, an astute neuro-
intensivist can help prevent disaster and lay the foundation for a safe recovery.
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12 Brain Death in Adults

Rodney D. Bell, Norman Ajiboye, and Yu Kan Au

Abstract

Since the passage of the Uniform Determination of Death Act of 1981, the con-
cept of brain death has become widely accepted. Actual policies for determina-
tion of brain death have been developed by local institutions and vary with
personnel and equipment availability. Unfortunately, there is great variability.!
Legal requirements for the declaration of brain death differ by states and hos-
pital policy, while protocols for determining brain death vary by institutions.
Brain death is defined as the irreversible cessation of cerebral function due to
an identified proximate cause. Reversible causes of coma must be excluded. A
properly performed brain death examination establishes the diagnosis in the
absence of ancillary tests. The presence of confounders in the brain death
examination necessitates ancillary testing. The preferred ancillary tests are
cerebral angiography, cerebral scintigraphy, transcranial Doppler, and electro-
encephalogram (EEG). This chapter describes the clinical evaluation of brain
death as per Thomas Jefferson University protocol. Reversible causes of coma
are discussed. The brain death examination is described. The indications and
proper selection of ancillary testing in brain death evaluation are presented.

Keywords: brain death, apnea test, irreversible coma, brainstem reflexes, cere-
bral edema

12.1 Definition of Brain Death?:3-4->

Irreversible cessation of cerebral function due to an identified proximate cause.
According to the American Academy of Neurology, brain death is defined as
“irreversible loss of function of the brain including the brainstem.”

12.2 Clinical Evaluation2-3:43

Clinical evaluation of brain death involves establishing a proximate cause and
irreversibility. A proximate cause of brain death can be established through his-
tory, examination, and neuroimaging. Irreversibility is established through
exclusion of reversible causes and proper performance of the brain death
examination.
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12.2.1 Establishing the Proximate Cause of Coma

¢ History, examination, laboratory testing, and neuroimaging should help
inform the cause of coma.

e Neuroimaging usually demonstrates structural lesions such as a mass or
stroke causing significant midline shift, or profound diffuse cerebral edema.
¢ Normal neuroimaging may be seen early after certain conditions such as car-
diopulmonary arrest. In these cases, repeat neuroimaging may reveal struc-

tural lesions.
e Exclude reversible causes prior to clinical examinations (> Table 12.1).

12.2.2 Clinical Examination to Establish Irreversibility
General Examination

¢ No awakening; coma (no responsiveness)
¢ No cerebral motor response to noxious stimuli in all four limbs:
o No decerebrate or decorticate posturing
o Spinal reflexes such as tendon reflex or triple-flexion may be present2346

Table 12.1 Reversible causes of coma

Reversible causes Clinical evaluations

Profound hypothermia Core body temperature should be >36°C (96.8 °F).

Drug intoxication| Ensure there is no history of CNS depressants use.
CNS depressants Check drug screen.
effect If prior CNS depressants were used:

e Calculate clearance using five times the drug’s half-life
(assuming normal hepatic and renal function).

e Confirm drug plasma levels below the therapeutic.

e Hypothermia and shock liver (i.e., after cardiopulmonary
resuscitation for cardiac arrest) may delay drug metabolism;
therefore, there should be adequate time prior to initiating
the formal examination.

e The legal alcohol limit for driving (blood alcohol content
0.08%) is a practical threshold below which an examination to
determine brain death could reasonably proceed.

Neuromuscular Often patients are paralyzed for procedures or intubation. The
blockade presence of a train of four twitches with maximal ulnar nerve
stimulation confirms the absence of neuromuscular blockade.

Severe metabolic Rule out profound acid-base, endocrine, or electrolyte disturbances.
disturbance Note there is no standard for metabolic disturbances. It is
physician’s preference.

Abbreviation: CNS, central nervous system.
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¢ No facial movements to noxious stimuli, including blinking
* No spontaneous respiration (patient is not overbreathing on ventilator)
o Confounder: High cervical cord lesion may abolish motor response®

Absence of Cranial Nerve Reflexes

Confounder: Pre-existing cranial neuropathies or neuromuscular disease may
render cranial nerve examination unreliable (> Table 12.2).

Absence of Respiratory Drive2-3-4.>.7

The apnea test relies on rapidly increasing PaCO2 to>60 or 20 mm Hg above
baseline to trigger the respiratory drive center in the medulla (> Table 12.3
and » Table 12.4).

12.3 Ancillary Tests2343

In the United States, ancillary tests are not required for the diagnosis of brain

death in adults. Ancillary tests are indicated when clinical examination is unre-

liable or when apnea test cannot be completed (> Table 12.5). Existing ancil-

lary tests either measure cerebral blood flow or cerebral electrical activity.

o Preferred tests include cerebral angiography, cerebral scintigraphy, transcra-
nial ultrasound (TCDs), and electroencephalogram (EEG).

¢ Ancillary tests that are being investigated but are still awaiting validation
include cerebral CT angiography and MR angiography, as well as evoked
potentials (> Table 12.6).210

12.4 Legal

In the United States, the Uniform Determination of Death Act mandates the
determination of death in accordance with accepted medical standards at the
national, regional, or local level, which leads to institutional variations in brain
death protocols.!

Check with local laws and hospital policies regarding required number of
clinical examinations and requirements regarding medical specialist allowed
to perform examination (any physician vs. intensive care physician vs. neurolo-
gist vs. neurosurgeon, etc.). The indication of ancillary testing will vary based
on hospital policy and availability.

Any patient who had been pronounced brain dead by neurologic criteria
should be evaluated for suitability for organ donation (see » Fig. 12.1). Involve-
ment of the organ procurement organization will vary by hospital.
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Table 12.2 Evaluation of cranial nerves

Cranial
nerve

CN 1L, 1N

CN 1II, VI,
Vil

CNV, VI

CN IX, X

Examination

Pupil unreactive and midposition or
dilated

Absence of spontaneous ocular

movements

Absence of oculocephalic reflex

(doll’s eyes)

e Rapid lateral head turn from mid-
line to 90 degrees on both sides

e Ocular movements should be
absent

Absence of vestibulo-ocular reflex

(caloric testing)

e Elevate head to 30 degrees

o Inspect ear canal prior to testing,

ensure that ear canal is patent

Inject 50 mL of ice water into each

ear canal

Observe for 1 minute after each

irrigation

Allow for 5-minute interval

between the irrigation of each ear

e Ocular movements should be
absent

Absence of corneal reflex
Absence of facial movement to
noxious stimulation

Absence of gag reflex (both sides) to
stimulation of posterior pharynx
Absence of cough reflex to stimula-
tion of the trachea through in-line
suctioning

Confounders

Pre-existing pupillary abnormalities
renders the examination unreliable.
Medication may influence pupil size.

Chemosis, eyelid edema, and other
structural abnormalities may impair
ocular movements.

Placing the patient in a cervical collar
due to traumatic injury will not allow
for the oculocephalic reflex to be
performed. The lack of vestibulo-
ocular reflex would be considered
adequate; however, both should be
performed when able.

Obstructed ear canal may render the
caloric testing inaccurate. Inspect ear
canal prior to testing.

Pre-existing lesions from trauma (e.g.,
skull base fractures) or medication
intoxication may abolish the
vestibulo-ocular reflex.

No grimace or response to noxious
stimulation

12.5 Management of the Brain-Dead Patient for
Organ Donation

Maintain physiologic goals to prepare organs for transplantation.17.18.19
¢ Continuous hemodynamic monitoring
¢ Placement of arterial and/or central venous catheter may be needed if not

already in place

172

printed on 2/11/2023 10:56 PMvia .

Al'l use subject to https://ww.ebsco.contterns-of-use



Management of the Brain-Dead Patient for Organ Donation

EBSCChost -

Table 12.3 Evaluation of respiratory drive prerequisites

Prerequisites for apnea test Comments
1 Core body temperature>36°C Carbon dioxide production rate is slowed in
(96.8 °F) hypothermia secondary to decreased meta-

bolic rate.

2 Pre-oxygenate for a minimum of  Pre-oxygenation minimizes the risk of early
10 minutes prior to initiation of the desaturation during the apnea test.>7:
apnea test to target PaO2 >200

mm Hg
3 Euvolemia (or exclusion of Minimize the risk of hypotension during the
hypovolemia) apnea test.

4 Systolic pressures>100 mm Hg Minimize the risk of hypotension during the
apnea test. Vasopressors should be at the
bedside during the test if needed.

5 PaCO2 within normal range Adjustments to the ventilator may be neces-
(35-45mm Hqg) sary in order to obtain proper PaCO2.

6 No prior evidence of CO, retention Chronic CO, retention may blunt the respira-
such as history of COPD or severe tory drive stimulated by rapid increase in
obesity PaC02.57

If present requires confirmatory test.

Abbreviation: COPD, chronic obstructive pulmonary disease.

e Central venous pressure (CVP) monitoring with CVP goal of 5 to 10 mm Hg
¢ Maintain euvolemia

o Diabetes insipidus is common after brain herniation and careful attention
should be paid to urine output hourly and sodium changes
- Goal is to maintain urine output less than or equal to 300 mL/hour
- Desmopressin (DDVAP) 2 to 4 mcg/day IV or

vasopressin 50 units/100 mL (0.5 units/mL). Start between 1 and 5 units/
hour and titrate to desired urine output (UOP).

¢ Maintain temperature between 36 and 38 °C

e Maintain systolic blood pressure (SBP) above 100 mm Hg

e Frequent labs to assess electrolytes and replete as needed

e Thyroid protocol may be applied in certain circumstances:

o Levothyroxine 20 mcg IV bolus; followed by infusion 200 mcg/500 mL NSS
(0.4 mcg/mL); start at 20 mcg/hour and titrate to SBP>100 mm Hg (max
dose 40 mcg/hour)

o Solumedrol 2 grams IV bolus

o Dextrose 50% 1 amp (50 mL) IV bolus
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Table 12.4 Performance of apnea test

Apnea test Comments

1 Disconnect ventilator and provide O,  Baseline blood gas should have CO; in
via cannula into the trachea at approx- normal range as described in Table 12.3.
imately the level of the carina at a flow
rate of 6 LPM.

2 Observe for respiratory movements. If  Bring patient’s gown to the pelvic area
respiratory movements are present, exposing the chest and upper abdomen.
replace ventilator and abort test. Note that carotid pulsations in the neck

and chest can often be seen and should
not be misconstrued for respiratory
movement.

3 Continue the test for 8 minutes. During If unable to maintain these measures, a
that time the Sa02 should be main- blood gas should be drawn and the
tained by>90% and the SBP>100mm patient should be placed back on the
Hg. Vasopressors should be used to ventilator. If PaCO2 >60 or 20 mm Hg

maintain SBP and O, flow can be above baseline, then the apnea test is
increased to continue proper considered positive (confirmation of lack
saturation. of respiratory drive).

4 After 8 minutes, draw arterial blood If the patient is unable to tolerate the full

gas. The test can be continued while  test and/or the blood gas does not show a
waiting for the results if the patient PaCO2>60 or 20 mm Hg above baseline,
remains stable. If the initial blood gas  the test is considered inconclusive. The
does not meet criteria another gas can test can be repeated later if labs and vitals
be sent. remain stable.

5 If the test is unable to be performed or
remains inconclusive then an ancillary
test should be performed.

Abbreviation: SBP, systolic blood pressure.

Table 12.5 Indications for ancillary testing

Indications for ancillary tests?#>°

1 Reversible causes cannot be excluded, e.g., severe metabolic disturbance cannot
be corrected.

2 Clinical examination may be unreliable due to presence of confounders as listed
Table 12.4.
3 Inability to achieve prerequisite conditions for apnea testing as listed Table 12.4.
4 Inability to complete an apnea test.
5 Use of extracorporeal membrane oxygenation (ECMO).
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Table 12.6 Ancillary tests

List of ancillary tests

Cerebral angiography

Cerebral scintigraphy
Nuclear Medicine Tech-
netium Scan

EEG

Transcranial Dopplers

Confirmatory findings

Positive study is marked
by absence of cerebral
perfusion after contrast
injection into the com-
mon carotid and verte-
bral artery origins
bilaterally from the
aorta.24 1

Confirmatory finding is
characterized by the
“hollow skull” appear-
ance with visualized flow
only in the external
carotid circulation.!213

Confirmatory finding is
characterized by electro-
cerebral silence demon-
strated by an isoelectric
pattern, as well as a lack
of reactivity to visual,
auditory, and sensory
stimuli.

Positive findings include
oscillating flow which
represents reversal of
diastolic flow and small
systolic peaks in early
systole which represent
lack of net forward
flow.15.16

Abbreviation: EEG, electroencephalogram.

printed on 2/11/2023 10:56 PMvia .

Comments

Considered “gold standard” in
assessing intracranial blood flow
Disadvantages: Invasive procedure,
requires two injections at least 20
minutes apart, requires transport,
difficult to coordinate in hemody-
namically unstable patients, poten-
tial for allergic reaction to contrast

Advantages: Includes its long his-
tory of use

Disadvantages: Lack of availability,
time consuming, requires trans-
port, lack of uptake with hypother-
mia and barbiturates, difficult to
coordinate in hemodynamically
unstable patients

Testing requirements include24:

e Sensitivity settings of at least
2 pV for a testing duration of at
least 30 minutes.

e Interelectrode impedances
should be under 10,000 Ohms
and over 100 Ohms.

e Interelectrode distances should
be at least 10 cm.

Advantages: Performed on bedside,

noninvasive, quick

Disadvantages: Affected by electri-

cal artifact, susceptible to false

positives

Advantages: Safe, noninvasive,
inexpensive, performed on bedside
Disadvantages: Operator depen-
dence, lack of acoustic window in
some patients, bilateral anterior
and posterior vessels must be
insonated*

Absence of flow is not reliable as it
may indicate absence of suitable
acoustic window
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Identify proximate causes

Exclude reversible causes
* Central body temperature 236° C (96.8° F)
* Absence of intoxication or CNS depressants
+ Absence of severe metabolic derangement

+

Inability to achieve prerequisite conditions for clinical examinations such as:
 Pre-existing pupillary abnormalities Yes
* Possible cervical injury —  Andillary tests
« Facial injuries interfering with cranial nerve exams

l No
Clinical exam demonstrating cessation of cerebral function
* No awakening, facial response, or cerebral motor response to pain
o Spinal reflexes may be present
* Unreactive pupils No
 Absent oculocephalic reflex —  Ancillary tests
* Absent vestibulo-ocular reflex
.
.

Absent corneal reflex and jaw jerk reflex
Absent gag and cough to stimulation of posterior pharynx or trachea

l Yes

Meets prerequisites for apnea test:

Core body temperature 236° C (96.8° F)
Exclusion of hypovolemia

Systolic blood pressure >90 mmHg No .

Pa02 >200 mmHg following 10 minutes of pre-oxygenation —  Andillary tests
PaC02 = 35-45 mmHg

No prior evidence of CO2 retention (i.e., chronic obstructive pulmonary
disease, severe obesity)

¢ Yes
Apnea test:

+ Pre-oxygenate for a minimum of 10 minutes prior to initiation of the apnea
test to target PaO2 >200 mmHg

+ Disconnect ventilator and provide 02 via cannula into the trachea at
approximately the level of the carina at a flow rate of 6 LPM

« If respiratory instability (Sa02 <90%) or hemodynamic instability (SBP
<90 mmHg) develops, draw arterial sample for PaCO2 and replace ventilator

+

DR

« Ancillary tests, or

* Absent respiratory movements _ No |* May repeat apnea test for a longer period of
+ PaC02>60 mmHg or 20 mmHg above baselineat | —) | time (10-15 minutes) if patient maintains
or prior to 8 minutes adequate oxygen saturation and remains

hemodynamically stable

¢ Yes
Brain death confirmed

Fig. 12.1 Flowchart for brain death determination.

o Regular insulin 20 units IV bolus
o Vasopressin 1 unit IV bolus
¢ Obtain serum quantitative beta human chorionic gonadotropin (HCG) (for all
female donors over the age of 10)
e For potential lung donors, perform O, challenge, to be completed every
4 hours, or more often if indicated
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o 0, challenge: Draw baseline arterial blood gas (ABG), place patient on FiO,
100% and positive end-expiratory pressure (PEEP) 5 cm H,0 for 20 minutes,
then repeat ABG.
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13 Sodium Dysregulation

M. Kamran Athar and Christian Bacheler

Abstract

Disorders of sodium regulation leading to either hyponatremia or hypernatre-
mia are seen frequently in the critical care setting, and have particular impor-
tance in the setting of neurologic injury, surgery, and disease. This chapter is
split into two major sections: hyponatremia and hypernatremia. For each, a
basic overview with important features are provided, followed by a list of pos-
sible causes, an approach to the diagnosis (with specific focus on neurologically
relevant etiologies such as syndrome of inappropriate antidiuretic hormone
secretion (SIADH), cerebral salt wasting (CSW), and diabetes insipidus), and
finally our recommendations on the general approach to treatment. Useful ter-
minology and equations are also provided throughout the chapter that may
assist in the bedside management while rounding in the critical care unit.

Keywords: hyponatremia, hypernatremia, SIADH, cerebral salt wasting, diabe-
tes insipidus, hypertonic saline, free water deficit

13.1 Terminology

« Tonicity: total concentration of nonpenetrating solutes (effective plasma
osmolality)

¢ Osmolarity: total concentration of penetrating and nonpenetrating solutes
(mOsm)/L of solution = mmol/L)

e Osmolality: per kg of solvent (normal range: 275-290 mOsm/kg)

e Calculation: Serum Osmolality =2 x Serum [Na] + Serum Glucose/18 + Blood
urea nitrogen (BUN)/2.8

13.2 Hyponatremia Classification

Multiple factors are taken into consideration when classifying hyponatremia.
In addition to serum sodium concentration, the patient’s volume status and
serum and urine osmolality should be taken into consideration. Hyponatremia
is defined as serum [Na*] <135 mEq/L! with severity based on the concentra-
tion. Hyponatremia can be found in a wide range of hospitalized patients (1-
15%) but is far more common in patients with neurologic injury ranging from
15 to 30% depending on the etiology.23 Depending on the concentration, hypo-
natremia can be categorized by severity: Mild: 130-135 mEq/L, Moderate:
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125-129 mEq/L; Severe: <125 mEq/L. It can be broken into additional catego-
ries based on serum osmolality and urine Na + concentration (> Fig. 13.1).

13.2.1 Causes of Hyponatremia

There are multiple medical conditions associated with hyponatremia including
surgery, critical illness, medications, and advanced age. Hyponatremia has also
been associated in patients with traumatic brain injury, subarachnoid hemor-
rhage, meningitis, and brain tumors. » Table 13.1 details various causes of
hyponatremia.

13.2.2 Symptomatic Hyponatremia

Symptomatic hyponatremia typically occurs with a serum sodium concentration
<125 mEq/L. However, symptoms are more likely to occur when there is a rapid
sodium change.? In chronic conditions where the sodium concentration decreases
over months, the brain is able to adapt by decreasing tonicity and subsequently
the patient may remain relatively asymptomatic despite moderate to severe
degree of hyponatremia.

e Mild hyponatremia ([Na] 130-135 mEq/L): Asymptomatic

‘ Check: BMP, LFT’s, Serum osmolality, Urine [Na], Urine osmolality, TSH ‘

+

‘ Reduced Serum osmolality? Urine osmolality > 100 mOsm/kg? ‘

+ +

Yes No
Assess Volume Consider a
Status Pseudohyponatremia
Normal | Euvolemic Increased | Hypervolemic Decreased | Hypovolemic
- Likely SIADH - Likely CHF, cirrhosis, or - Likely vomiting, diarrhea,
renal failure consider CSW or overdiuresis
Normal blood pressure, Presence of peripheral Orthostasis, tachycardia, low
normal pulse, no edema, no edema or ascites, VD weight loss, absence of VD,
orthostasis prolonged capillary refill time,
) History of cardiac or liver diminished skin turgor, dry mucous
Supportive of SIADH: disease FEREERES
Urinary [Na] > 40 mmol/L
Normal thyroid function Urinary [Na] < 20 mmol/L Urinary [Na] < 20 mmol/L
Consider AM cortisol to rule
out adrenal insufficiency

Fig. 13.1 Diagnostic approach to hyponatremia.
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e Moderate hyponatremia ([Na] 124-129 mEq/L): Nausea, malaise, confusion,
headache, vomiting, lethargy, and increasing disorientation as the sodium
concentration drops322

» Severe hyponatremia (typically [Na] <125 mEq/L): In addition to the above-
mentioned, seizures, coma, permanent brain damage, respiratory failure,
brainstem herniation, and death3.22

Seizures typically occur with serum sodium concentrations < 120 mEq/L. Although
the absolute risk of seizure ranges from 2.5 to 10% depending on the serum con-
centration with the higher risk related to concentrations <110 mEq/L4

13.3 SIADH versus CSW

13.3.1 Syndrome of Inappropriate Antidiuretic
Hormone Secretion (SIADH)

e Characterized by excessive antidiuretic hormone (ADH) release leading to
increased renal water reabsorption, extracellular fluid (ECF) expansion, and
hyponatremia. Due to a variety of causes (> Table 13.2), ADH is unable to be
fully suppressed despite the condition of hypo-osmolality.>

o SIADH should be suspected in any patient with hyponatremia, hypo-
osmolality, and a urine osmolality > 100 mOsm/kg, after the exclusion of thy-
roid, adrenal, and renal causes. In SIADH, the urine sodium concentration is
usually above 40 mEq/L, the serum potassium concentration is normal, there
is no acid-base disturbance, and the serum uric acid concentration is fre-
quently low.6

13.3.2 Cerebral Salt Wasting (CSW)

¢ Hypovolemic hyponatremia observed in subarachnoid hemorrhage, head
injury, neurosurgical procedures, stroke, meningitis, and neoplasms (primi-
tive neuroectodermal tumors with intraventricular dissemination, carcino-
matous meningitis, glioma, and primary CNS lymphoma).>8

e Hyponatremia is commonly seen in stroke, and may be from either SIADH or
CSW. In ischemic stroke, hyponatremia has been reported in up to 11.5% of
ischemic strokes, and 15.6% of intracerebral hemorrhage (ICH).210 One study
revealed hyponatremia to be present in 36.4% of ischemic strokes and 51.9%
of ICH (over the entire hospital stay), and was attributed to CSW in 44.2% of
cases.!!
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Table 13.2 Causes of SIADH?23:6.7

Malignancy

Pulmonary
tumors

Renal Cell Ca

Mediastinal
tumors

Lymphoma/
Leukemia

Pituitary
tumors

Prostate

Prolactinoma

Osteosarcoma

Neurologic/Neuropsychiatric

Encephalitis/Meningitis

Subarachnoid hemorrhage

Traumatic brain injury

Intracerebral hemorrhage

Stroke

Demyelinating/Neuroinflam-
matory disorders

Hydrocephalus

Acute intermittent porphyria

Drugs/Medications

AVP analogues
e DDAVP

e Oxytocin

e Vasopressin

Antiseizure meds
e Carbamazepine
e Valproate

Chemotherapeutics
e Vincristine

e Vinblastine

e Cisplatin

SSRI, TCAs, MAOIs

Antipsychotics
e Haldol

e Thiothixene
e Thioridazine

Amiodarone

Amitriptyline

MDMA “ecstasy”

Other medical
causes

Infection

Acute respira-
tory failure

Cystic fibrosis

HIV

Nausea

Acute
psychosis

Stress

Hereditary

Abbreviations: AVP, arginine vasopressin; DDAVP, D-amino D-arginine vasopressin; HIV,
human immunodeficiency virus; MAOIs, monoamine oxidase inhibitors; MDMA,
3,4-methylenedioxymethamphetamine; SIADH, syndrome of inappropriate antidiuretic
hormone secretion; SSRI, selective serotonin reuptake inhibitor; TCAs, tricyclic

antidepressants.

It is characterized by volume contraction from renal salt wasting (differenti-
ated from the volume expanded state of SIADH). It is important to distinguish
CSW from SIADH.

13.3.3 SIADH and CSW Diagnosis

Accurate determination of the patient’s volume status is crucial to differentiate
these syndromes (see » Table 13.3 and » Fig. 13.1). Physical examination and
other clinical measures can be useful to assess volume status, with evidence of
a hypovolemic state increasing the likelihood of a CSW diagnosis.
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Table 13.3 Differentiating SIADH from CSW

Feature

Volume status

Serum [Na+]
Urine [Na+]
Serum osmolality
Urine osmolality
Urine output
Serum uric acid
Serum bicarbonate

Central venous pressure

BUN

Mechanism

SIADH

Euvolemia to mild
hypervolemia

Low

Increased (>40 mEq/L)
Low

High (>100 mOsm/kg)
Normal

Low

Normal or low

Normal or slightly elevated

(6-10cm H,0)
Normal or low

Water retention due to
increased ADH secretion

Cerebral salt wasting

Hypovolemia

Low

Increased (>40 mEq/L)
Low

High (>100 mOsm/kg)
Increased

Normal or low
Increased

Low (<6cm H,0)

Increased

Excess secretion of water

and sodium

Abbreviations: ADH, antidiuretic hormone; BUN, blood urea nitrogen; CSW, cerebral salt
wasting; SIADH, syndrome of inappropriate antidiuretic hormone secretion.

13.4 Diagnostic Approach to Hyponatremia

e Initial testing considerations: Basic metabolic panel, hepatic function panel,

serum osmolality, urine sodium, urine osmolality, and thyroid stimulating

hormone (TSH)

e May also consider obtaining AM cortisol if adrenal insufficiency is suspected

Additional notes on serum osmolality:
e Correction for hyperglycemia: To calculate the “corrected” serum sodium, we
recommend the use of the following ratio: The sodium concentration will fall
by 1.7 mEq/L for each 100 mg/100 mL (5.5 mmol/L) increase in glucose

concentration.!2

e Correct for azotemia: Tonicity = Measured serum osmolality - (BUN + 2.8)

Dividing the BUN by 2.8 converts mg/dL of urea nitrogen into mmol/L of urea,
which is required when calculating osmolality. If blood urea is measured in
units of mmol/L, simply subtract without dividing by 2.8.13
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13.4.1 Hyponatremia Treatment: General Principles

e Risk of osmotic demyelination (formerly known as central pontine
myelinolysis)
o High risk: [Na] < 105 mEq/L, hypokalemia, alcoholism, malnutrition, and
liver disease!4
o Low risk: Hyperacute hyponatremia (over a few hours) as they have not
had time to develop brain adaptations that increase risk of osmotic
demyelination
e Goal: Increase [Na + ] by 6-8 mEq/L in 24 hours; 12-14 mEq/L in 48 hours.
¢ Do not correct serum Na at a rate greater than 10 mEq/L in 24 hours (and no
more than 18 in first 48 hours)
e Recheck serum sodium every 4 hours for the first 24 hours, and at regular
intervals thereafter until stabilized.

13.4.2 Acute Symptomatic Moderate to Severe
Hyponatremia

Serum [Na] usually <129 mEq/L with symptoms that can include confusion,
nausea (without vomiting), headache, somnolence, and hallucinations. More
severe symptoms include: vomiting, seizures, cardiorespiratory arrest, abnor-
mal and deep somnolence, and coma (Glasgow coma score [GCS] <8).

Treatment

Use 3% hypertonic saline infusion to raise the serum [Na]

¢ Initial emergent therapy: Over the first 4 to 6 hours, determine the rate to
increase the serum [Na] by roughly 1 mEq/hour. It has been shown that a 4
to 6 mEq/L increase in Na concentration is adequate in the most seriously ill
patients.1>

Note: With more severe symptoms, a 100 mL bolus of 3% hypertonic saline can

be considered.

e Check serum [Na] after 4 hours, and adjust rate of 3% hypertonic saline solu-
tion so that total rise in serum [Na] will not be greater than 10 to 12 mEq
over the first 24-hour period.

Determining the Rate of 3% Hypertonic Saline Infusion

e Determine the desired change in serum [Na] (and thus, the desired [Na])

¢ Determine the desired timeframe to achieve this change

e Determine rate of 3% hypertonic saline infusion using the following
approach:
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Solve for the amount of fluid needed to reach the desired [Na] by using this
formula:

. . . Sodium added with 3% saline
(Current amount of sodium in patient*) + ( ¢ saline)

= Desired [Na]

(Total body water [TBW|+Amount of fluid added)

Next, solve for the rate by dividing the amount of fluid added by the desired
timeframe

Note: To determine current amount of sodium in patient, multiply the TBW
by the current [Na]. TBW in L=Weight (kg) % 0.6 (or 0.5 in females)

Example of a Rate Calculation

Patient = 70 kg male, Current Serum [Na] = 115 mEq/L, Desired Serum [Na]
=120 mEq/L, Desired time =5 hours

First determine how many liters (X) of 3% hypertonic saline is needed to be
added to the patient to achieve 120 mEq/L.

[Sodium added with 3% saline]

[Current amount of sodium in patient] +
[TBW + Amount of fluid added]

1L=120 mEq

[TBW x 115 mEq/L + [(513 mEq/L) x X]
=120 mEq Solve for X... X/TBW +X 1L =0.531L

Divide the amount of 3% hypertonic saline (0.53 L in this example) by desired
timeframe (5 hours)
Rate =107 cc/hour?

13.4.3 Acute Asymptomatic Moderate Hyponatremia

We recommend using 3% hypertonic saline to raise the serum [Na] at a rate of
0.5 mEq/hour. Remember to check serum [Na] every 4 hours and to adjust rate
as needed so as not to exceed a rise of 10 mEq over the first 24 hours.

13.4.4 Severe Chronic Mild-Moderate Hyponatremia

A slow intravenous infusion of 3% hypertonic saline at 15 to 30 mL/hour can be
considered. Only replete the sodium back to around the patient’s baseline level.
The infusion rate should be titrated, aiming for a correction rate of 6 mEq/L per
day.

*There are many easy-to-use calculators available online.
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13.4.5 SIADH Treatment

e Fluid restriction is a mainstay of therapy in most patients with SIADH, with a

suggested goal intake of less than 800 mL/day.2 Beware of fluid restriction in

the diagnosis of SIADH in aneurysmal SAH (as it may increase risk of delayed

ischemic deficits and mortality).!6

ADH receptor antagonists (tolvaptan or conivaptan): If fluid restriction alone

does not correct the hyponatremia, ADH receptor antagonists can be consid-

ered. We recommend tolvaptan, 15 or 30 mg given orally twice a day. Often

may only need to give first two doses. If there is no oral access, we recom-

mend parenteral conivaptan: An initial loading dose of 20 mg over

30 minutes is recommended. This is followed by a continuous infusion at a

rate of 20 mg/day for up to 4 days.!”

Sodium should be monitored closely (every 6 hours) when starting treat-

ment with one of these medications.

e Loop diuretic (furosemide 20 mg twice a day)—caution for hypokalemia and
potential for kidney injury

o Salt tablets: they can be difficult for patients to swallow or tolerate.

e Correct underlying disease process.

13.4.6 CSW Treatment

¢ Volume repletion with isotonic saline: Can be given in small boluses
(500 cc) if not contraindicated.

o If refractory, consider fludrocortisone (starting oral dose of 0.1-0.2 mg twice
a day) and/or salt tabs.

13.4.7 Treatment of Hyponatremia in Patients with
Subarachnoid Hemorrhage

e Avoid fluid restriction for the first 10 to 14 days due to potential risk for
delayed cerebral ischemia.

e If hyponatremia is significant ([Na] < 130) and persistent (greater than
24 hours), we recommend to treat with hypertonic (3%) saline to both pre-
serve cerebral perfusion and prevent complications from hyponatremia-
induced brain swelling. We recommend administering with a calculated rate
to raise the serum [Na] at roughly 0.5 mEq/hour.

¢ ADH receptor antagonists may be also be considered (as described above for
SIADH treatment).
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13.4.8 Treatment of Hyponatremia in Patients with
Heart Failure

e Treat when serum [Na] <120

e Fluid restriction

e Can consider ADH receptor antagonists and/or loop diuretics (furosemide
20 mg twice a day, or if already on a loop diuretic, increasing the dose)

13.5 Hypernatremia

¢ Typically defined as a serum [Na] > 145 mEq/L.

¢ Frequently seen in the neonatal intensive care unit (NICU) setting, and most
commonly from excess free water loss (or iatrogenic with hypertonic saline
administration); however, the clinician should always consider other etiolo-
gies when it is not immediately evident. » Table 13.4 details some of the
causes of hypernatremia.

¢ Orthostatic hypotension and oliguria are typical findings, with other early
signs being lethargy, irritability, and weakness. Severe symptoms include
delirium, seizures, and coma (which are typically seen with serum [Na] > 158
mEq/L). Osmotic demyelination is uncommon, but can also be seen in severe
hypernatremia.3

13.5.1 Central (Neurogenic) Diabetes Insipidus

o Characterized by an insufficient release of ADH. Symptoms include polyuria,
nocturia, and polydipsia.

¢ Causes: Most often idiopathic (possibly due to autoimmune injury to the
ADH-producing cells). Other causes include central herniation, brain death,
tumors (pituitary adenoma and apoplexy, suprasellar germ cell tumors,
hypothalamic tumors such as an eosinophilic granuloma, and rarely with a
colloid cyst), mass lesions pressing on hypothalamus (ACom aneurysm),
trauma (basal skull fractures), encephalitis or meningitis, drug induced (eth-
anol and phenytoin), granulomatous diseases (Wegener’s, neurosarcoidosis
involving hypothalamus), and inflammatory (autoimmune hypophysitis or
lymphocytic infundibuloneurohypophysitis).1?

¢ Another important cause of central diabetes insipidus (DI) is damage to the
pituitary gland or the pituitary stalk following transsphenoidal pituitary sur-
gery or removal of a craniopharyngioma. Postoperative DI generally follows
three patterns!®:
1. Transient DI—duration 12 to 36 hours post-op
2. “Prolonged” DI—duration of months, may be permanent
3. “Triphasic response” (least common)
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Diagnostic Approach to Hypernatremia

o Phase 1 (DI): Injury to pituitary—reduced ADH levels for 4 to 5 days,
polyuria/polydipsia

o Phase 2 (SIADH): Cell death liberates ADH for next 4 to 5 days, normali-
zation/water retention

o Phase 3 (DI): Reduced or absent ADH secretion, can be transient or
prolonged

13.5.2 Nephrogenic Diabetes Insipidus

o Characterized by normal ADH secretion but varying degrees of renal resis-
tance to its water-retaining effect. This problem, in its mild form, is relatively
common since most patients who are elderly or who have underlying renal
disease have a reduction in maximum concentrating ability.

e Nephrogenic DI presenting in adults is almost always acquired with chronic
lithium use and hypercalcemia being one of the most common causes of a
defect severe enough to produce polyuria. Additional causes include urinary
obstruction, renal disease (medullary cystic disease and interstitial nephri-
tis), hypercalcemia, hypokalemia, drugs other than lithium (demeclocycline,
foscarnet, methoxyflurane, amphotericin B, vasopressin V2-receptor antago-
nists), and those listed in » Table 13.5.37

13.6 Diagnostic Approach to Hypernatremia

e Check urine and serum osmolality, urine output, basic metabolic panel, and
serum calcium. Can consider AM cortisol, Sjogren antibodies, and angioten-
sin-converting enzyme (ACE) level.

o DI: Dilute urine (urine osmolality < 200mOsm/L or specific gravity < 1.003),
urine output > 250 cc/hour, normal or above-normal serum [Na], and normal
adrenal function?®
o With high serum osmolality — > DI

- To differentiate central from nephrogenic DI, give 5 units of vasopressin
(subcutaneous). In central DI, urine osmolality should double within 1 to
2 hours'?
o Low serum osmolality - > polydipsia
o A water deprivation test can be performed if the diagnosis of DI is not clear.
This will help determine if the patient can concentrate urine with
dehydration.!?

¢ Urine osmolality > 400 mmol/L indicates that the renal-conserving system is
intact. Hypernatremia is caused when hypotonic fluid loss (sweating, diar-
rhea, respiratory, bowel) exceeds free water intake.?
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Table 13.5 Causes of nephrogenic diabetes insipidus (adapted from Rose and Post”)

Congenital disorders Medications

e Lithium

e Colchicine
Fluoride
Demeclocycline
Amphotericin B
Methoxyflurane
Aminoglycosides

Polycystic kidney disease Infiltration
e Amyloidosis
e Sjogren’s syndrome

Hydronephrosis Sarcoidosis

Distal renal tubular necrosis Osmotic diuretics
e Mannitol
e Urea
e Glucose

Sickle cell disease Metabolic

e Hypokalemia
e Hypercalcemia

Fanconi syndrome

13.6.1 Treatment

¢ Do not reduce serum [Na] by more than 10 mEq/L per 24-hour period.

e Recheck serum [Na] every 4 hours after the initiation of fluid repletion.

¢ Replace free water by oral means and with IV fluids (options include D5 W,
14 NS, V2 NS).

e Limit the use of hypotonic fluids in the setting of brain injury and cerebral
edema.

e Estimate Free Water deficit: = (Current TBW) x ( (Serum[Na] / 140) — 1)/140

Watson Male TBW = 2.447 - (0.09156 % age) + (0.1074 x height) + (0.3362 x weight)
Female TBW = -2.097 +(0.1069 x height) + (0.2466 x weight)
Hume- Male TBW =  (0.194786 x height) +(0.296785 x weight) — 14.012934

Weyers
Female TBW = (0.34454 x height) + (0.183809 x weight) - 35.270121
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In a patient with acute hypernatremia, we recommend replacing the entire
deficit in less than 24 hours. The hourly infusion rate should exceed the free
water deficit divided by 24.

In a patient with chronic hypernatremia, a slower reduction in serum [Na] is
recommended, with only a fraction of the water deficit replaced in 24 hours
(i.e., enough water to lower the serum sodium by 10 mEq/L).

The same formula from the hyponatremia treatment, “General Principles”
section earlier in this chapter, can be used to predict how much IV fluid is
required to decrease the serum [Na] to a desired level (simply replace
“513 mEq/L” with the [Na] of the chosen IV fluid). Formulas provided in
» Table 13.6a and characteristics of infusates listed in » Table 13.6b may also
be applied to calculate for hypernatremia.

Table 13.6 (a) Formulas for estimating changes in serum sodium concentration with
infusate

Clinical situation Formula
(use table 13.6 (b) below for infusate values)

To estimate the change in serum

A infusate [Na*] — serum [Na*]
sodium concentration with 1 liter Change in [Na*] = ————————

TBW + 1
of any sodium solution ( )
To estimate the Change T St (infusate [Na*] + infusate [K*]) — serum [Na*]
sodium concentration with 1 liter Change in [Na*] = T

of any sodium solution also
containing potassium

Adapted from Adrogué HJ, Madias NE. Hyponatremia. N Engl ] Med. 2000; 342(21):1581-
1589

Table 13.6 (b) Infusate sodium concentrations (in mmol per liter)

5% Sodium chloride in water 885
3% Sodium chloride in water 513
0.9% Sodium chloride in water 154
Ringer’s lactate 130
0.45% Sodium chloride in water 77
0.2% Sodium chloride in 5% dextrose in water 34
5% Dextrose in water 0

Adapted from Adrogué HJ, Madias NE. Hyponatremia. N Engl | Med. 2000; 342(21):1581-
1589
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13.6.2 Central DI Treatment

e First line: Desmopressin 0.1 mg given orally twice a day or nasal spray
2.5 mcg twice a day

e Can also consider ADH-enhancing medications: Clofibrate 500 mg given
orally four times a day, chlorpropramide (increases renal sensitivity to ADH),
and thiazide diuretics

13.6.3 Nephrogenic DI Treatment

e Thiazide diuretic (hydrochlorothiazide, 25 mg daily or twice a day)
¢ Low-salt and low-protein diet
¢ Other less common recommendations include:
o Addition of a nonsteroidal anti-inflammatory drug (NSAID) (e.g., ibuprofen,
indomethacin, or naproxen20)
o Addition of amiloride to a thiazide diuretic.2! However, most studies have
been done in the pediatric population’ and are considered for refractory
cases.
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14 Nutrition

Stephanie Dobak and Jacqueline S. Urtecho

Abstract

Brain injuries alter metabolism making glucose management and nutrient pro-
vision challenging. The main nutrition goal is to manage glycemic control and
provide adequate nutrients to prevent or treat malnutrition. In this chapter, we
will discuss the nutritional challenges of and recommendations for patients
with brain injury.

Keywords: glucose, nutrition, enteral nutrition, parenteral nutrition, brain
injury

14.1 Glucose Utilization

Hyperglycemia is common after brain injury, resulting from stress, inflamma-
tion, corticosteroids, diabetes mellitus, decreased insulin sensitivity, and
increased gluconeogenesis from lactate clearance.! Early profound hyperglyce-
mia is independently associated with poor prognosis after traumatic brain
injury (TBI), stroke, and subarachnoid hemorrhage. Hyperglycemia has been
associated with increased infection risk and critical illness polyneuropathy. In
acute ischemic stroke there is evidence that persistent hyperglycemia is associ-
ated with worse outcome.? Yet hypoglycemia, which has been defined as blood
glucose of <60 or<80 (mg/dL) depending on the study, also has deleterious
effects. There are limited intensive insulin therapy (IIT) studies (blood glucose
80-120 (mg/dL)) specific to the neurologically injured patient population, and
many of the most cited studies excluded patients with a neurologic injury.
» Table 14.1 summarizes key IIT studies. Of note, though the NICE-SUGAR trial
observed more hypoglycemia events with IIT, this was not associated with
Glasgow outcome score at 24 months post TBIL.3

In summary, [IT may impair cerebral glucose metabolism after brain injury,
and more liberal serum glucose goals may be needed. Although the ideal
serum glucose target is still under debate, maintaining a range of 140 to
180 mg/dL and avoiding hypoglycemia are recommended.24>6

14.2 Nutrition in Critical Care

Brain injuries alter the body’s metabolism of nutrients causing a hypermeta-
bolic and hypercatabolic state. Inadequate nutrition leads to malnutrition,
which is associated with:
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Table 14.1 Intensive insulin therapy (IIT) RCTs

Trial (year) N Setting Primary T P-value
outcome group
glucose
range
(mg/dL)
Van den 1,200 MICU Hospital 80-110 NS
Berghe (2006) mortality
HI-5 (2006) 240 CCU (AMI) 6m mortality <180 NS
Glucontrol? 1,101 MICU/SICU ICU mortality ~ 80-110 NS
(2009)
Gandhi (2007) 400 OR (cardiac) 30 d mortality/ 80-100 NS
morbidity
VISEPb (2008) 537 ICU (severe 28 d mortality/ 80-110 NS
sepsis) organ failure
De La Rosa 504 MICU/SICU 28 d mortality 80-110 NS
(2008)
Oddo (2008) 20 Neuro-ICU Cerebral 80-120 <0.01
glucose (increased
metabolism cerebral
metabolic crisis
with 1IT)
NICE-SUGAR 6104 ICU 3m mortality  81-108  <0.05
(2009) (increased
mortality with
IIT)
Vespa (2012) 13 ICU (TBI) Brain 80-110  0.05 (increased
metabolism cerebral meta-
bolic crisis with
IIT)

aTrial stopped early due to high rate of protocol violations.

bTrial ended early due to safety concerns (severe hypoglycemia and SAEs)

Abbreviations: CCU (AMI), coronary care unit (acute myocardial infarction); ICU, intensive
care unit; MICU, medical intensive care unit; OR, operating room; RCT, randomized control
trial; SAEs, serious adverse events; SICU, surgical intensive care unit; TBI, traumatic brain
injury.

e Increased risk for infectious complications
¢ Prolonged need for mechanical ventilation
o Longer hospital and intensive care unit (ICU) length of stays
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¢ Delayed wound healing
e Overall increased risk for morbidity and mortality”8

Multiple factors play a role in determining calorie and protein needs and must

be considered prior to devising a nutrition regimen:

¢ Acuity and degree of brain injury

e Medical history (e.g., diabetes, renal disease, heart disease)

e Surgical history (e.g., extensive bowel resection, bariatric surgery)

e Current medications (e.g., phenytoin, fluoroquinolones)

¢ Nutritional history (recent weight changes, intake, vitamin/mineral/herbal
supplements)

14.3 Nutrition Status
14.3.1 Malnutrition

Patients should be evaluated on admission for the presence of malnutrition.

Malnutrition should not be based on body mass index (BMI) alone as obese

patients can be malnourished. The American Society for Parenteral and Enteral

Nutrition (ASPEN)/Academy of Nutrition and Dietetics Malnutrition Consensus

suggests using the following criteria to diagnose malnutrition:

e Insufficient energy intake (estimated percentage of usual intake)

e Weight loss (Jusual body weight - current weight]/usual body weight x 100)

e Loss of muscle mass (in temples, clavicles, shoulders, scapulae, quadriceps,
calves)

e Loss of subcutaneous fat (in orbital fat pads, triceps, over rib cage)

e Localized or generalized fluid accumulation (rule out other causes of edema/
ascites)

¢ Diminished functional status (hand dynamometer strength and overall activ-
ity level)

» Table 14.2 identifies the criteria for moderate and severe malnutrition.? Note
that there is no definition for mild malnutrition according to the guidelines.

It is important to recognize that patients with certain neurologic injuries
remain at high risk for developing malnutrition. Some of these conditions
include:

e Stroke

¢ Aneurysmal subarachnoid hemorrhage
e Brain tumors

e Spinal cord injury

e TBI

e Dementia

e Multiple sclerosis
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Nutrition

(e.g. poor oral intake > 7 days, recent weight loss, alcoholism, malabsorption)

4

‘ Replete electrolytes prior to initiating nutrition for K*< 3, Mg?* <1, PO4 <1.5 ‘

4

‘ Provide 200-300 mg/day oral thiamine supplementation; ‘

‘ Identify patients at high risk for refeeding syndrome ‘

vitamin B complex and multivitamin daily

4

’ Introduce nutrition slowly (10-15 kcal/kg) ‘

L

‘ Advance to goal nutrition over the next 4-7 days ‘

Fig. 14.1 Measures to prevent refeeding syndrome.

14.3.2 Refeeding Syndrome

It is important to screen for malnutrition prior to starting nutrition support.
Initiating aggressive nutrition in the malnourished patient may result in
refeeding syndrome. Refeeding syndrome is the potentially fatal intracellular
shifts of fluids and electrolytes caused by the introduction of carbohydrates
and subsequent insulin secretion. Measures must be taken to identify patients
at refeeding syndrome risk, slowly advance nutrition, closely monitor electro-
lytes, and provide thiamine supplementation. > Fig. 14.1 provides an algorithm
for the prevention of refeeding syndrome.!!

14.3.3 Nutrition-Related Laboratory Tests

Due to inflammation, serum protein markers (pre-albumin, albumin, transfer-
rin) do not accurately reflect nutrition status during critical illness and may
remain low despite adequate nutrition.'? A 24-hour urine urea nitrogen mea-
surement may help determine daily protein needs.

14.4 Nutrition Assessment
14.4.1 Calorie Needs

Calorie and protein assessments are needed to develop a nutrition plan, espe-
cially in the ICU. Indirect calorimetry (IC) is considered the gold standard in
measuring resting energy expenditure (REE). IC calculates REE by measuring
oxygen consumption and carbon dioxide production. Although considered to
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Table 14.3 Variables affecting indirect calorimetry measurement'?

Variable Suggested limits Reasoning

RQ 0.67-1.2 Values outside of range suggest
technical errors

FiO, <60% Elevated FiO, can increase errors in
measured VO,

PEEP <12cm H,0; Not on APRV High PEEP can increase FiO,
variability
Activity (PT/OT, Conduct IC 1 to 2 hours after  Hyperventilation can lead to
transport) activity increased VCO,, REE, RQ
Dialysis Conduct IC>4 hours after HD  Filtration process removes CO,
N/A while on CRRT, ECMO resulting in inaccurate RQ and
underestimation of REE
Potential air leaks No bronchopleural fistula or Gas losses result in erroneous data
leaks in chest tube, trach, or via reduced VO,, VCO,, REE
ETT cuff measurements

Abbreviations: APRV, airway pressure release ventilation; CRRT, continuous renal
replacement therapy; ECMO, extracorporeal membrane oxygenation; ETT, endotracheal
tube; HD, hemodialysis; IC, indirect calorimetry; OT, occupational therapy; PEEP, positive
end-expiratory pressure; PT, physical therapy; REE, resting energy expenditure;

RQ, respiratory quotient.

be the gold standard, IC is expensive, requires trained personnel, and is contin-
gent on many variables. » Table 14.3 outlines the variables which affect IC.10
Predictive equations (Penn State, Mifflin-St. Jeor, weight-based equations)
using dry or usual weight to determine energy requirements are less reliable
but often more feasible than IC. Caloric needs by weight category can be found
in » Table 14.4. It is important to know that caloric needs may increase from
TBI, fever, or wounds and decrease from therapeutic hypothermia, barbiturate
coma, paralytics, quadriplegia, or paraplegia, and this should be taken into con-
sideration when determining nutritional goals.

14.4.2 Protein Needs

Protein requirements often increase following neurologic injury due to hyper-
catabolism. At this time, it is no longer recommended to restrict protein in the
critically ill patient with acute kidney injury or liver failure.> Protein needs are
typically calculated based on ideal body weight (as determined by the Hamwi
method). » Table 14.5 lists protein needs by clinical condition or therapy.

199

printed on 2/11/2023 10:56 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



Nutrition

Table 14.4 Calorie needs determined by adult weight categories/BMI

Weight category BMI Calorie needs (kcal/kg)
Underweight BMI<18.5 30-40

Normal 18.5-24.9 25-30

Overweight 25-29.9 20-25

Obesity Class | 30-34.9 15-20

Obesity Class Il 35-39.9 10-15

Obesity Class IIl (Morbid 240 10-15

Obesity)

Abbreviation: BMI, body mass index.

Table 14.5 Protein needs by clinical condition or therapy®

Clinical condition Protein needs by ideal weight (gm/kg)
Stroke; AKI; hepatic failure 1.2-2

HD 1.2-1.5

TBI 1.5-2.5

CRRT 2-2.5

Abbreviations: AKI, acute kidney injury; CRRT, continuous renal replacement therapy;
HD, hemodialysis; TBI, traumatic brain injury.

14.4.3 Nutrition Support

Adequate oral intake is always the primary nutritional goal. When not feasible,
enteral nutrition (EN) or parenteral nutrition (PN) should be initiated after
achieving fluid resuscitation and hemodynamic stability. » Fig. 14.2 lists an
algorithm for determining the appropriate nutrition route.

14.4.4 Enteral Nutrition3

For patients with functional guts, the use of EN is currently recommended over
PN.
e Early EN initiation (within 24-48 hours of admission) is associated with
decreased
o Gut permeability (supports intraepithelial cell tight junctions and villi
height; stimulates blood flow and release of cholecystokinin, gastrin, and
bile salts)
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Does patient have indication for PN?
(See Table 14.8)

Aves/
Is PN consistent with goals of care? Can patient safely swallow adequate food?
w] | | ]
Is patient fully resuscitated Consider diet Is EN consistent Diet;
and electrolytes WNL? for pleasure with goals of care? SLP eval prn
Yes Yes
Delay PN initiation; Monitor intake
reassess in 24 hours adequacy
Is patient malnourished? (See Table 14.2) Is EN need expected to exceed 3 weeks?
Yes Yes l
Delay PN initiation Place orogastric or
for 7 days nasogastric tube
Is PN need expected to exceed 2 weeks? Is patient at high aspiration risk?

x| -

Place central Does patient have good ¥ y
line for TPN peripheral access? Place |-tube Place G-tube
Yes

Place peripheral line for
PPN

Fig. 14.2 Algorithm for determining appropriate route of nutrition.

o Inflammatory cytokine release
o Clinical outcomes: Infectious morbidity, mortality, hospital length of stay

¢ EN rate should be increased to provide > 80% calorie/protein goals within 48
to 72 hours.

¢ EN may need to be adjusted for certain medications (> Table 14.6). Consider
modifying drug dosing to avoid frequent EN interruptions.
e » Table 14.7 lists ways to troubleshoot EN complications.
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Table 14.6 Common drug-nutrient interactions with continuous enteral nutrition

Drug Interaction Results Prevention
Phenytoin Drug adherence to Decreased drug Monitor drug levels
tube wall absorption Hold EN 1 to 2 hours
Drug binds to protein before and after
and calcium salts administration if drug

levels are low

Dilute drug suspension
Flush tube after
administration

Carbamazepine Drug may adhere to  Decreased drug Flush tube after
tube wall absorption and administration
EN may alter drug bioavailability Dilute drug suspension
solubility

Warfarin Drug may bind to Decreased drug Monitor INR; increase
protein absorption dose as needed
Drug may adhere to Consider holding EN
tube wall 1 hour before and after

administration

Fluoroquinolones  Drug may compete Decreased drug Hold EN 1 hour before
with cations in EN bioavailability and 2 hours after
administration

Abbreviations: EN, enteral nutrition; INR, international normalized ratio.

There are few trials studying the most optimal way to feed brain injured

patients. Initiating early EN at goal rates has been associated with decreased

major complications, decreased post-injury inflammatory responses, and a

trend toward accelerated neurologic recovery. Volume-based feeding proto-

cols® (in which nurses are empowered to increase EN rates throughout the day

to compensate for EN interruptions) are shown to increase EN delivery within

all ICU settings. It is recommended that gastric residual volumes (GRVs) no

longer be routinely monitored in the critically ill patient.® GRV monitoring

requires additional nursing time and resources, and GRVs are not associated

with pneumonia, regurgitation, or aspiration risk. At Thomas Jefferson Univer-

sity we have found the following to be efficacious:

e Starting early EN (within 24 hours of admission)

e Starting EN at goal rates (when refeeding risk is not present)

¢ Using standard EN

¢ Using a daily volume-based feeding regimen

¢ Not monitoring GRVs

¢ Addressing EN intolerance and resuming EN in a timely manner as per the
ability
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Table 14.7 Troubleshooting common gastrointestinal complications of EN

Complication First steps to take  Cause Treatment
Diarrhea Review medications Hyperosmolar EN Change to isotonic EN
(>4 liquid Rule out infection ~ (>300 mOsm/L)
BMs/day) Keep feeding . )
Malabsorption Change to peptide-based,
MCT oil EN
Consider soluble fiber
supplement
Medications Decrease bowel regimen
Eliminate sorbitol-containing
solutions

Review if on antibiotic therapy
If infection ruled out, use
antidiarrheal

Infection (C. diff) Antibiotics

Constipation Review enteral fluid Inadequate fluid  Increase free water flush
(No BM>3 days intake intake
when Review fiber intake

Inadequate fiber Change to fiber-containing

EN at goal rate) Order abdominal !
intake EN

radiology to rule out

obstruction Fecal impaction ~ Enema; aggressive bowel

regimen
lleus If mild, trophic EN; if severe,
hold EN
High gastric Perform physical Delayed gastric ~ Consider prokinetic agent
residuals exam emptying Consider post-pyloric feeds
(>500 mL) Order abdominal Gastroparesis Decrease aspiration risk
OR radiology factors
Nausea/ Review medications . o
vomiting Review blood sugars Narcotics Decrease narcotics; increase
Evaluate aspiration bowel meds
risk Consistently high Tighten glycemic control
blood sugars
Aspiration Check HOB Prone positioning Elevate head of bed 30 to
elevation 45 degrees if able

Review medications
Review aspiration
history

Decreased Reduce sedatives if able
consciousness

History of Consider post-pyloric feeds
aspiration

Abbreviations: BM, bowel movement; C. diff, Clostridioides difficile; EN, enteral nutrition;
HOB, head of bed; MCT, medium chaintriglyceride.
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e Limiting fasting time to immediately prior to surgery for patients with pro-
tected airways

14.5 Specific EN Considerations>

The most appropriate EN therapy for brain injured patients continues to be
debated. Below are recommendations from the SCCM/ASPEN guidelines for this
population:

¢ EN formula: Standard (intact protein) EN formulation is typically tolerated
and the use of immune-modulating EN formulations (containing arginine,
eicosapentaenoic acid [EPA], docosahexaenoic acid [DHA], glutamine, and
nucleic acid) should be considered.

e Glutamine: At this time, glutamine supplementation is not recommended.

¢ Arginine: There is not enough data to support routine supplementation of
arginine.

¢ Omega-3 fatty acids: Use of EN formulas with EPA/DHA may be beneficial
after TBI.

e Fiber: Avoid if there is high risk for bowel ischemia or severe dysmotility; if
hemodynamically stable, 10 to 20 gm/day fermentable soluble fiber should
be considered to decrease diarrhea.

e Probiotics: Routine use cannot be recommended due to lack of consistent
outcome effect and heterogeneity of bacterial strains studied.

14.5.1 Parenteral Nutrition®

PN is available to meet nutrition needs when EN is not appropriate/tolerated.
» Table 14.8 lists PN indications. » Table 14.9 lists the differences, pros and
cons of peripheral PN (PPN) and total PN (TPN). SCCM/ASPEN recommend to:
¢ Provide PN immediately for severe malnutrition or high nutrition risk when
diet/EN is not feasible.
e Withhold PN for 7 days in well-nourished patients.
o Early PN initiation in well-nourished patients has been associated with
increased risk for infectious morbidity and mortality.
¢ Use supplemental PN if unable to meet >60% EN goals after 7 to 10 days.

14.6 Therapy-Specific Considerations

Certain therapies, such as barbiturate coma, therapeutic paralysis, and targeted
temperature management (TTM) to hypothermia, may impact EN tolerance.
» Fig. 14.3, » Fig. 14.4, » Fig. 14.5 provide guides to feeding patients receiving
these therapies. During barbiturate coma, Stevens et al noted that EN at goal
rate can be tolerated, and feeding intolerance was not associated with
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Table 14.8 Disease indications for parenteral nutrition use

Disease

Gastrointestinal fistula

Short bowel syndrome

Inflammatory diseases (severe pancreatitis,
severe infectious enteritis, Crohn’s disease)

Mechanical causes (small bowel obstruc-
tion, mesenteric ischemia)

Severe fat malabsorption

Severe gastric or intestinal motility disturb-
ance (gastroparesis, scleroderma, pro-
longed ileus)

Criteria for PN

Output>500 mL/day
Distal enteral access not accessible

<200 cm remaining small bowel length
>50% losses of oral/EN intake
<1L/day urine output

Failed oral/EN trial
Need for bowel rest

Surgery not an option

Fecal fat>50% of 50 gm fat/day oral/EN
intake

Unresponsive to prokinetic medications

Abbreviations: EN, enteral nutrition; PN, parenteral nutrition.

Table 14.9 Differences, and pros and cons of PPN and TPN

Route Pros

PPN

return to Gl function is
unpredictable

malnutrition

TPN Meets total nutrition needs

through higher osmolarity loads

(1,300-1,800 mOsm/L)
Appropriate for severe
malnutrition

e Can be provided for long term

No risk for central line infection
Provides nutrition when time to

Appropriate for mild-moderate

Cons

e Requires good peripheral venous
access

Duration limited by peripheral vein
tolerance (10 days max)

Requires ability to tolerate higher fluid
loads (2.5-3 L/day)

Osmolarity restriction (900 mOsm/L)
limits nutrient delivery

May cause phlebitis

Requires central venous access

Risk for catheter-related venous
thrombosis

Risk for central line associated blood
stream infection

Long-term risk for bone and hepato-
biliary disease

Abbreviations: Gl, gastrointestinal; PPN, peripheral parenteral nutrition; TPN, total

parenteral nutrition.
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1c. Determine calorie needs:
Order metabolic cart study

1b. If malnutrition:
Start trophic TF + xupp\emenla\ TPN

1a. Initiate trophlc IE:
Start fiber-free EN at 20 mL/hr

2a. Acquire central line with lumen 2b. Requirements fol metabolic cart:
5 hours after HD noton CVVHD
1 hour after wound change, transport
No air leaks from: bronchopleural
fistula chest tube, trach or ETT cuff

3 Monitor TF tolera

3a. Inquire daily about BMs 3b Routine physical abdominal exam eck gastric residual volumes

4a. HnuBM in5 days: 4b, uals < 4c. If residuals >500 mL
Optimize bowel regimen & abd exam WNL:
Consider metoclopramide/methylInaltrexone

(when appropriate)

5. Replace half residual amount
Start metoclopramide
Switch TF to Vital High Protein

* If abd exam WNL & residuals < 500 mL

v v

6a. For TTM to hypothermia: 6b. Paralytics:
Increase 10 mL g8 hr to goal rate Increase 20 mL g8 hr to goal rate

Monitor tolerance Monitor tolerance

7. If unable to reach TF goal by Day 7, ¢
initiate supplemental TPN

Fig. 14.3 Nutrition with therapeutic hypothermia or paralytics.

pentobarbital dosage, duration, or initiation time.!> Conversely, Bochiccio et al
noted EN intolerance in this population.!> However, in this latter study intoler-
ance was defined by a low GRV threshold (150 mL) and TF was initiated after
coma was fully achieved (mean time to initiate coma was 3.8 + 3 days). lleus is
propagated by delayed enteral feeding and prolonged fasting times.

There are few studies on EN tolerance with paralytics. Paralytics target skel-
etal muscle whereas the gastrointestinal (GI) tract is smooth muscle. Tamion
et al noted that GI absorptive capacity is maintained and gastric emptying
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Nutrition with barbiturate coma
Acquire central line with lumen
dedicated for TPN

Requirements for metabolic cart:
PEEP <10, FiO2 < 50%
5 hours after HD; not on CVWHD
1 hour after wound change or transport
No air leaks from: bronchopleural fistula
chest tube, trach or ETT cuf

Consider trophic TF
(refer to Sections 1a and 3 of Nutrition with TTM to
hypothermia or paralytics protocol)

Increase TF by 10 mL q12 hr as tolerated to goal rate

Fig. 14.4 Nutrition with barbiturate coma.

Nutrition with combination therapy
(e.g. TTM to hypothermia + paralytic)

I

Determine
Order metabol

|

2b. Requirements for metabolic cart:
PEEP <10, FiO2 <
5 hours after HD; not on CVVHD
1 hour after wound change or transport
No air leaks from: bronchopleural fistula
chest tube, trach or ETT cuff

Once on monotherapy, consider trophic TF
(refer to Sections 1a and 3 of Nutrition with therapeutic
hypothermia or paralytics protocol)

Fig. 14.5 Nutrition with combination therapy.

unaffected with the use of cisatracurium besilate.' If paralysis is being used in
combination with other therapies, it may be prudent to implement a more
conservative EN regimen.

There is also a paucity of trials studying EN during TTM to hypothermia. lleus
is common when body temperature is <34 °F. We studied EN tolerance during
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TTM to moderate hypothermia after intracranial hemorrhage. We noted that
early EN is safe and EN intolerance is common but responsive to prokinetics.

If ileus refractory to prokinetics develops during these therapies, PN should
be considered.

14.7 Conclusion

Head injuries typically alter glucose metabolism and increase calorie and pro-
tein needs. Maintaining a serum glucose range of 140 to 180 mg/dL and
avoiding < 100 mg/dL is recommended. When feasible, EN is preferred over PN.
EN should be initiated immediately once hemodynamic stability is attained.
Standard EN formulas should be attempted first but if intolerance occurs,
semi-elemental (peptide-based) EN formulas may improve tolerance. If EN is
not appropriate, PN should be delayed for 7 days in the previously well-
nourished patient. Omega-3 fatty acid supplementation may be beneficial in
this population. Measures must be taken to prevent refeeding syndrome and
iatrogenic malnutrition. Providing adequate nutrition support attenuates the
acute phase response and improves clinical outcomes.
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15 Sedation

Akta Patel and Michelle Ghobrial

Abstract

Patients admitted to the neuroscience intensive care unit (neuro-ICU) may be
one of the more complicated ICU populations to manage in regards to sedation,
with respect to preservation and frequent assessment of the neurological
examination. Providing adequate sedation to the patients in the neuro-ICU
depends on determination of proper objective driven goals for sedation and
the appropriate choice of agent based on the patient’s physiology. Propofol and
benzodiazepines are the most commonly used drugs to treat sedation in this
population; however, dexmedetomidine has proven to be a noninferior agent
of choice. Fentanyl is primarily an analgesic but has some sedative properties
and is also often used as an option in the neuro-ICU. This chapter focuses on
sedation in the neuro-ICU population and discusses advantages and disadvan-
tages of the previously mentioned medications.

Keywords: neuro-ICU, intensive care unit, sedation, propofol, midazolam, dex-
medetomidine, fentanyl

15.1 Introduction

Proper attention to sedation is an essential component of the care of critically

ill patients in the intensive care unit (ICU). Patients admitted to the neurosci-

ence ICU (neuro-ICU) may be one of the more complicated ICU populations to

manage in regards to sedation, with respect to preservation and frequent

assessment of the neurological examination.

¢ Sedation reduces the stress response, provides anxiolysis, improves tolerance
of ventilatory support, decreases the cerebral metabolic rate of oxygen, and
facilitates nursing care.

¢ Prolonged use of sedatives may result in drug accumulation, oversedation,
delayed extubation, and lengthened ICU stay.

¢ Identifying underlying causes of agitation, such as pain, delirium, hypoxemia,
hypoglycemia, hypotension, or withdrawal from alcohol and drugs, are impor-
tant and treatment should be initiated prior to introducing sedatives.!-2

15.2 Indications for Sedation

¢ Neurologic injury: Traumatic brain injury (TBI), severe intracranial hyperten-
sion, status epilepticus, paroxysmal sympathetic hyperactivity, and
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withdrawal/intoxication from alcohol or drugs are a few common disease
states which often require sedation.

e Patient safety: Cognitive dysfunction (dementia) and brain injury can cause
agitation, restlessness, or combativeness prompting the use of sedation for
the safety of the patient and staff.

e Patient comfort: Procedures such as intracranial pressure monitors, intravas-
cular catheters, or targeted temperature management require the use of a
short-acting sedative. Note that analgesia should be addressed before initiat-
ing sedation.

15.3 Complications of Sedation

¢ All sedation has risks. It is important to weight the risks and benefits before
initiating sedatives in patients with a neurologic injury.

e Sedation can compromise a patient’s neurologic examination which may be
critical in patient populations like subarachnoid hemorrhage, stroke, or TBI.

o Sedation can also compromise normal physiology
o Cardiac: Bradycardia, hypotension
o Pulmonary: Respiratory depression, CO, retention
o Cerebral: Low cerebral perfusion, decreased seizure threshold

e Duration of sedation may be prolonged in patients who have chronic disease
states like kidney failure, heart failure, or hepatic failure. Sedation may also
be prolonged in morbid obesity or when therapeutic temperature manage-
ment is implemented.

15.4 Assessment of Sedation

e Sedation regimens must be individualized to account for differences in drug
pharmacokinetic and pharmacodynamic properties.

o Objective, goal-directed sedation is the recommended standard to avoid
oversedation and when applicable promote earlier extubation.

o In patients with neurologic injury, short-acting agents are preferred.

o Reliable assessment tools for sedation such as the Richmond Agitation Seda-
tion Scale (RASS) have made titration of drugs more precise and cost effec-
tive. Details regarding the RASS Scale can be found in Chapter 1.

o The RASS is a 10-point scale, validated and reliable in adult neuro-ICU
patients, with four levels of anxiety or agitation (+ 1 to+4), one level to
denote a calm and alert state (0), and five levels of sedation (-1 to =5) cul-
minating in unarousable (-5).345(> Table 15.1)
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Table 15.1 Richmond Agitation Sedation Scale (RASS)

Score Description

+4 Combative Violent, danger to staff

+3 Very agitated Pulls or removes tube(s) or catheters; aggressive

+2 Agitated Frequent nonpurposeful movement, fights ventilator
+1 Restless Anxious, apprehensive, but not aggressive

0 Alert & calm

=1 Drowsy Awakens to voice (eye opening/contact) >10 sec

=2 Light sedation Briefly awakens to voice (eye opening/contact) <10 sec
=3 Moderate sedation Movement or eye opening to voice. No eye contact

-4 Deep sedation No response to voice, but movement or eye opening to

physical stimulation
=5 Unarousable No response to voice or physical stimulation

Note: From Sessler et al.3

15.5 Choice of Sedative

¢ Propofol and benzodiazepines are among the most commonly used agents.
o These drugs have both sedative and anterograde amnestic properties but
often lack analgesic properties.2
¢ Dexmedetomidine has sedative, analgesic, anesthetic, and anxiolytic
properties.
e Fentanyl is primarily an analgesic but has some sedative properties and is
often used due to its short-acting duration in the neuro-ICU.
¢ A continuous infusion of these agents provides a more constant level of seda-
tion and improved patients’ comfort. It has been associated with prolonged
mechanical ventilation and a longer ICU stay.
o Thus, intermittent dosing along with daily interruption of sedatives allow-
ing patients to “wake up” may improve outcomes.5
e » Table 15.2 summarizes some of the pharmacological properties of some of
the more commonly use sedative agents in the neuro-ICU.
e » Table 15.3 provides studies of the agents being used for sedation in criti-
cally ill patients.
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15.5.1 Propofol (Diprivan)
Mechanism of Action

It is a short-acting GABA, receptor agonist with lipophilic properties.!2

Pharmacokinetics

e Metabolism occurs in the liver by conjugation to inactive metabolites, which
are eliminated through the kidneys.

e Clearance is not affected by renal disease but patients with hepatic dysfunc-
tion may have a longer elimination half-life as it redistributes from fat and
muscle to plasma.!3.14

e There is no dose adjustment required for renal failure or hepatic
insufficiency.

o It has a rapid onset and short duration of action.!?

¢ Even after a continuous infusion, rapid clearance results in prompt
awakening.?

e It has a dose-dependent effect on cerebral metabolism and is also useful for
the control of seizures.?

Formulation Considerations

e Standard propofol is a 1% (10 mg/mL) lipid emulsion containing 1.1 kcal/mL
(0.1 gram of fat per 1 mL of propofol).1

e [t also contains 0.005% disodium edetate (ethylenediaminetetraacetic acid
[EDTA]) to decrease the rate of microorganism growth, which is known to
chelate trace metals, including zinc.

¢ Zinc supplementation may be considered in patients at high risk of zinc defi-
ciency (sepsis, burns, large-volume diarrhea) if propofol is used for more
than 5 days.

e Manufacturers recommend discarding propofol bottles and changing intra-
venous tubing every 12 hours to decrease the risk of contamination.

PRIS

Highly lethal syndrome known as propofol infusion syndrome
e Mechanism of action
o May include alterations in the liver metabolism of the lipid emulsion, lead-
ing to an accumulation of ketone bodies and lactate and/or disruptions in
the mitochondrial respiratory chain.!3.14
e Clinical characteristics of PRIS
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o Rhabdomyolysis, increased creatine kinase, acute renal failure, severe met-
abolic acidosis, hyperkalemia, arrhythmias, cardiac arrest, dyslipidemias
(particularly hypertriglyceridemia), and hypotension.!3.14

o Risk factors for PRIS

o Propofol doses higher than 5 mg/kg/hour and a duration of therapy of more

than 48 hours.!3.1415
e The successful management of PRIS relies on prompt recognition as it carries

a high mortality rate.

o Propofol infusion should be stopped immediately and an alternative seda-
tive agent should be used.

o Consider avoiding in patients with acute liver failure or pancreatitis,
because the symptoms of PRIS may be difficult to distinguish from the
underlying disease state abnormalities.

o Recommend monitoring triglycerides at baseline and then every 3 to
5 days.

- Liver function tests should also be monitored but not as frequently.

15.5.2 Midazolam (Versed)

Pharmacokinetics

¢ A highly lipophilic agent that is used for its rapid onset and short duration of
action.
e Its short-acting properties become long acting in a continuous infusion for
more than 24 hours.
e Benzodiazepines bind to the postsynaptic GABAa receptor and undergo
phase-I hepatic metabolism to an active glucuronidated metabolite, &-
hydroxymidazolam, which is then renally excreted.2>
o Clearance of midazolam or its metabolite is significantly altered if either
hepatic (primary drug accumulation) or renal (active metabolite
a-hydroxymidazolam accumulation) functions are significantly impaired.2
o High lipophilicity and a large volume of distribution may lead to significant
drug accumulation and a depot effect in the ICU patient.2

o The routine use of a benzodiazepine antagonist, such as flumazenil, is not
recommended after prolonged benzodiazepine therapy because of the risks
of inducing withdrawal symptoms and increasing myocardial oxygen
consumption.?

Adverse Effects

e Hypotension and respiratory depression occur at high doses.!®
¢ Oversedation is the most common unintended effect of midazolam.
e Another common unintended adverse effect is potentiating delirium.16
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o The SEDCOM study compared the sedative effects of midazolam with those
of dexmedetomidine in medical and surgical adult ICU patients.!”

o The prevalence of delirium was lower in the dexmedetomidine group
(54%) than in the midazolam group (76.6%), p <0.001.17

15.5.3 Dexmedetomidine (Precedex)
Mechanism of Action

It is a highly selective a2 adrenergic agonist in the central nervous system

(CNS) that produces dose-dependent sedation and anxiolysis while maintain-

ing patient arousability without significant respiratory depression.

e [t has roughly eight times the affinity for a2 receptors as compared to
clonidine.16

e It provides a hypnotic and sedative effect by inhibition of norepinephrine
release from the locus coeruleus.18:19

Pharmacokinetics

e Metabolism occurs in the liver by glucuronidation to inactive metabolites,
which are eliminated through the kidneys.

e [ts clearance is not affected by renal disease but patients with hepatic dys-
function may have a longer elimination half-life.

Dosing for ICU Sedation

¢ Loading dose (LD) of 1 mcg/kg intravenously over 10 minutes, followed by

0.2 to 0.7 mcg/kg/hour.

o The LD may initially cause severe tachycardia and hypertension, but it can
then quickly lead to significant bradycardia and/or hypotension secondary
to receptor saturation.!8
- The LD is rarely administered in clinical ICU practice.!8

¢ For the maintenance infusion dose, randomized trials have safely used dex-
medetomidine at higher than manufacturer-recommended doses, up to

1.5 mcg/kg/hour.

o Clinical efficacy with doses greater than 1.5 mcg/kg/hour remains
unclear.1819.20

Duration of Use

Although the package insert recommends a therapy of 24 hours or less, longer
use for up to 7 days has been found safe in large randomized trials.2!
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Withdrawal Symptoms

o Case reports have been published describing the symptoms of withdrawal
when used beyond 7 days at higher-than-recommended doses (e.g., tachy-
cardia, hypertension, anxiety, and general discomfort).

o A slow taper may be necessary, or the addition of clonidine has been used
in some cases to help decrease withdrawal symptoms.22

¢ Other Considerations: It is considered a weak sedative and would not be
appropriate if deep sedation is required (i.e., in a patient requiring neuro-
muscular blockade).

15.5.4 Fentanyl (Sublimaze)

The opiate analgesic is commonly used in the neuro-ICU for sedation because
it has a rapid onset and a short duration of action.

Mechanism of Action

e [t acts by binding to the p-receptor in the CNS just like morphine but is
roughly 100-times more potent than morphine.16

¢ Prolonged effects are seen after continuous infusions or repeated bolus doses
as the drug accumulates in fatty tissue.2>

Pharmacokinetics

Fentanyl is highly lipophilic, hepatically metabolized by the cytochrome P450
system to inactive metabolites that are renally excreted.>16

Adverse Effects

* Respiratory depression, decreased gastric motility, constipation, hypoten-
sion, and muscle rigidity are some of the commonly seen.2
o A bowel regimen should be initiated on day 1 unless contraindicated, with
assessment for adequacy every 24 to 48 hours.

Dosage Forms

When converting from one dosage form to another, specific manufacturer

recommendations should be used rather than converting on a 1:1 mcg basis.

e Injectable form of fentanyl is most commonly used in the ICU setting.

o The fentanyl patch is not generally appropriate for use in the ICU because of
its latent onset (about 12 hours) and erratic/increased absorption in febrile
patients unless chronic pain issues are present.2>
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15.5.5 Ketamine (Ketalar)

It is a nonbarbiturate anesthetic and analgesic agent. Its indications include: a
sole anesthetic agent for diagnostic or surgical procedures that do not require
skeletal muscle relaxation or as adjuvant anesthetic agent. It produces a disso-
ciative sedation state with profound analgesia and amnesia without compro-
mising the patient’s airway.23 It has been used off-label for the management of
acute and chronic pain, procedural sedation, and analgesia and refractory sta-
tus epilepticus.

Mechanism of Action

Rapid-acting noncompetitive N-methyl-D-aspartic acid (NMDA) receptor antag-
onist and sigma opioid receptor

Pharmakokinetics
Metabolism in the liver via N-dealkylation CYP3A4

Adverse Effects

e Emergence reactions including hallucination, delirium, or psychosis, and
nausea and vomiting

e Increased intracranial pressure (ICP) is controversial and newer evidence
suggests it can be safely used in patients with neurologic injury?24

Dosing
Anesthetic Dosing

e Induction: 1 to 4.5 mg/kg as solo agent, slow IV push over 1 min (1/2 dose is
recommended for adjuvant treatment with benzodiazepine)

e Maintenance: 0.5 to 2.5 mg/kg repeated as needed to maintain proper anes-
thetic level. Infusion dosing at 0.1 to 0.5 mg/min can be used along with
benzodiazepines.
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16 Pain Management in the Neuro-
Intensive Care Unit (ICU)

Amy Shah, David A. Wyler, and Andrew Ng

Abstract

Pain, an unpleasant sensory and emotional experience, presents unique chal-
lenges in the neuro-intensive care unit. A recent shift in strategy to address
pain has evolved in the general ICU. Providers aim toward maintaining patient
arousal while treating their patient’s pain. The ICU liberation collaborative
focuses on analgosedation or treating pain first and utilizing numerous tools
for continued assessment in distinguishing pain from agitation and delirium
(PAD). The endpoint is earlier liberation from ICU and mechanical ventilation
by reducing sedative medications and supporting early mobility. This chapter
aims to highlight the challenges of managing pain in the neuro-ICU while prac-
ticing within the framework of the current ICU liberation movement. Tools for
assessment, individualized therapy, patients with neurodegenerative diseases
at risk for pain, and special cases that make management of pain in the neuro-
ICU particularly difficult will be discussed in this chapter.

Keywords: ICU liberation collaborative, ABCDEF bundle, ongoing assessment,
individualized pain therapies, opioid therapy, adjunct medication, regional
blocks, nonpharmacologic therapy

16.1 Introduction

Pain, an unpleasant sensory and emotional experience, presents unique chal-
lenges to care providers in the neuro-intensive care unit (neuro-ICU). Over the
last decade, convincing data has driven a paradigm shift in the general ICU
toward maintaining patient arousal while treating pain.! The ICU liberation
collaborative focuses on treating pain first and utilizing numerous tools for
continued assessment in distinguishing pain from agitation and delirium
(PAD). The endpoint is earlier liberation from ICU and mechanical ventilation
by reducing sedative medications and supporting early mobility.!2 The Critical
Care Medicine (CCM) collaborative created the ABCDEF bundle to accomplish
this purpose which stands for:
¢ Assess, Prevent, and Manage Pain
e Both spontaneous awakening trials (SATs) and spontaneous breathing trials
(SBTs)
e Choice of Sedation
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e Delirium: Assess, Prevent, and Manage
o Early Mobility and Exercise
e Family Engagement and Empowerment?-23

Several risks limit these strategies of caring for neurologically injured patients,
and there is a paucity of data to validate the current trend in the neuro-ICU
population.*> Nonetheless, guidelines recommend whenever it is safe, treat
pain judiciously and preserve the neurologic examination, the gold standard
monitor for the central nervous system (CNS).14

This chapter aims to highlight the challenges of managing pain in the neuro-
ICU while practicing within the framework of the current ICU liberation move-
ment. Individualized therapy will be discussed for postoperative patients,
patients with neurodegenerative diseases at risk for pain, and special cases that
make management of pain in the neuro-ICU particularly difficult. Although
opioid therapy is the mainstay for pain management historically, these medica-
tions often over-sedate frail neurologically susceptible patients.# Thus, opioid-
sparing therapies such regional anesthesia, adjunct pain medications, and
various relaxation techniques are discussed in detail. This chapter intends to
provide a quick guide for the A component (assess, prevent, and manage pain)
of the ABCDEF bundle in the neuro-ICU.

16.2 Modern Strategy of Pain Management in
ICU Liberation

e Joint Commission on Accreditation of Healthcare Organization (JCAHO) man-
dated in 2002 “implementation of standards” in pain assessment, prevention,
and treatment which was termed the “5 vital sign” in the ICU.14

o Studies supported reducing sedation and mobilizing patients improved ICU
outcomes.!236

o ABCDEF bundle implemented liberation strategy to address CCM Guideline
2012.12

e CCM guidelines excluded neurologically injured patients for safety reasons.!

o Addressing the A component (assess, prevent, and treat pain) of the ABCDEF
bundle first was recommended since pain confounds delirium and
agitation.!2

o The use of different pain scales for continuous ongoing assessment was
recommended.!67

e Prevent/anticipate pain prior to surgery and painful procedures in ICU.!

¢ Opioid adjuncts reduce dose and ultimately neuro-confounding and neuro-
toxic effects.3>6
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Pain Management in the Neuro-Intensive Care Unit

16.3 Challenges of Pain Management in
Neuro-ICU™-4:>7

¢ Balance maintaining neurologic examination versus providing comfort.

¢ Balance neurologic examination versus offering enough sedation for “neuro-
specific” issues such as reducing cerebral blood volume (CBV), intracranial
pressure (ICP), and cerebral metabolic rate for oxygen (CMRO2) and seizure
control.458

e Severity of brain injury dictates, and ICP and other multimodality monitoring
may be helpful 4

e Balance neurologic examination versus offering enough sedation to provide
endotracheal tolerance, ventilator synchrony, and shivering control.”

¢ Early mobilization recommended only if neuro-specific issues are well
controlled.

16.4 Individualizing Therapy in NICU

16.4.1 Pharmacologic Interventions of Pain
(» Table 16.1)

Specific comorbidities that require special considerations for pain management
(» Table 16.2)

Nonopioid Analgesics (Primarily for Mild Pain)>

¢ Acetaminophen'0.11
o Useful in patients unable to receive oral medications
o Intravenous (IV) dose may reduce opioid requirements!!
¢ Nonsteroidal anti-inflammatory drugs (NSAIDs)!2
o Avoid in neurosurgical population for platelet inhibition
o May lead to kidney injury with chronic use and risk aseptic meningitis

Opioid Analgesics (see > Table 16.1)°

e Indicated in NICU for severe pain (patient reported or assessed by ICU tool)
or patient-ventilator dyssynchrony#13.14

e Side effects include CNS depression, respiratory depression, bradycardia,
nausea, vomiting, constipation, urinary retention, and pruritus

Patient-Controlled Analgesia (PCA)'>

e Better patient satisfaction if alert, awake, and capable of self-administering
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Individualizing Therapy in NICU

Table 16.2 Pain management in specific patient populations

Pathophysiology
Elderly

End-stage renal disease

Chronic liver disease

Cardiac disease

Pulmonary disease

Dementia

Opioid tolerant

Substance use disorder

Alcoholism

Notes

Decreased GFR, drug doses adjusted based on creatinine
clearance

Decreased respiratory center sensitivity, opioids started at
lower dose

Decreased receptors in CNS (5HT, AcH, and Dop); therefore,
side effects of buprenorphine, tramadol, and tapentadol are
potentiated

Decreased GFR and increased volume of distribution, renal
dosing

Decreased hepatic blood flow and drug metabolism, doses
should be decreased

Caution drugs that may cause bradycardia or hypotension (e.g.,
high doses of opioids, dexmedetomidine) or hypertension or
arrhythmias (e.g., ketamine)

Obese patients have obstructive sleep apnea and decreased
FRC Supplemental oxygenation or CPAP use may be helpful
Minimize opioid use and maximize adjuncts

Avoid drugs that potentiate cognitive impairment (e.g., opioids,
membrane channel stabilizers)

Avoid polypharmacy

PCA less suitable

Exhibit opioid-induced hyperalgesia; therefore, higher doses of
opioids required

Respiratory depression less common

Variable opioid cross-tolerance

Ketamine helpful in opioid tolerance

Maximize use of adjuvants

Methadone maintenance therapy should continue with addition
of opioids to manage acute pain

Should discontinue the use of buprenorphine; intravenous
opioids which exhibit high p-receptor affinity should be used to
manage pain

Maximize use of adjunct agents

PCA to maintain a more stable plasma concentration compared
to intermittent intravenous boluses

Acute ingestion has depressive effect on CNS and increases
sensitivity to sedatives

Alcohol increases endogenous opioid levels

Chronic alcohol ingestion causes chronic liver disease which
decreases drug metabolism

(Continued)
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Table 16.2 (Continued) Pain management in specific patient populations

Pathophysiology Notes

Postoperative spine NSAIDs may inhibit bone healing
Membrane channel stabilizers help with neuropathic pain
Treat muscle spasms with muscle relaxants (e.g., diazepam,
cyclobenzaprine, tizanidine, baclofen)

Craniotomy Frequent neurologic assessments; thus, easily titratable drugs
preferred
Avoid drugs that sedate and decrease respiratory function
Opioids decrease ICP in adequately ventilated patients
Dexmedetomidine and subanesthetic ketamine have minimal
effect on ICP
Scalp blocks reduce opioid requirements

Abbreviations: CNS, central nervous system; CPAP, continuous positive airway pressure;
FRC, functional residual capacity; GFR, glomerular filtration rate; ICP, intracranial pressure;
NSAIDs, nonsteroidal anti-inflammatory drugs; PCA, patient-controlled analgesia.

Table 16.3 PCA dosing guidelines

Moderate pain Moderate-severe Severe pain
pain

Drug/Concentration Dose/Lockout interval/Hourly max/Nursing PRN dose

Morphine (1 mg/mL) 1mL/6 minutes/ 1-1.5mL/6 minutes/ 1-2mL/6 minutes/
10mL/1-2mL every 10-15mL/2-3 mL 10-20 mL/2-4 mL

Fentanyl 1-2 hours every 1-2 hours every 1-2 hours

(10 mcg/mL)

Hydromorphone

(0.2 mg/mL)

Note: Concomitant basal infusion has been associated with respiratory depression.
Abbreviation: PCA, patient-controlled analgesia.

¢ Fentanyl or hydromorphone for opioid tolerant patients (> Table 16.3)
e Pumps record total daily opioid and can be used in conversion to oral regimen

Membrane Stabilizing Agents
(Gabapentin and Pregabalin)'6.17

e Effective in neuropathic pain and offer reduction in opioid requirements

¢ May also be effective in reducing opioid doses in subarachnoid hemorrhage
(SAH) and other forms of meningismus!’

¢ Adjusted in patients with renal insufficiency
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Neuro-specific Diseases at Risk for Pain

Ketamine5-18.19

e Adjunct to reduce opioid requirements, opioid tolerance, and opioid-induced
hyperalgesia

e Believed to increase ICP, although newer evidence contests the notion®

e Minimal side effects at subanesthetic doses (less than 1 mg/kg): Increased
salivation, hypertension, tachycardia, hallucinations of visual, tactile, and
auditory perception

Dexmedetomidine?.5-20

® ay-adrenegic receptor agonist in CNS

¢ Avoid loading dose in NICU patients due to profound but transient hypoten-
sion which can occur

e Higher doses limited by the hypotensive and bradycardic response

e Currently FDA approved for continuous ICU sedation at doses 0.2 to
0.7 mcg/kg/hour up to 24 hours (growing evidence supports safe use of up to
1.5 mcg/kg/hour for up to 28 days)

16.4.2 Nonpharmacologic Approach

It may reduce analgesic dose and associated adverse reactions®
e Music therapy

e Acupuncture

e Meditation

¢ Heat and cold application

16.5 Neuro-specific Diseases at Risk for Pain
16.5.1 Pain with SAH

e Sudden onset of severe headache (“worst headache of my life”)

o Headache after SAH can last for at least 2 weeks and may be associated with
the volume of blood in the subarachnoid space on the initial head CT??

e Treatment: Opioids, membrane stabilizers, and dexamethasone

16.5.2 Spondylosis and Disk Herniation?21-22

e Pain usually occurs in the lower back and may have radiculopathy
o Lifetime prevalence is 3 to 5% in adults
e Mechanism
o Chronic micro-trauma leading to stress-type fracture
o Degenerative age-related change in the nucleus pulposus of the disk
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¢ Treatment: Pharmacologic, physical therapy, and epidural steroid injection
may provide modest transient pain relief, or surgery

16.5.3 Spasticity
Central Poststroke Pain23-24

e Mechanism
o Pain is a direct consequence of ischemic damage

e Risk factors for chronic pain
o Increased stroke severity
o Premorbid depressive symptoms

e Increased stroke severity strongly associated with pain attributable to spas-
ticity and subluxation

e Treatment
o Tricyclic antidepressants (TCAs) (first line)—amitriptyline
o Gabapentin/pregabalin (first line if TCA contraindicated)
o Opioids

Movement Disorders

e Parkinson’s disease?>
o Different causes of pain: Musculoskeletal, radicular, dystonia-associated,
central, and discomfort from akathisia
o Approximately 30 to 50% of patients experience pain
o Treatment: Pain-specific and treat underlying cause

Transverse Myelitis26-27

¢ Begins with back or radicular pain, paresthesia, an ascending sensory level,
and often progresses to paraplegia

e Spasticity is an adaptive response to facilitate ambulation; painful when excessive

e Mechanism: Direct neural injury or spasticity

e Treatment: NSAIDs, TCA, and anticonvulsants such as gabapentin, carbamaz-
epine, and opioids

16.6 Ongoing Continuous Pain Monitoring in
N|cu7,13,14

16.6.1 Pain Scales

Based on patient’s ability to self-report:
e Numerical rating scale: preferred approach in alert patients (> Fig. 16.1)
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EBSCChost -

0-10 Numerical Pain Assessment Scale

e

No Pain Moderate Pain Worst Possible Pain
{ " .o > 00 2\
& @ = o &
No Minimal Tolerable  Moderate Severe Worse
Pain Pain Pain Pain Pain Painin
Your Life

Table 16.4 Critical care pain observation tool

Fig. 16.1 Numerical rating
scale.

Fig. 16.2 Faces Pain Scale.

Indicator Description Score
Facial expression Relaxed, Neutral 0
Tens 1
Grimacing 2
Body movements Absence of Movements 0
Protection 1
Restlessness 2
Muscle tension Relaxed 0
Tense or rigid 1
Very tense or rigid 2
Compliance with ventilation Tolerating ventilator or movement 0
OR Coughing but tolerating 1
Vocalization (Extubated patients) Fighting ventilator 2
Talking in normal Tone or no sound 0
Sighing, moaning 1
Crying, sobbing 2

o Faces scale (> Fig. 16.2) or behavior pain scale: can be used in nonverbal

patient

e Critical Care Pain Observation Tool (CPOT) or Behavioral Pain Score (BPS)
based on behavior when non-self-reporting (> Table 16.4)

o Family engagement may help with assessment
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17 Advanced Hemodynamic and
Neurological Monitoring in the Neuro-ICU
David F. Slottje and John W. Liang

Abstract

Hemodynamic instability is a common issue faced in the neurological intensive
care unit (neuro-ICU). Practitioners often find themselves pondering about the
patient’s volume status and whether to give or to withhold fluids in order to
optimize cerebral blood flow and brain tissue oxygen delivery. The physical
examination, a vital component of care, is often limited in this patient popula-
tion. Each patient has a different and unique combination of cardiac function,
systemic and pulmonary vascular resistance, concurrent infections, and con-
founding medications, which vary hour by hour. It is not surprising that simple
bedside vital signs and urine output measurements are often inadequate
estimates of volume status. In this chapter we will discuss advanced hemody-
namic monitoring and neuromonitoring techniques that are available, along
with respective advantages and limitations.

Keywords: hemodynamic monitoring, cardiovascular function, thermodilution,
minimally invasive, monitoring

17.1 Hemodynamic Monitoring

Patients who are critically ill in the neurological intensive care unit (neuro-
ICU) can quickly become hemodynamically unstable. Having the appropriate
tools to adequately assess hemodynamics beyond basic vital signs is imperative
in preventing organ failure or death. It is not uncommon for patients to require
continuous blood pressure monitoring or vasopressors which require arterial
lines and central venous catheters. When initial resuscitation efforts fail,
advanced hemodynamic monitors are implemented to provide additional
information to further guide treatment. The choice of monitor is dependent on
what specific information is needed, what system is available, and the experi-
ence of the practitioner (> Table 17.1). Regardless of the monitor, the practi-
tioner must have a strong understanding of physiology and knowledge of
normal hemodynamic values (> Table 17.2) in order to interpret the data pro-
vided effectively.
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Table 17.1 Advantage and disadvantages of hemodynamic monitors

Monitor Advantages

Arterial line Measures continuous BP
Easy access to blood draws

Central venous Measures:

catheter .
L]

RAP
CVvP
SCVO,

Pulmonary Measures:

artery catheter e
L]
L]
L]

CvP
PAP
PAOP
(@
SVO,

Pulse contour  Measures:

analysis .

e SVR (needs CVP)

Minimally invasive

Not affected by hypothermia
Not labor intensive

Well validated (in ideal setting)

PiCCO Less invasive than PAC

co

SW

Measures:

(€0)
SVR
ELWI
GEDI
SW
PPV

Volume view/  Measures:

EV 1000 °
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(€0)
SV
SW
SVR
EVWI
GEDV
GEF

10:56 PMvia .

Disadvantages/Risks

Hemorrhage

Hematoma

Thrombosis

Damage to surrounding tissue or nerves
Pseudoaneurysm

Infection

Embolization

Limited by respiratory variation and PEEP
Pneumothorax

Hemothorax

Infection

Pneumothorax

Hemothorax

Arrhythmias

Pulmonary artery rupture
Typically needs to be removed in
72 hours

Uses a proprietary algorithm that is not
published

Higher potential for error

Does not provide as much information as
other more invasive monitors

Inaccurate with tachyarrhythmias

Can be labor intensive

Requires frequent calibration

Data may not be accurate or obtainable
in patients with:

e Intracardiac shunts

e Aortic aneurysm

e Aortic stenosis

e Pneumonectomy

e PE

Has similar limitations as the PiCCO
monitor

(Continued)
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Table 17.1 (Continued) Advantage and disadvantages of hemodynamic monitors

Monitor Advantages Disadvantages|Risks
LiDCO Less invasive than PAC Does not offer volumetric measures such as:
Measures: e GEDI
e CO e ELWI
o SV Cannot be used in:
o SW e Patients<40kg
e SVR e Patients on muscle relaxants
Does not require a lon selected electrode needs to be
central line replaced every 3 days
Expensive

Abbreviations: BP, blood pressure; Cl, cardiac index; CO, cardiac output; CVP, central
venous pressure; ELWI, extravascular lung water index; EVWI, extravascular water index;
GEDI, global end diastolic volume index; GEDV, global end diastolic volume; GEF, global
ejection fraction; PAC, pulmonary artery catheter; PAOP, pulmonary artery occlusion
pressure; PAP, pulmonary artery pressure; PE, pulmonary embolism; PEEP, positive end-
expiratory pressure; PPV, pulse pressure variation; RAP, right atrial pressure; SCVO2,
central venous O2 saturation; SV, stroke volume; SVO2, mixed venous O2 saturation; SVR,
systemic vascular resistance; SVV, stroke volume variation.

17.1.1 Invasive Monitoring: Pulmonary
Thermodilution

Pulmonary Artery Catheter

The pulmonary artery catheter (PAC) or Swan-Ganz catheter was considered
the goal standard for hemodynamic monitoring for decades but has lost favor
with intensivists with the advent of newer minimally invasive monitors. The
PAC is inserted through the jugular or subclavian vein into the right heart and
placed directly into the pulmonary artery. This allows measurements of the
right atrial pressure (CVP), pulmonary artery pressure, and pulmonary artery
occlusion pressure or wedge pressure, which is a reflection of the left atrial fill-
ing pressure. There are disadvantages to using a PAC. First, it is invasive and
technically difficult. It requires a high degree of expertise to properly interpret
the arterial waveform tracings as it advances into the pulmonary artery. In a
survey of 534 critical care physicians working in 86 European ICUs, a signifi-
cant portion felt knowledge was less than adequate.! A Cochrane review of ran-
domized trials from 1954 to 2012 demonstrated that there was no alteration
in mortality, length of stay, or cost saving associated with PAC usage.? The best
indication for PAC remains right ventricular heart failure or pulmonary hyper-
tension because there is currently no other method capable of direct measure-
ments of right heart or pulmonary pressures.
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Table 17.2 Normal hemodynamic values

Mean arterial blood pressure (MAP)
Mixed venous O, saturation (SVO,)
Central venous O, saturation (SCVO,)

Right atrial pressure (RAP)
Central venous pressure (CVP)

Stroke volume (SV)

Cardiac output (CO)

Cardiac index (Cl)

Systemic vascular resistance (SVR)

Pulmonary artery pressure (PAP)
Systolic

Diastolic

Mean

Pulmonary artery occlusion pressure (PAOP)
Oxygen delivery (DO>)

Oxygen consumption (VO,)

Extravascular lung water index (ELWI)

Global end diastolic volume index (GEDI)

70-100mm Hg
60-75%
70%

2-6 mm Hg

50-100 mL
4-8L/min
2.5-4L/min/m?

800-1,200 dynes-sec/cm™

15-30mm Hg
8-15mm Hg
9-18 mm Hg

8-12mm Hg
950-1,150 mL/min
200-250 mL/min
0-7mL/kg
650-800 mL/kg

EBSCChost -

17.1.2 Less Invasive: Transpulmonary
Thermodilution

Transpulmonary thermodilution (TPTD) is a way to measure cardiac output
(CO) that is less invasive and modified from the pulmonary artery catheter
(PAC) right-heart thermodilution method introduced by Drs. Swan and Ganz in
the early 1970s. A known amount of solution with known temperature, typi-
cally 15 to 20 cc of cold saline, is bolus into the central venous circulation
where it travels through the right heart, the lungs, the left heart, and ulti-
mately into the central arterial circulation where a thermostat, at the tip of a
femoral or axillary arterial catheter, depending on the manufacturer, measures
the rate and degree of temperature change. The CO is inversely proportional to
the area under the thermodilution curve. This method has been compared to
pulmonary artery thermodilution with clinically acceptable accuracy.”#
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Because the injector solution passes through all four chambers of the heart
and the pulmonary vasculature, it is possible to calculate several additional
volumetric parameters as well as fluid status in the lungs:
¢ Global end diastolic volume (GEDV) and global end diastolic volume index (GEDI)

o These are related to the volume in all four chambers of the heart at the end
of diastole and serves as a proxy of preload.

o A low GEDV or GEDI may suggest responsiveness to preload resuscitation.

¢ Global ejection fraction (GEF) and cardiac function index (CFI)

o GEF is a marker of cardiac contractility with normal ranges between 25
and 35%.

o CFI is another marker of cardiac contractility and is mathematically calcu-
lated by dividing CO by GEDV.

o Alow GEF and CFI suggests that poor ventricular performance is the cause for a
low stroke volume (SV) or CO; this may prompt addition of inotropic support.

e Extravascular lung water (EVLW) and extravascular lung water index

(EVLWI) and pulmonary vascular permeability index (PVPI)

o Fluid build-up in the lung can affect oxygenation. EVLW and EVLWI assess
pulmonary edema and can be helpful in monitoring disease progression.

o Elevated EVIW or EVLWI may be seen in heart failure, volume overload, or
lung injury.

o Pulmonary vascular permeability index (PVPI) can be used to differentiate
the mechanism for elevated EVIW: high PVPI is seen in pulmonary edema
as a result of lung injury, such as in acute respiratory distress syndrome
(ARDS), whereas normal PVPI is seen in hydrostatic and cardiogenic pul-
monary edema.

In general, TPTD is useful in patients with unstable hemodynamics, unclear
volume status, or impairment in tissue oxygen delivery and demand. Typical
conditions include septic shock, cardiogenic shock, pulmonary edema, and
ARDS. It can also be considered if strict maintenance of hemodynamic parame-
ters (i.e., euvolemia for subarachnoid vasospasm) is critical. The additional
volumetric data is helpful to guide intervention selection such as fluid resusci-
tation, diuresis, inotropic or vasopressor support, etc.

Pulse Contour Cardiac Output (PiCCO)

PiCCO is a system which combines the principles of arterial pulse contour anal-
ysis with transpulmonary thermodilution to measure CO.

Access Requirements
e Central venous catheter

e Femoral, brachial, or axillary arterial line
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Technology

Similar to VolumeView, the pulse contour analysis provides continuous hemo-
dynamic information while calibration with thermodilution provides intermit-
tent volumetric parameters.

Data Output

e Hemodynamics (CO, SV, systemic vascular resistance [SVR], stroke volume
index [SVI])

¢ Preload (GEDV, GEDI)

¢ Contractility (GEF)

o Volume (pulse pressure variation [PPV], stroke volume variation [SVV])

e Lung water (EVLW, EVLWI)

o Afterload (SVR, systemic vascular resistance index [SVRI])

e Intrathoracic blood volume index

Limitations

¢ Need to be on controlled mechanical ventilation; no spontaneous breathing

e Requires regular calibration three to four times a day

e Maximum duration of 10 days

¢ Not recommended with intracardiac shunts

e Data may be inaccurate with severe tachyarrhythmias, valvular insufficiency,
pulmonary embolism, partial lung resection, and possibly with aortic
aneurysms

VolumeView|[EV1000

The VolumeView system consists of the VolumeView sensor and the EV1000
Clinical Platform monitor. It combines the concept of pulse contour analysis
and TPTD into one system.

Access Requirements

o Central venous catheter, in the subclavian or internal jugular vein
e Femoral arterial line

Technology
TPTD is used to measure a calibrated cardiac output (COrr). The COry is then

used in the calibration of a proprietary algorithm to estimate a continuous CO
(COcont) Via pulse contour analysis, similar to FloTrac.
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Data Output

Hemodynamics (COcont, SV, SVI, and SVV)
¢ Preload (GEDV/GEDI)

¢ Afterload (SVR/SVRI)

¢ Contractility (GEF/CFI)

e Lung water (EVLW/EVLWI and PVPI)

Advantages

¢ Unlike FloTrac, TPTD is not affected by the mode of ventilation and it is more
accurate in patients suffering from septic shock.10

¢ Demonstrated to have no significant difference compared to PAC-
thermodilution when used in cardiogenic shock patients, irrespective of
mitral or tricuspid regurgitation, intra-aortic balloon pump, or therapeutic
hypothermia.l!

Limitations

e It requires both a central venous and central arterial line.

e Calibrations must be done at least every 8 hours in order for the continuous
pulse contour derived estimation of CO¢,y to be reliable.

e The error between CO¢ype and COpwas shown to be lower with shorter recal-
ibration intervals, 1 and 2 hours, compared to the standard 8 hours.!2 This
suggests that recalibration should be done more frequently in unstable
patients and after any significant clinical intervention.

Dilution Cardiac Output (LiDCO)

It is operator-dependent system that combines the concepts of pulse power
analysis (rather than pulse contour analysis) with lithium dilution to measure
CO. It has been shown to be at least as accurate as bolus thermodilution via
pulmonary artery catheter.?

Access Requirements

Radial arterial line as well as a venous (central or peripheral) line.
Technology
e A bolus of lithium chloride is flushed through the venous line and a lithium

sensor, attached to the arterial line, detects the concentration of lithium in
the blood.
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e The lithium concentration “wash-out” time is used to calibrate the arterial
waveform analysis providing continuous readings for SV, SVV, and CO.

Data Output
SV, SVV, PPV, and CO are obtained.

Advantages

o Similar to other TDTP, more accurate than pulse contour analysis especially
in patients with unstable hemodynamics

e CO correlates well with PAC

¢ Injectate can be given via central or peripheral venous line

Limitations

o It does not provide any advanced volumetric variables such as GEDV, GEF,
CFI, or EVLW.

o [t requires calibration every 8 hours with approximately 5 mL sample of
blood each time. Hemoglobin and sodium levels need to be entered for the
software calculations.

o For proper calibration the dose of lithium chloride may require adjustment
based on patient size.

¢ Although the typical lithium dose (0.15-0.30 mmol/dose for average adult) is
small and toxicity is unlikely, the risk remains higher than cold saline
injection.

¢ LiDCO cannot be used in patients on lithium therapy (i.e., bipolar).

17.1.3 Minimally Invasive Monitoring: Pulse Contour
Analysis

Pulse contour analysis is based on the concept that the SV is proportional to
the area under the arterial pressure waveform. Once the SV is obtained, the CO
can be easily calculated using CO =SV x HR. Various companies have developed
methods of analyzing the waveform and calculating CO via proprietary algo-
rithms. One of the main disadvantages of pulse contour analysis is that it
becomes more inaccurate when a patient is unstable on pressors.

FloTrac/Vigileo
Uncalibrated, minimally invasive pulse contour analysis sensor. The FloTrac

sensor is connected to the Vigileo monitor but is also compatible with the
newer EV1000 Clinical Platform monitor.
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Access Requirements

Peripheral or central arterial line, typically radial.

Technology

The sensor measures the arterial pulse rate (PR) instead of the HR; therefore, it
captures perfusing beats. SV is calculated and updated every 20 seconds utiliz-
ing a proprietary formula which incorporates: age, gender, body surface area,
waveform skewness and kurtosis, and standard deviation of arterial pulse pres-
sure. The PR is multiplied by the calculated SV to return CO.

Data Output

¢ CO, SV, stroke volume variation (SVV), and stroke volume index (SVI)
¢ SVR (if combined with CVP reading from central venous catheter)

Stroke Volume Variation (SVV)

e SVV is determined by assessing the arterial pulse pressure changes during
the respiratory cycle.

e SVV above 10 is associated with an increase in SV after fluid bolus.

¢ Note: SVV is not a measure of volume status but rather preload responsive-
ness. A patient with SVV below 10% suggests low likelihood of fluid respon-
siveness but does not discern between euvolemia versus hypervolemia.

e SVV has only been validated for use in patients that are on controlled
mechanical ventilation with fixed respiratory rates and tidal volume of
>8 cc/kg. SVV is not reliable in spontaneous breathing due to the natural
fluctuating rates and tidal volumes.

Advantages

e It is quick and simple to set up.

e [t does not require central vascular access (unless SVR is desired).

e The output is well validated in hemodynamically stable patients3# and not
affected in patients undergoing therapeutic hypothermia.

¢ The sensor monitors arterial vascular changes continuously and calibrates
automatically, making the system operator-independent.

Limitations

e Multiple variables in calculating SV makes this method the most mathemati-
cally complex and therefore greater potential for sources of error. Accuracy of
input parameters (age, gender, height, weight) as well as a good arterial pres-
sure waveform is vital to the algorithm’s calculation of SV and CO.
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e Accuracy may be compromised in severe shock states due to peripheral vaso-
constriction>6 dampening the arterial waveform leading to a falsely low CO.
It is recommended to use a central arterial access, such as femoral artery, in
these situations.

e Arrhythmia will affect the accuracy of SVV; CO and SV are not affected.

17.1.4 Noninvasive Hemodynamic Monitoring

These products are completely noninvasive with no venous or arterial access
required.

ClearSight System

ClearSight utilizes the volume clamp method to provide real-time, noninvasive,
continuous monitoring of key hemodynamic parameters. It consists of a finger
blood pressure cuff outfitted with infrared sensing technology. The blood pres-
sure cuff deflates and inflates while the infrared sensors continuously monitor
finger arterial volume and pulsations. This occurs 1,000 times per second and
arterial variations are displayed as a waveform similar to that obtained by a tra-
ditional arterial line. The system then uses a proprietary algorithm to analyze
the arterial waveform to return hemodynamic variables.

The ClearSight system can utilize one finger cuff for up to 8 hours, or two
finger cuffs for up to 72 hours by alternating between each finger hourly.
Movement of the patient’s hand above or below the heart level is automatically
adjusted for without affecting the waveform measurements.

Data Output
Blood pressure, PR, SV, SVV, SVR, and CO are obtained.

Advantages

e CO measurement comparable to PiCCO TPTD in stable patients undergoing
elective coronary artery bypass grafting (CABG).13

* Noninvasiveness and easy installation make this an attractive method for
continuous perioperative CO monitoring in hemodynamically stable
patients.

Limitations

o Reliability of this method during times of hemodynamic instability or signifi-
cant changes in peripheral vascular resistance is limited due to finger
hypoperfusion.'
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e Compared to PiCCO TPTD in critically ill patients, there was poor estimations
of cardiac function and unreliable detection of CO change in response to vol-
ume expansion.!>

e Reliability during therapeutic hypothermia is unknown.

Cheetah NICOM

Cheetah NICOM is a noninvasive monitoring system consisting of four sensor
pads applied to the thorax utilizing the concept of bioreactance. An electrical
current is applied across the thorax by the transmitting sensors, blood flow in
the thorax leads to a time delay in the current, and the signal is detected by
the recorded sensors. The signal recorded is analyzed using a proprietary algo-
rithm and converted into the aortic waveform. SV is obtained by calculating
the area under the systolic portion of the waveform. Electrical propagation in
the thoracic cavity is influenced by body surface area. Therefore, CO calculation
incorporates SV and HR, as well as age, weight, and height.

Data Output
CO, cardiac index (CI), SV, SVI, and SVV

Advantages

e Easy to set up

e Works on spontaneously breathing or mechanically ventilated patients

¢ Provides changes in SV in response to fluid challenge or passive leg raise

e Studies performed on relatively stable post-cardiac surgery patients have
shown good correlation when Cheetah NICOM was compared to
PAC-thermodilution'6 or FloTrac.!”

Limitations

e Certain conditions may affect the accuracy of the monitor. These include
severe aortic insufficiency, severe anatomic abnormalities of the thoracic
aorta (i.e., aortic graft, large aortic aneurysm, or aortic dissection), left ven-
tricular assist devices, and external and some older models of internal
pacemakers.

Because the system relies on electrical currents passing through the thorax,
it may be affected by conditions that increases the thoracic volume (i.e., obe-
sity, chronic obstructive pulmonary disease, pulmonary edema, or pleural
effusion) and studies on this are limited.

Current data regarding the accuracy of Cheetah NICOM in the critically ill
shows poor correlation when compared to PAC-thermodilution'® or PiCCO-
TPTD.19
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17.2 Neurological Monitoring

The critical care management of neurologically injured patients extends beyond
the initial stabilization. It is well known that these patients are at risk of a sec-
ondary brain injury which contributes to an increase in morbidity and mortality.
Neuromonitoring has a key role in the early recognition and management/
prevention of secondary brain injury. Often referred to as multimodality moni-
toring, advanced hemodynamic monitoring is utilized along with invasive and
noninvasive neuromonitoring (> Table 17.3) to optimally manage a patient.

17.2.1 Noninvasive Monitors

Transcranial Doppler

Transcranial Doppler (TCD) (> Fig. 17.1) is an important bedside tool in the
neuro-ICU. Details on the use have been described in Chapter 18.

Uses

e Detection of vasospasm in subarachnoid hemorrhage (SAH)
e Prediction of stroke risk in sickle cell patients
¢ Ancillary test to support the diagnosis of death by neurologic criteria

Advantages

Convenient noninvasive test that can be performed regularly on SAH patients
to help detect vasospasm. The sensitivity of this test is highest among anterior
circulation vessels, especially the middle cerebral artery (MCA) and internal
carotid artery (ICA).

Limitations

e Provides no useful information on distal vasculature

o Reliability of TCD results are operator-dependent

e Quality may be limited due to poor insonation bone windows typically seen
in African Americans, females, and elderly patients

e Elevated velocities do not always correlate with delayed cerebral ischemia?!

Continuous Electroencephalogram (cEEG)

Continuous EEG has traditionally been used in the management of status epi-
lepticus as well as nonconvulsive status epilepticus (NCSE). In addition to seiz-
ure monitoring and management, cEEG is commonly used intraoperatively as
well as in the ICU for titration of medications (sedatives, barbiturates), neuro-
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Table 17.3 Neuromonitors

Monitor

TCD

EEG

NIRS

External ventricular
drain

Intracranial pres-
sure monitor
(microsensors)
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Advantage
Noninvasive

Bedside
Inexpensive

Continuous monitoring

Continuous monitoring

Invasive

Gold standard

Continuous monitoring
Allows CSF drainage
Waveforms provide informa-
tion on brain compliance
Allows for in vivo calibration

Intraparenchymal or subdural
placement

Easier to place than external
ventricular drain (EVD)

Less complication risk

Disadvantage

Isolated point in time—not
continuous
Poor or no windows

Should be removed for imaging due
to artifact

Not well validated (in adults)

Not effective with deep injury
Variable penetrance with increased
skull thickness

Can be affected by thick forehead
muscles

Not reliable with underlying scalp
hematoma or fluid collection

Risk of pericatheter hemorrhage
Risk of overdrainage causing
subdural

High clot burden increases its risk of
failure

Catheter occlusion from blood or
tissue can require frequent flushing
(proximal and distal)

Pressure transducer may require
frequent “zeroing” depending on
patient positioning

Risk of infection

CSF leak may cause falsely low ICP
and increase risk of ventriculitis

Unable to drain CSF

Measures only local area pressure;
not good for global injury

Tend to drift over time leading to
inaccurate numbers

(Continued)
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Table 17.3 (Continued) Neuromonitors

Monitor Advantage Disadvantage
Invasive
Jugular venous Ideal for a wide variety of Mechanical or technical complica-
oximetry patients: TBI, SAH with vaso- tions during placement
spasm, surgical patients, Increased risk of thrombosis with
cardiac arrest patients prolonged placement
Assesses global cerebral Values can be altered based on the
oxygen delivery and oxyhemoglobin dissociation curve
metabolic demand Not ideal in patients with infraten-
torial lesion (brainstem or
cerebellum)

Contraindicated with coagulopathy
SjvO2 may be affected by placement
site (dominant vs. nondominant)
Should not be used in patients with
uncontrolled ICP

Unable to detect regional ischemia

Brain tissue oxygen Gold standard Expensive
tension monitor Real-time monitoring of Contraindicated if coagulopathic
(PbtO;) cerebral oxygenation Can require frequent
Assists in determining opti-  troubleshooting
mal CPP for patients Measures PBtO2 regionally making
Well-defined ranges have placement important
been established Takes 2 hours to equilibrate
Thermal diffusion  Real-time assessment of Not ideal with global injury
and laser doppler  regional cerebral blood flow  Affected by artifact
flowmetry Thermal flow is invasive while Limited clinical use of laser doppler
laser flow is noninvasive flowmetry
Microdialysis Can aid in the early detection Expensive
of ischemia Labor intensive

Requires frequent troubleshooting

Abbreviations: CPP, cerebral perfusion pressure; CSF, cerebrospinal fluid; EEG, electroen-
cephalogram; EVD, external ventricular drain; ICP, intracranial pressure; NIRS, near-infrared
spectroscopy; SAH, subarachnoid hemorrhage; TBI, traumatic brain injury; TCD, Trans-
cranial Doppler.

prognostication after cardiac arrest, and the diagnosis of death by neurologic
criteria.22 cEEG has also shown to be useful in SAH patients in early detection
of vasospasm and cerebral ischemia.2325

Quantitative EEG (qEEG) has become a power tool in critical care EEG
(» Fig. 17.2). By applying various computer algorithms, the digitized EEG is able
to condense hours of raw data into color maps of brain functioning.2? Several
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Fig. 17.1 Transcranial Doppler (TCD) of the right middle cerebral artery (MCA) of a
65-year-old man with severe traumatic brain injury (TBI). He became progressively
encephalopathic by day 12 post-injury without clear explanation. The family considered
withdrawal of care. His TCD pulsatility index (PI) of 1.84 suggested increased intracranial
pressure, prompting a lumbar puncture with opening pressure of 52-cm H,0. A repeat
head computed tomography (CT) revealed the presence of bilateral subdural hygromas.
He was taken to the operating room (OR) for subdural evacuation and subsequently
regained consciousness and was eventually discharged to a rehabilitation facility.

CSA 0-20 LeftPar_avg S W 0.0-10.0 uV/Hz

CSA 0-20 RightPar_avg

CSA 0-20 LeftTemp_avg

CSA 0-20 RightTemp_avg

Fig. 17.2 Quantitative EEG (qEEG) analysis of a compressed spectral array, showing cyclic
seizures manifesting as spikes in the power spectrum in the right parietal region.
(Courtesy of Larry Hirsch, Department of Neurology, Columbia University). Reproduced
with permission from Jallo J, Loftus C, eds. Neurotrauma and Critical Care of the Brain.
1st ed. Thieme; 2009.
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studies on qEEG in SAH patients demonstrated high sensitivity for detecting
vasospasm and infarct.22232425 Despite showing promise, there is a lack of con-
sensus regarding which parameters should be monitored when applied.

Advantages

¢ Noninvasive

e Continuous EEG can offer long-term, noninvasive, real-time detection of
secondary neurological insults as they occurs in patients with limited neuro-
logical examinations to follow reliably.

¢ Quantitative EEG, in contrast to cEEG, is less time consuming and can be
incorporated into existing multi-modal monitoring programs although it is
not universally applied.

Disadvantages

¢ Labor intensive

e Time consuming

¢ Should be removed for intracranial imaging due to causing streak artifact

¢ Limited availability

e Requires high level of expertise to interpret data appropriately in the criti-
cally ill population

Near-infrared Spectroscopy Measurement of Regional Brain
Tissue Oxygen Saturation (NIRS)

Near-infrared spectroscopy (NIRS) offers continuous noninvasive monitoring
of regional oxygenation of tissues. The device, which is applied to the skin, con-
sists of a near-infrared light (700-1,000 nm wavelength) emitter and two pho-
todetectors (> Fig. 17.3). The light is absorbed into the brain tissue between
2 and 3 mm. The absorption of light is proportional to the concentration of iron
in hemoglobin. Although used frequently in the cardiothoracic population,
NIRS has not been widely used in traumatic brain injury (TBI) or following cra-
nial surgery. Soft tissue swelling, hematoma, and craniectomy have created sig-
nificant challenges to its use in trauma or postsurgical patients.26

Use

e Extracorporeal membrane oxygenation (ECMO) patients
e Coronary artery bypass graft surgery

Advantages

¢ Convenient noninvasive test that can be performed continuously

253

printed on 2/11/2023 10:56 PMvia . All use subject to https://ww. ebsco. coniterns-of -use



Advanced Hemodynamic and Neurological Monitoring in the Neuro-ICU

Optodes
(emitter)

/ Scalp
Skull bone
a8 g

2 _‘~/— Duramater
R / : 1
Optodes £ \

(detector) % Brain tissue

Infrared Light

Fig. 17.3 The placement of near-infrared spectroscopy sensors over the forehead and
the path of near-infrared light from emitter to 2 detectors. Reproduced with permission
from Singh G P. Near-infrared spectroscopy—current status. Journal of Neuroanaes-
thesiology and Critical Care 2016; 03(04): 66-69.

Limitations

e Measurements may be inaccurate in the setting of hematoma or other mass
lesion

e Measurements may be inaccurate in the setting of scalp swelling, hematoma,
or craniectomy

e Scatter artifact

e Use is limited to superficial or cortical injury

¢ Cross contamination with intra- and extracranial oxygen sources can create
situations where the flow appears normal in a true low-flow state

17.2.2 Invasive Monitors: Cerebral Oximetry

Several techniques exist for assessing the adequacy of oxygen delivery to the
injured brain. These include direct brain tissue oxygen (PbtO,) monitoring, jugu-
lar bulb monitoring of arteriovenous oxygen content difference (AVDO;), micro-
dialysis monitoring of extracellular glutamate and other molecules, and NIRS
measurement of regional brain tissue oxygen saturation. Of these techniques,
only AVDO, monitoring is recommended by current professional guidelines,26
although PbtO, monitoring has gained some traction in clinical practice. Signifi-
cant interest exists in the study of all of these modalities, as there is mounting
evidence that secondary brain injury may occur even in the setting of normal
intracranial pressure (ICP) and normal cerebral perfusion pressure.2” Theoreti-
cally, cerebral oximetry can serve as the basis for goal-directed therapy to ensure
adequate delivery of oxygen to meet the high metabolic demand of jeopardized
brain tissue.
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Fig. 17.4 Showing various intracranial monitors. Brain tissue oxygen monitor which can
also measure intraparenchymal pressure. (a) Microdialysis catheter. (b) Cerebral blood
flow catheter.

Direct Brain Tissue Oxygen (PbtO,) Monitoring

There are several commercially available PbtO, monitoring devices, including
the Licox (Integra, Plainsboro, NJ, USA) and the Neurovent (Raumedic, Mills
River, NC, USA) (> Fig. 17.4). These devices require insertion of a probe into the
white matter of the brain through a twist-drill burr hole. The Licox probe con-
tains a Clark polarographic electrode in which an adjacent cathode and anode
are immersed in an electrolyte solution separated from the brain tissue by an
oxygen-permeable membrane. Following insertion into the brain, oxygen dif-
fuses into the electrolyte solution housing the electrode. The pO, of the solu-
tion affects the current passed between anode and cathode. The probe moni-
tors this current, allowing for the continuous measurement of Pbt0,.28 The
Neurovent probe contains luminescent ruthenium which emits light that is
detected by a photodetector. The ruthenium Iuminophore is deactivated by
oxygen, a process known as luminescence quenching. As a result, the PbtO,
can be deduced from the amount of light detected.2?

A large body of evidence from observational studies suggests that low PbtO,
correlates with increased risk of death and poor outcome following brain
injury. Although the optimal value for PbtO, has not been established, it seems
that values less than 20 mm Hg are deleterious.30.31.32.33.34.35 Although the cor-
relation between low PbtO, and adverse outcome has been well established,
the question of whether treatment protocols aimed at improving PbtO, can
avert these poor outcomes remains a matter of controversy. Cohort studies
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comparing treatment protocols based on monitoring of ICP in conjunction with
PbtO, as compared to monitoring of ICP alone have shown mixed results.
Several studies have shown improved outcomes with the addition of PbtO,
monitoring,3637 one study demonstrated worse neurologic outcomes with the
addition of PbtO, monitoring,3® and others have shown no difference.3940

The BOOST Trial, a phase 2 randomized clinical trial, compared a TBI treat-
ment protocol based upon solely ICP control with a protocol based upon ICP
and PbtO2 goal-directed interventions. In this study PbtO, was measured using
the Licox device (Integra, Plainsboro, NJ, USA). The PbtO, group had statistically
significant reduction in duration of brain tissue hypoxia (defined as PbtO,
<20 mm Hg) and a nonstatistically significant trend toward decreased mortal-
ity. At the time of writing of this manual, a phase 3 study is planned to better
evaluate this question.!

In clinical practice, PbtO, monitoring is used most commonly in the setting
of TBI. In cases of focal brain injury, the insertion site of the monitor is a subject
of controversy. Placement in the frontal white matter contralateral to the
injury allows for a measurement of global brain oxygenation, whereas place-
ment adjacent to the injured tissue theoretically allows for metabolic assess-
ment of the “penumbral” region. There is no clear evidence suggesting that
one approach is superior. In theory, PbtO, monitoring may be particularly use-
ful in poly-trauma patients with concurrent brain and lung injuries in whom
neurologic—and pulmonary—protective strategies may need to be balanced
against one another. PbtO, monitoring has also been used to detect vasospasm
in subarachnoid hemorrhage, although a prospective observational study con-
cluded that this practice did not detect ischemic events rapidly enough to
allow for corrective measures to be taken.*?

Advantages

It provides regional assessment of brain oxygenation.

Limitations

e Requires insertion of intracranial probe

¢ Oxygen must diffuse into Clark electrode to provide accurate information;
may take up to an hour

¢ Provides regional assessment of brain oxygenation which may not reflect
global brain oxygenation or oxygenation of penumbral brain tissue remote to
the monitor

¢ Evidence-based treatment protocols for PbtO, directed interventions have
yet to be rigorously established

256

EBSCChost - printed on 2/11/2023 10:56 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Neurological Monitoring

Anaemia  ——» THaematocrit 30-33%

Correct Hypotension
Decreased O,
2
[ supply YcBF dice
Correct Hypocapnia
Sa0,<90% ——* Correct Hypoxemia
SjV0, <50% —

Agitation =~ Sedatives

Pain = Analgesics

|, Increased O,
Demand
Fever =% Control temperature

Seizures ~—> Anticonvulsants

Fig. 17.5 Schematic diagram of strategies to correct low jugular venous oxygen saturation.
Reproduced with permission from Bhardwaj A, Bhagat H, Grover V K. Jugular venous
oximetry. Journal of Neuroanaesthesiology and Critical Care 2015; 02(03): 225-231.

Jugular Bulb Monitoring of Arteriovenous Oxygen Content
Difference (AVDO,)

Jugular bulb oxygen monitoring provides an indirect measurement of cerebral
oxygen use. The catheter is placed in a retrograde fashion using the Seldinger
technique in the dominant jugular vein (usually the right).46 The easiest way to
understand how it measures oxygen use is by thinking of the concept of supply
and demand (> Fig. 17.5). An injured brain may increase the amount of oxygen
extracted causing the jugular venous oxygenation to be lower than normal;
demand is greater than supply. Likewise, when the supply exceeds demand,
the amount of oxygen returned will be higher than normal.

Another way to understand this is mathematically. The supply is cerebral
oxygen delivery (DO2) which is dependent on cerebral blood flow (CBF) and
arterial oxygen content (CaO5).

DOZ = CBF x CaOz
The demand (consumption) by the brain is the cerebral metabolic rate

(CMRO2). This is affected by the CBF and by the difference in arterial and jugu-
lar venous oxygen content AjvDO, which is the same as CaO, — CjvO,.

CMRO; = CBF x (AjvDO,), which can berearranged as AjvO, = CMRO,/CBF

If CMRO; is relatively constant then changes in the difference in oxygen con-
tent are compensated by the CBF (» Fig. 17.5). Low SjvO, can be caused by
either decreased O, supply, from hypotension, vasospasm, increased ICP, hyp-
oxia, anemia, sepsis, or hyopcapnea or increased O, demand, from increased
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Table 17.4 Management of low and high jugular venous oxygen saturation

Low SjvO, (<50%)

Decreased O, supply Increased O, demand
Transfuse to increase hemoglobin Sedate if agitated
Increase blood pressure Treat pain
Drain CSF Maintain normothermia
Decrease respiratory rate or sedate Treat shivering
Inotropes if indicated Treat seizures

High SjvO2 (>75%)

Increase O, supply Decrease in consumption
Treat hypertension Decrease sedation
Increase respiratory rate Slowly rewarm if hypothermic
Decrease PaO, Add hyperosmolar treatment for edema

Abbreviation: CSF, cerebrospinal fluid.

metabolism, fever, shivering, seizures, agitation, and pain. If left untreated, it
could lead to ischemic injury. On the other side, high SjvO, can be caused by
either an increase in O, supply, from severe hypercapnea, drug-induced vaso-
dilation, hypertension, AVM, or increase in Pa02 or from a decrease in demand,
from hypothermia, barbiturates, cerebral infarct, or brain death. If left
untreated, it could cause cerebral edema or death. Understanding the etiology
of the high or low SjvO, allows directed therapy (> Table 17.4).

Advantages

e Provides global assessment of brain oxygenation
e Use is supported by evidence-based professional guidelines

Limitations

e Fiberoptic catheter requires frequent calibration

¢ Accuracy may be compromised by clot formation on catheter or if catheter
tip is directly apposed against vessel wall

e May not detect regional abnormalities in brain oxygenation

e Carries theoretical risk of aggravating intracranial hypertension. Thrombus
formation within the dominant sinus may lead to decreased venous return
from the brain.
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Fig. 17.6 (a) Cerebral microdialysis catheter and microvial used for cerebral micro-
dialysis. (b) Microdialysis catheter as universal biosensor/blood capillary. (c) Bedside
cerebral microdialysis analyzer used to monitor the values of dialysate. (d) Schematic
picture showing principle of microdialysis with microdialysis in center collecting products
of cellular metabolism from cell and interstitial fluid components from capillary by
diffusion. Source: Gupta D, Mazzeo A. Cerebral microdialysis: Going deep into brain
biochemistry for a better understanding of pathomechanisms of acute brain injury.
Indian Journal of Neurosurgery. 2017.

Microdialysis Monitoring

Microdialysis (> Fig. 17.6) is a well-established laboratory method of assessing
the metabolic state of tissues. The technique involves insertion of a double
lumen catheter into the tissue of interest. A dialysate solution is pumped
through the catheter. The dialysate is separated from the tissue by a semiperme-
able membrane which allows only particles <20 kDa to pass from the tissue to
the dialysate. The dialysate is returned and analyzed. The most common mole-
cules studied include glucose, pyruvate and lactate, glycerol, and glutamate 43

Use

o SAH for early prediction of vasospasm
¢ Any indication having concern for delayed cerebral ischemia
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Advantages

It provides metabolic profile of brain tissue with potential to measure numer-
ous target molecules.

Limitations

e Technically demanding: Requires 24/7 personnel familiar with operation and
maintenance

e Invasive: Requires insertion of intracranial probe

e Limited use in clinical practice

e Limited availability

¢ No evidence-based treatment protocols are based upon microdialysis
measurements

17.2.3 Cerebral Blood Flow Monitors
QFlow 500 Perfusion Probe

Probe works in conjunction with the Bowman Perfusion Monitor to calculate
regional blood flow via thermal diffusion.

Use

e SAH

e TBI

e Neurosurgical procedures requiring continuous blood flow monitoring
(aneurysm clipping, EC/IC bypass)

Advantages

¢ Can be used for up to 10 days
¢ No calibration or zeroing required
e Computed tomography (CT) compatible

Disadvantages
¢ Small amount of tissue volume being measured (27 mm?3)

¢ Due to the small area being monitored, placement of catheter becomes
critical
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17.2.4 Intracranial Pressure Monitoring

Measurement of ICP and ICP-directed therapies are central to the care of
patients with TBI as well as a variety of other neurologic conditions which result
in intracranial hypertension. ICP can be measured using a ventriculostomy cath-
eter (considered the gold standard) or a parenchymal monitor. Both of these
devices are inserted into the brain via a twist-drill burr hole. In the case of a ven-
triculostomy, the catheter is positioned in the lateral ventricle, creating a contin-
uous fluid column of cerebrospinal fluid (CSF). The height of the fluid column is
a direct measurement of the ICP. The catheter can be connected to a pressure
transducer to allow for continuous monitoring. There are several commercially
available parenchymal ICP monitors. The Camino (Integra, Plainsboro, NJ, USA)
and the Microsensor (Codman, Raynham, MA, USA) are two of the more widely
used devices. The Camino probe contains a fiberoptic transducer,** whereas the
Microsensor measures electrical conductance across a strain gauge mounted on
the tip of the probe.#> In patients who do not require CSF diversion, parenchymal
monitors may be preferred over ventriculostomies, as they pose lower risk of
infection. Subdural and epidural monitors are also available but are used less
commonly in clinical practice.

The range of normal ICP values remains controversial. ICP>22 mm Hg has
been shown to be associated with poor neurologic outcome and increased mor-
tality in TBI.#4 There is widespread expert consensus that control of intracranial
hypertension, based upon monitoring of ICP, is crucial to mitigating secondary
neurologic injury. Current professional guidelines recommend ICP monitoring in
severe TBI26 and this is considered standard of care in the United States and
many other countries. Despite this general support, there is no Class 1 evidence
of benefit of ICP monitoring.

ICP monitoring is commonly used in conjunction with cerebral perfusion
pressure (CPP) monitoring. Under normal physiologic circumstances CPP is the
difference between mean arterial pressure (MAP) and jugular venous pressure
(JVP). In states of intracranial hypertension, ICP exceeds JVP. When this is the
case CPP is calculated as follows:

CPP=MAP - ICP

Current professional guidelines recommend maintaining CPP between 60 and
70mm Hg in patients with TBI.26 This too is an area of controversy, with
experts advocating both higher and lower target CPP ranges. Strong physio-
logic arguments can be made on both sides of the debate. Higher CPP can
potentially lead to cerebral edema and increased ICP due to increased cerebral
blood volume and increased trans-capillary hydrostatic pressure. On the other
hand, cerebral autoregulation in the injured brain is not completely disrupted
but rather is right-shifted. Consequently, at a higher CPP, the brain’s afferent
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arterioles constrict, thus reducing cerebral blood volume and reduced ICP with
stable cerebral blood flow.%> In practice, each patient is different and the bed-
side physician must adjust his her approach accordingly.

Advantages: External Ventricular Drain

¢ Considered to be the “gold standard” method for measurement of ICP
e Allows for therapeutic drainage of CSF in addition to ICP measurement

Limitations: External Ventricular Drain

¢ Requires insertion of intracranial catheter

e Susceptible to infection of CSF space

e Measurement will not be accurate in the setting of ventricular collapse which
is likely to occur in high ICP states

e Measurement may not be accurate in the setting of thick intraventricular
hemorrhage or clot within the catheter tubing

e Insertion may be challenging in the setting of high ICP, midline shift, or ven-
tricular effacement

Advantages: Parenchymal Monitor

e More accurate than ventricular catheter in the setting of high ICP and ven-
tricular collapse

e Less susceptible to infection than ventricular catheter

¢ Can generally be placed easily and safely in almost any disease state

Limitations: Parenchymal Monitor

e Requires insertion of intracranial probe

e Measurements are subject to calibration error as well as “drift,” becoming
less reliable over time

e Fragile probe tip can be easily damaged with insertion, resulting in inaccu-
rate measurement

¢ Most parenchymal monitors are not magnetic resonance imaging (MRI)
compatible
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18 Neuroimaging
Michael |. Lang

Abstract

This chapter is a brief introduction to neuroimaging, with attention to imaging
modalities, indications, and limitations of use. Major modalities for brain and
spine imaging will be discussed, with particular attention to types of imaging
sequences commonly used in the neurocritical care patient population.

Keywords: neuroimaging, magnetic resonance imaging, computed tomography,
angiography, ultrasound

18.1 Introduction

Neuroimaging plays an essential role in the diagnosis and management of criti-
cal neurological disease. Advances in the fields of neurology and neurosurgery
have directly paralleled advances in neuroimaging, for which their inventors
have won numerous Nobel Prizes since Rontgen developed X-rays.! An in-
depth discussion of the physics of neuroimaging, interpretation of neurora-
diography, and clinical application thereof are beyond the scope of this chapter.
The following should serve as a brief introduction to commonly used imaging
modalities in the neurocritical care patient.

18.2 Types of Imaging
18.2.1 Brain Imaging

In the modern era, computed tomography (CT) and magnetic resonance imag-
ing (MRI) account for the vast majority of brain imaging studies. This is in large
part due to their ease of acquisition, relatively noninvasive nature, multi-planar
reconstruction (MPR) of multiple image sets from a single acquisition, and use
of advanced imaging techniques. This chapter will also discuss cerebral angiog-
raphy, which still plays a key role in diagnosis of cerebral vascular diseases, and
is essential for neuroendovascular procedures.

18.2.2 Spine Imaging

As with brain imaging, CT and MRI form the core of modern neuroimaging for
spinal disorders. They form a direct complement to one another, with CT most
useful for imaging bony elements, and MRI most adept at demonstrating
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neural elements or soft-tissue pathology. The exception to this is CT myelogra-
phy (CT-M), which uses lumbar puncture to inject iodinated contrast to image
the intra-thecal contents. Unlike brain imaging, plain X-rays are used exten-
sively in management of spine disease, particularly in order to demonstrate
dynamic changes in spinal alignment to motion or weight-bearing.

18.3 Advantages and Limitations (> Table 18.1)

18.3.1 Brain Imaging
CcT

A CT scan produces cross-sectional images (slices) from computer reconstruc-

tion of a series of X-rays taken from different angles. In general, findings on CT

are described in terms of density: isodense, hypodense, and hyperdense.

¢ [sodense is grey and refers to brain tissue.

e Hypodense is dark grey or black and refers to cerebrospinal fluid (CSF) (dark
grey) or air (black).

o Hyperdense is white and refers to bone, blood, or calcium.

The X-rays are absorbed by tissues depending on density, which is translated
to different intensities on a grey scale. The scale of absorption is referred to in

Table 18.1 Imaging advantages and disadvantages

EBSCChost -

Image type Advantages Disadvantages Cost  Risk
Computed e Fast acquisition of e Poor tissue contrast Low  Radiation
tomogra- images (less sensitive than exposure
phy (CT) e Best modality for MRI) lodinated
trauma e Poor resolution of contrast
e Best modality to dif- the brainstem and
ferentiate between posterior fossa
ischemic stroke and e Not compatible with
hemorrhagic stroke functional imaging
e Best for acute e Less sensitive for
screening for subar- spinal cord injury/
achnoid hemorrhage anatomy
e Best for spinal bone e Sensitive to bone
anatomy artifact and beam
o Allows for contrast hardening artifact
imaging, venous e Exposure to ionizing
imaging, perfusion radiation
imaging e Imaging processing
time for perfusion
studies
(Continued)
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Table 18.1 (Continued) Imaging advantages and disadvantages

EBSCChost -

Image type Advantages Disadvantages Cost  Risk
Magnetic o Soft tissue contrast e Long acquisition High RF heat deposi-
resonance  ® Demyelination and times tion causing burn
imaging cerebral edema e Susceptibility and Gadolinium
(MRI) clearly imaged motion artifact contrast low risk
¢ No radiation e Differentiation of age unless renal failure
e Advanced (special- of blood Device magnet
ized) sequences e Magnetic safety compatibility
(MRA, DTI, fMRI, regulations Patients may
MRS) require sedation
e Best for spinal to remain calm
anatomy and not move
Functional e Provides anatomical e Same limitations with Very Same as MRI
MRI and functional view plain MRI high
of the brain o Skilled reader to
e Metabolic studies interpret the imaging
track real-time brain e Risk of false positive
activity which can be e Based on blood low
used preoperatively as correlate of brain
e Uses tissue oxygena- activity
tion and use—records e “Noise”
brain signals e Limited availability
e High spatial
resolution
Digital Gold standard for Invasive Very latrogenic stroke
subtraction vascular imaging Poor surveillance high or hemorrhage
angiogra- Supports imaging Large radiation
phy (DSA)  cerebrovascular dose
intervention Uses iodinated
contrast
Ultrasound e Fast e Operator dependent Low Procedural error
e Ease of use e Difficult in viewing (misinterpreta-
e Available for bedside retroperitoneal tion of image)
procedures
¢ No radiation
Transcranial e Fast e Up to 20% of patients Low e No direct risk

Dopplers

e Noninvasive

Bedside testing can
be performed
Screening of children
with sickle cell dis-
ease for stroke risk

do not have insonable
intracranial vessels

e Technician
dependent

e Low sensitivity

Abbreviations: DTI, diffusion tensor imaging; fMRI, functional MRI; MRA, magnetic
resonance angiography; MRS, magnetic resonance spectroscopy; RF, radiofrequency.
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Table 18.2 Hounsfield units

Tissue/Substance Hounsfield units
Air -1,000

Fat -30 to -70
Water 0
Muscle/Soft tissue 20 to 40
Brain white matter 25

Brain grey matter 35
Intracranial hemorrhage 60 to 100
Punctate calcification 30 to 500
lodinated contrast 100 to 600
Bone or metal +1,000

Note: Approximate values. May vary according to source.

terms of Hounsfield units (HU) and ranges from + 1,000 (bone) to -1,000 (air)
(» Table 18.2). The higher the number the brighter it is on imaging and like-
wise the lower the number the darker it is.1”

CT has significant advantages that often make it the initial study for patients
with suspected intracranial pathology. The ease of acquisition makes it the
ideal study for emergent or repeat brain imaging in the acute inpatient set-
ting.2 Routine head CT imaging (HCT) produces 5mm thick axial sections,
although multi-detector scanners can now generate submillimeter thickness
images which accommodate MPR with minimal interpolation artifact. Routine
HCT is full of clinically relevant information, such as the presence of brain
edema or herniation, ventricular configuration, ischemia, and osseous imaging
of the skull and sinuses (> Fig. 18.1). Generally speaking, it is the study of
choice for intracranial hemorrhage for several reasons. First, the speed of
acquisition allows interventional decisions to be made rapidly. Also, the evolu-
tion of blood products from the acute to subacute to chronic phase is much
more straightforward than on MRI. Finally, the advent of portable CT scanners
has meant that all but the most extremely unstable critical care patients can
undergo HCT imaging as clinically indicated.

However, CT does have several limitations. As with all X-ray-based imaging
technologies, CT requires exposure to ionizing radiation, which is of particular
concern with pediatric patients. HCT is also significantly limited in its ability to
demonstrate parenchymal changes. Contrast-enhanced HCT can help improve
tissue contrast for certain disease states, but does require iodinated contrast
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Fig. 18.1 Noncontrast head
computed tomography (CT)
demonstrating right thalamic
intraparenchymal hemorrhage
with intraventricular extension
and nonspecific white matter
changes. The mnemonic
“Blood Can Be Very Bad” may
aid in systematic review of
intracranial structures for the
novice (B: Blood, C: Cisterns, B:
Brain, V: Ventricles, B: Bone) to
avoid missing key findings.

administration, with its attendant renal and allergic risks. The major classes of
image artifacts encountered in CT imaging include motion (though less so than
MRI), streak artifact from metal in the image field, and beam hardening artifact
(which limits the utility of HCT in imaging the posterior fossa).4

Since the time of its creation in the 1970s, CT imaging has continued to
evolve and now detailed neurovascular imaging can be provided through angi-
ography, perfusion, venography, and contrast enhancement.

CT Angiography

CT angiography (CTA) has become one of three core imaging techniques for
imaging cervical and intracranial vascular disease (see below). High-resolution
acquisition can be reconstructed in multiple planes, and can be rendered in
three dimensions. In combination with CT perfusion (CTP), CTA is an essential
component of neuroimaging in acute brain ischemia when considering endovas-
cular thrombectomy.®> Acute thrombus is identified as an abrupt cutoff in a vas-
cular tree. CTA approaches the sensitivity and specificity of digital subtraction
angiography (DSA) for detection of cerebral aneurysms and other intra-cranial
vascular lesions, although without the benefit of dynamic imaging of cerebral
blood flow. The presence of vascular intervention devices, such as aneurysm
clips, coils, or stents, results in significant streak artifact that can limit the utility
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of CTA for long-term follow-up.6 Poor bolus timing (as with cardiomyopathy)
can result in poor arterial opacification or venous contamination.

CT Venography

CT venography (CTV) is a useful and rapid imaging technique used to diagnose
cerebral venous thrombosis. The CTV is reported to have 95% sensitivity with
multi-planar reformatting compared to traditional DSA.'® It can provide
detailed anatomy of intracranial venous system, both the deep and superficial
veins. That being said, it is common to have normal variants of the venous sys-
tem and should not be mistaken for pathologic event.!8 It carries the same lim-
itation as any study that requires contrast and should be used with caution in
pregnancy.

CT Perfusion

Described first by Axel in 1980,22 perfusion imaging of the brain has taken on a
core role in the acute management of ischemic stroke. At a basic level, perfu-
sion imaging relies on dynamic imaging of a contrast bolus through a volume
of tissue. Parenchymal blood flow parameters can be mapped on a voxel-by-
voxel basis, and reconstruction of perfusion maps allows for identification of
cerebral blood flow (CBF), mean transit time (MTT), and cerebral blood volume
(CBV), which are related by the equation:

CBV
CBF = MTT

Clinical application of this imaging technique allows for delineation of ische-
mic/oligemic versus infarcted cerebral tissue. Regions of ischemia significant
enough to produce cell death (less than 8-10mL/100 cc tissue/minute) will
have matched regions of decreased CBF and CBV (> Table 18.3). However, inter-
mediate ranges of ischemia or oligemia can result in impaired neuronal func-
tion without cell death, resulting in potentially reversible clinical symptoms.
This is seen as regions of decreased CBF but with preserved CBV, which receive
enough collateral flow to preserve neuronal integrity for a period of time,

Table 18.3 Interpretation of CTP imaging
CTP MTT CBF CBV Significance

Penumbra Prolonged Moderately decreased Normal or increased Tissue at risk
Infarct Prolonged Decreased Decreased Completed infarct

Abbreviations: CBF, cerebral blood flow; CBV, cerebral blood volume; CTP, computed
tomography perfusion; MTT, mean transit time.
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Fig. 18.2 Imaging studies in an acute stroke patient. Computed tomography (CT)
perfusion imaging shows elevated mean transit time (a) in the territory of the right
middle cerebral artery. Cerebral blood volume in the same region (b) was preserved,
suggesting salvageable penumbra. CT angiography (CTA) demonstrated distal right M1
cutoff (c, black arrow). This finding correlated during emergent cerebral angiography
(d, white arrow), with subsequent reperfusion following mechanical thrombectomy (e),
and postoperative magnetic resonance imaging (MRI) demonstrating minimal ischemic
changes on diffusion-weighted imaging (DWI) (f).

known as the ischemic penumbra, which can potentially be salvaged with
thrombolytic or mechanical thrombectomy therapies (> Fig. 18.2).7 CT-based
perfusion imaging is, generally speaking, more reliable than MR perfusion
(MRP) due to the fixed relationship between iodinated contrast concentration
and density, unlike the nonlinear relationship between Gd-contrast and the
T2* signal which forms the basis for MRP.

Contrast

While brain MRI is the imaging modality of choice for evaluation of intracranial
pathology, contrast-enhanced head CT still has some utility. Most commonly, it
is utilized for patients with non-MRI compatible metallic or implantable
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hardware. Additionally, in some cases, contrast imaging is preferred or
required. Patients with renal failure are unable to receive gadolinium (Gd)-
based contrast due to the risk of development of nephrogenic systemic fibrosis
(NSF) and CT contrast is iodinated which can be dialyzed.

MRI

MRI is based on the principle in physics of nuclear magnetic resonance.8 It uses
interactions of hydrogen nuclei, radiofrequency energy, and a magnetic field.
The majority of images are created from the magnetic properties of the hydro-
gen nuclei contained with water molecules within tissue, of which the human
body is abundant. The exact physics behind the individual sequences are
beyond the scope of this chapter.

MRI has far greater brain tissue contrast compared to CT. This is particularly
true for new higher field strength magnets (3 Tesla or greater), although with
notable limitations for certain types of artifacts.® MR-based imaging is also
capable of a wide array of advanced imaging techniques such as diffusion imag-
ing or spectroscopy, and does not use ionizing radiation. Conversely, MRI is
significantly more susceptible to motion artifact than CT, requires longer image
acquisition times, is significantly more expensive to install and maintain, and
requires safety protocols for patients and equipment in the magnetic environ-
ment. In comparison to CT, findings are referred to in terms of intensity: hypo-
intense, hyperintense, and isointense. There are various sequences that are
completed with routine MRI which are noted within » Table 18.4.

Diffusion

Diffusion-weighted imaging (DWI) is currently the imaging modality of choice
for the evaluation of cerebral infarction. DWI utilizes motion of water mole-
cules for tissue contrast. Normal brain tissue has relatively low diffusion
restriction, as the majority of water is contained in the interstitial space. How-
ever, in the setting of stroke, Na2*/K* pump failure results in loss of cellular
homeostasis, sodium influx, and net inflow of water into the intracellular
space. This results in an extremely conspicuous hyperintense signal in the
region of infarction referred to as diffusion restriction. A similar effect is seen
with cerebral abscesses and epidermoid cysts, both of which show diffusion
restriction on MRI. Due to short acquisition times, DWI can be performed
quickly and is relatively resistant to motion artifact. However, DWI can be sig-
nificantly limited by susceptibility artifact, particularly near the skull base due
to air-tissue interface, in the region of blood/blood products or from metal-
containing hardware. Diffusion imaging can also be complicated by the pres-
ence of underlying edema, which independently shows up hyperintense on
DWI with the absence of true diffusion restriction. This is called T2 shine-
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Table 18.4 MRI sequences

MRI Property Practicality or usefulness
sequence
DWI/ADC DWI—maps the diffu- e Rapid changes with ischemia

Acute ischemia

Cytotoxic edema

Cerebral abscess or encephalitis

Highly proteinaceous tumor

Diffuse axonal injury

Anoxic injury/HIE

Acute demyelination

Tumors with necrosis or high nuclear to
cytoplasmic ratio

ADC—useful for estimating and distinguishing
acute from subacute stroke and age of lesion.
Hypointensity in ADC:

e Abscess

e Lymphoma

e MS

e Seizures

¢ Metabolic d/o (Canavan)

sion of water molecules
ADC—measure of
diffusion

T1-weighted  Image is created based Anatomical identification:
on relaxation times White on T1: Fat, subacute blood, melanin,
between fat and water  proteinaceous fluid, paramagnetic substances
High fat signal (white)  (gadolinium contrast)
Low water signal (black) Dark on T1: Edema (water), tumor, infection,
inflammation, blood (hyperacute and chronic)

T2-weighted  Images is created based Evaluation of pathology:

on relaxation times Bright on T2: Vasogenic edema, tumor,
between water and fat infection, inflammation, subdural blood, late
High water signal subacute blood
(white)
Low fat signal (black)
FLAIR T2-weighted with Detects white matter abnormalities (diseases
suppression of the CSF  affecting paraventricular tissue)
signal (CSF is dark) Mesial temporal sclerosis
hamartomas

Is sensitive but not specific

GRE Single radiofrequency  Detection of blood products
pulse + gradient reversal

Abbreviations: ADC, apparent diffusion coefficient; CSF, cerebrospinal fluid; DWI, diffusion-
weighted imaging; GRE, gradient recalled echo; HIE, hypoxic-ischemic encephalopathy;
MRI, magnetic resonance imaging; MS, multiple sclerosis.
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through which refers to a hyperintense signal on DWI image without restricted
diffusion but due to a high T2 signal which “shines through.”1? Use of apparent
diffusion coefficient (ADC) maps can help delineate the difference between
true diffusion restriction and T2 shine-through, with dark regions on ADC cor-
relating with diffusion restriction. ADC changes also are the earliest identifi-
able features on MRI in the setting of acute stroke.

Perfusion

MRP imaging is used to demonstrate similar measures of cerebral blood flow and
perfusion as CTP. As noted above, computational challenges exist for contrast-
based MRP methods due to the nonlinear dose-dependent enhancement. How-
ever, acquisition time can limit its utility for acute stroke by delaying intervention
relative to CTP.I1 At our institution, MRP is most commonly used as an adjunct to
anatomic MRI and MR spectroscopy in the determination of recurrent tumor ver-
sus radiation necrosis in the glioma patient population.

T1-weighted

The sequence is good in identification of anatomy. It is best for viewing post-
contrast images. Hyperintense signal can be caused by fat, methemoglobin, Gd
contrast, or other paramagnetic contrast, melanin.

T2-weighted FLAIR and GRE

T2-weighted fluid-attenuated inversion recovery (FLAIR) imaging is a particu-
larly useful sequence in the evaluation of cerebral pathology. Due to magnetic
differences in the local environment, CSF signal can be nulled while accentuating
intraparenchymal edema (> Fig. 18.3). As a result, FLAIR imaging is particularly
useful for identifying regions of periventricular edema (such as trans-ependymal
flow in hydrocephalus or periventricular white matter lesions in multiple sclero-
sis). Furthermore, FLAIR imaging (along with T,*-gradient recalled echo [GRE]
imaging) is considered the single most sensitive test for the identification of sub-
arachnoid hemorrhage (SAH), and calls into question the utility of lumbar punc-
ture in the evaluation of thunderclap headache.

Structures have different appearance when looking at T1 and T2 images
(» Table 18.5). Blood and blood products in particular have varying signal char-
acteristics which make it useful in determining the age of a hemorrhage at the
time of MRI (> Table 18.6).

Role of Contrast

Gd-based contrast agents are utilized for intravenous contrast enhancement
due to their paramagnetic properties at room temperature. A full accounting of
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Fig. 18.3 Brain magnetic reso-
nance imaging (MRI) study for
a patient with suspected glial
neoplasm. T, (a) and fluid-
attenuated inversion recovery
(FLAIR) (b) images demon-
strate a left frontal glial tumor
with significant mass effect on
the left frontal horn, which is
more sharply demarcated on
the FLAIR images (arrow). Ty-
weighted images, before and
after contrast administration
(c and d, respectively), show
evidence of enhancement in a
tumor which was found to be
anaplastic astrocytoma.

Table 18.5 Appearance of structures on T1- and T2-weighted images on MRI

Structure T1-weighted T2-weighted
Fat White Dark
Cerebrospinal fluid Dark White

Air Dark Dark

Edema Dark Bright
Calcification Dark Dark
Gadolinium contrast White White

Abbreviation: MRI, magnetic resonance imaging.

contrast-enhancing lesions is beyond the scope of this text, but contrast should
be administered during MRI evaluation of any nonischemic focal lesion of the
parenchyma. Compared to iodinated contrast, Gd agents have a significantly
improved safety profile. Although Gd can cause mild renal injury, causation of
overt renal failure is very rare, and allergy is extremely rare. The feared compli-
cation of Gd-contrast administration is NSF, in which large fibrosing plaques
developing on the skin and internal organs, resulting in severe flexion
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Table 18.6 Appearance of blood products
Hemorrhage Time Hemoglobin T1-weighted  T2-weighted

Hyperacute <24 Oxyhemoglobin Isointense Hyperintense
(intracellular)

Acute 1-3 days Deoxyhemoglobin Isointense Hypointense
(intracellular)

Early subacute 3-7 days  Methemoglobin Hyperintense  Hypointense
(intracellular)

Late subacute 7-14 days Methemoglobin Hyperintense ~ Hyperintense
(extracellular)

Chronic >14 days Hemosiderin Hypointense Hypointense

Adapted from Greenberg MS. Handbook of Neurosurgery. 6th ed. New York, NY: Thieme;
2006.

contractures and pain. NSF is an extremely rarely reported disease, which has
been nearly uniformly identified in patients on chronic hemodialysis (though a
few cases in patients with a history of peritoneal or pre-dialysis patients have
been reported in the literature).!2

Angiography and Venography

Magnetic resonance arteriography (MRA) and magnetic resonance venography
(MRV) are commonly utilized in clinical practice. Time of flight (TOF) imaging
can be used to image either arteries or veins without contrast, although contrast-
enhanced methods are also used. Venography is most commonly used in the
evaluation of venous sinus thrombosis or to evaluate sinus patency in the region
of dural-based lesions. MR-based vascular imaging is an important screening tool
in the evaluation of vascular disease, given the benefits of MRI in general. How-
ever, certain important artifacts are associated with MRA/MRV. As with any MR
technique, susceptibility artifact in the region of vascular devices can limit evalu-
ation of nearby structures, although often less significant than CT streak artifact.
Regions of turbulent flow result in spin dephasing which can result in overesti-
mation of vascular stenosis or underestimation of vessel diameter due to
nonlaminar flow at the vessel-blood interface. Furthermore, MRA/MRV may have
difficulty differentiating between severe stenosis and complete occlusion.!?

Angiography
Cerebral angiography remains the gold standard for diagnostic evaluation of

cerebrovascular disease, and the sensitivity and specificity of catheter-based
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angiography for identification of cerebrovascular lesions remains unsurpassed
(» Fig. 18.4). However, angiography has several inherent limitations. Diagnostic
cerebral angiography is associated with a complication rate on the order of 0.5
to 1%, which can include iatrogenic injury to any of the vessels crossed with a

Fig. 18.4 Three modalities of vascular imaging are shown. Time of flight magnetic
resonance arteriography (MRA) (a) shows a right carotid bifurcation with high-grade
stenosis (arrow), but cannot clearly demonstrate flow through the stenotic lesion.
“Venetian blind” artifact is evident throughout due to stacking of adjacent slab
acquisition for three-dimensional reconstruction (double arrow). Computed tomography
angiography (CTA) (b) shows evidence of extensive calcification in the plaque and the
anatomic position of the carotid bifurcation. Given the plaque extended to the C2-C3
level, a carotid artery stent was selected instead of carotid endarterectomy. Cervical
carotid artery angiogram demonstrates the complex plaque with high-grade stenosis (c)
and resulting delayed opacification of the internal carotid artery (black arrow) relative to
the external carotid artery (white arrow). Post-stent angiography (d) shows significantly
improved intracranial flow.
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catheter.1# These risks are increased in patients with atherosclerotic vessel dis-
ease or connective tissue disorders. The use of iodinated contrast agents, often
at significantly higher doses than those required for CTA, is also a limitation.

18.3.2 Spine Imaging
CcT

CT spine imaging is essential to the management of spinal disease, and is unri-
valed in its ability to delineate static body anatomy of the vertebral column.
Subtle differences in fracture pathology can dictate significantly different man-
agement. Likewise, CT imaging is extremely useful in planning for instru-
mented fusion procedures, especially for osteoreductive corrections. Spinal CT
also helps to demonstrate changes in bone quality from endocrinologic or
oncologic pathology. In general, spinal CT has poor resolution of the underlying
neural elements, but is complementary to MRI, which images bony anatomy
poorly. Contrast-enhanced spinal CT can be of use in patients unable to
undergo MRI. When lesions of the thoracic spine are being evaluated, we rec-
ommend contiguous imaging of the adjacent cervical and/or lumbar spine so
that accurate counting of vertebral levels can be performed, and serve as a ref-
erence for intraoperative X-ray localization. Finally, it is essential to remember
that the spinal column is a dynamic structure, and CT acquired in the supine
position may poorly reflect the alignment of the spine in weight-bearing con-
ditions. At our institution, full-length weight-bearing scoliosis X-rays are rou-
tinely acquired to assess segmental and global measures of stability and
alignment.

MRI

MRI of the spine is the current gold standard for evaluation of the neural ele-
ments. In particular, spinal MRI should be pursued, if feasible, in all patients
being considered for surgical intervention of degenerative spinal disease, with
osteoarthritis, disk herniation, and vertebral endplate Modic changes all well-
visualized.!> Most importantly, however, MRI provides an important means to
evaluate concordance of clinical presentation with imaging changes. Patients
are frequently seen with pain syndromes which mimic spinal pathology with-
out radiographic correlate, and asymptomatic imaging changes become
increasingly frequent with age. It should also be considered the modality of
choice for evaluating oncologic pathology of the spinal cord or vertebral col-
umn (including intramedullary, intradural-extramedullary, and extradural
lesions), with the use of Gd contrast (> Fig. 18.5). T,-weighted imaging is of
particular use in spinal MRI; impingement of the spinal cord and nerve roots
(including in the lateral recess and neural foramen) is identified clearly as a loss
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Fig. 18.5 Imaging evaluation of a patient presenting with paraparesis demonstrates the
presence of an intradural-extramedullary mass on thoracic T,-weighted magnetic
resonance imaging (MRI), T;-weighted MRI with contrast, and computed tomography
(CT) (a-c, arrow), consistent with meningioma. A small syrinx and cord edema are seen
on T,-weighted images, and a secondary intramedullary mass can be seen on post-
contrast images (c, double arrows). A trans-pedicular approach was chosen for resection
of the extramedullary tumor and biopsy of the intramedullary lesion, necessitating
instrumented fusion, which can be seen on intraoperative X-rays (d).

of normal spinal fluid cushion. Advanced spinal MRI techniques, such as time-
resolved MRA, has been utilized extensively in our institution to aid localiza-
tion of spinal dural arteriovenous fistulas (dAVFs), thereby reducing operative
times, radiation exposure, and contrast dosage during catheter angiography of
the segmental arteries.'® Finally, emergent MRI is frequently indicated to
assess pathologies associated with impending severe or permanent neurologic
injury, such as epidural abscess, cauda equine syndrome, and metastatic
tumors invading the epidural space.

Myelography

Despite the widespread use of MRI, CT-M still plays an important role in the
evaluation of spinal disease. It is the imaging study of choice when visualiza-
tion of spinal neural elements is necessary in patients unable to undergo MRI,
such as those with non-MRI compatible pacemaker or spinal cord stimulator
devices. Finally, the combined visualization of the vertebral column and under-
lying CSF space in a single image-space provides a particularly useful tool in
preoperative planning. These benefits, however, must be weighed against the
invasive nature of the procedure, as well as the inability to visualize beyond a
complete CSF block in the setting of severe spinal stenosis.
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18.3.3 Systemic
Ultrasonography

Ultrasound has become an essential tool for clinicians of nearly every specialty.
Its diagnostic uses in routine critical care settings include echocardiography,
deep venous thrombosis screening, acute arterial occlusion, carotid artery
stenosis, and intra-abdominal imaging (such as the focused assessment with
sonography in trauma [FAST]). Likewise, bedside ultrasound performed by the
intensivist is common for procedures such as arterial line/central venous line
placement, bedside volume assessment as well as thoracentesis and paracente-
sis. It is important for critical care clinicians to become comfortable with use of
the ultrasound probe (including radiographic conventions such as the orienta-
tion of the probe’s leading edge), and understand the sonographic qualities of
fluid versus solid tissue and artifacts related to interference from hyperechoic
bone and hypoechoic air signals.

Ultrasound-based transcranial Doppler (TCD) is a type of noninvasive ultra-
sound which measure blood flow velocity and direction from intracranial and
extracranial arteries. It plays an important role as a tool in evaluating cerebro-
vascular disease. It can be used to identify and follow intracranial stenosis,
intra-arterial emboli, or recanalization of vessel after thrombolytic therapy as
well as early detection of cerebral vasospasm following SAH. » Fig. 18.6 and
> Fig. 18.7 are examples of waveforms seen during the evaluation for vaso-
spasm with SAH. » Fig. 18.6 is a patient who has no evidence of vasospasm
while » Fig. 18.7 has moderate vasospasm based on the Lindegaard ratio noted
in » Table 18.7. TCDs are a recommended ancillary test for the diagnosis of
brain death.20 However, poor acoustic windows or insonable windows are
found in approximately 5 to 20% patients.2! In SAH, elevation in transcranial
velocities may occur 1 to 2 days before clinical findings. TCDs are reported as
the mean flow velocity (MFV) of both anterior and posterior intracranial ves-
sels (cm/s). A MFV of the MCA vessel of >200cm/s has a positive predictive
value of 86%.2! The Lindegaard ratio which the mean flow velocity in the MCA/
mean velocity in the ipsilateral extracranial internal carotid artery. It adjusts
for other causes of increased cerebral blood flow (anemia, fever, vasopressor
use, etc). The ratio has been correlated to angiographic vasospasm with or
without clinical symptoms or delayed cerebral ischemia (> Table 18.7). Our
institutional practice is to check TCDs twice a day on all SAH patients. We fol-
low the values listed in » Table 18.6 when screening for vasospasm.
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Fig. 18.6 B-Mode data from transcranial Doppler examination of a patient 7 days after
rupture of an anterior communicating artery aneurysm. The patient was found to have
elevated mean and peak velocities in bilateral anterior cerebral arteries.

Fig. 18.7 Trans-cranial Dopplers (TCDs) for patient with subarachnoid hemorrhage.
Elevated Lindegaard ratios: Right 4.74 and Left 4.44 indicating moderate vasospasm.
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Table 18.7 MFV, LR, and Vasospasm

MCA mean flow velocity Lindegaard ratio Significance

(cm]s)

<90 <3 Normal

90-120 <3 Hyperemia

120-150 3-4.5 Mild vasospasm
150-200 4.5-6 Moderate vasospasm
>200 >6 Severe vasospasm

Abbreviations: MCA, middle cerebral artery; MFV, mean flow velocity; LR, Lindegaard ratio.
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19 Ventilation Strategies in Neuro-ICU

Amandeep S. Dolla and M. Kamran Athar

19.1 Introduction

Mechanical ventilation has become the cornerstone of modern intensive care
unit (ICU) care. The term “ventilate” is derived from Latin word “ventus” mean-
ing wind. Its history dates back to biblical times.!% This chapter describes the
basic concept of positive pressure ventilation (PPV), the initial settings on a
ventilator, and various indications for initiating mechanical ventilation. We will
learn how to troubleshoot commonly encountered errors during mechanical
ventilation. Lastly, we will discuss the liberation strategies from mechanical
ventilation and various factors which can hamper vent liberation.

19.2 Respiratory Failure

It is not uncommon to find patients intubated in the neuro-intensive care unit
(neuro-ICU). There are multiple causes of respiratory failure usually broken up
into categories based on the system affected (> Table 19.1). The causes can be
broken up to categories (> Fig. 19.1):
There are two main types of respiratory failure:
o Type I: Hypoxic respiratory failure defined as PaO2 <60 mm Hg without
hypercapnia
o Type II: Hypercapnic respiratory failure defined as PaCO2 > 50 mm Hg

Some of the main causes of respiratory failure are listed in » Table 19.2.

19.2.1 Noninvasive Oxygenation and Ventilation

Not all patients with respiratory failure require mechanical ventilation. Many
patients can be successfully managed using supplemental oxygen. Nasal can-
nula, non-rebreathers, and Venturi masks are considered low-flow devices
with a limit of 15 Ipm. However, supplemental oxygen via nasal cannula or face
mask is limited by its flow rate, inability to provide humidity/heat, and deliv-
ery of O, will be lowered when mixed with inspired room air.3 The patient’s
tolerance will be impacted by these limitations and also by the method of
delivery, nasal cannula, or face mask. » Table 19.3 lists different methods of
oxygen delivery that can be utilized in the neuro-ICU.

Noninvasive systems to provide humidified high-flow oxygen or positive air-
way pressure ventilation are additional methods which can be utilized as a
bridge to intubation or post-extubation in the appropriate patient. Humidified
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Table 19.1 Causes of respiratory failure

Location Cause

CNS Brainstem stroke
Central hypoventilation
Drug overdose
Anoxic brain injury
Subarachnoid hemorrhage
Intracranial hemorrhage
Bulbar poliomyelitis

Meningitis
Encephalitis
Status epilepticus

Spinal cord Acute spinal cord injury

anterior horn cell Multiple sclerosis/transverse myelitis
Amyotrophic lateral sclerosis (ALS)
Poliomyelitis

Neuromuscular system Myasthenia gravis

motor nerves Guillain-Barré syndrome

muscle Neuromuscular blockade

Muscular dystrophy

Critical illness myopathy
Tetanus/botulism/toxins
Hypokalemia period paralysis

Thoracic cage and pleura Pneumothorax
Large pleural effusion
Pulmonary fibrosis
Flail chest
Morbid obesity
Kyphoscoliosis

Upper airway Vocal cord paralysis
Epiglottitis
Laryngotracheitis
Post-extubation airway edema
Tracheal obstruction
Obstructive sleep apnea

Lower airway Pneumonia
Asthma
Aspiration
ARDS
COPD
Atelectasis
Interstitial lung disease
Traumatic pulmonary contusion
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Table 19.1 (Continued) Causes of respiratory failure

Location Cause

Cardiovascular system Left ventricular failure
Biventricular failure
Valvular failure
Pulmonary embolism

Abbreviations: ARDS, acute respiratory distress syndrome; CNS, central nervous system;
COPD, chronic obstructive pulmonary disease.

PNS & NM|J g Upper airway
Chest bellows Thoracic cavity
— (muscles, bones, ‘ contents

daiphragm

bleura) (Heart & Lungs)

Fig. 19.1 Etiological categories of respiratory failure.

Table 19.2 Causes of type 1 and type 2 respiratory failure

Type 1 Causes Type 2 Causes
Hypoxic ¢ Inadequate oxy- Hypercapnic e Failure of the lungs to adequately
respiratory  genation without respiratory remove CO,
failure hypercapnia failure e Reduced respiratory drive due to
e Parenchymal dis- CNS depressants, brain or brain-
eases causing shunt stem lesions (stroke, trauma,
physiology (pain, tumors), hypothyroidism
edema, ARDS, ILD) e Increased drive to breathe due to
e Ventilation/perfu- increased metabolic rate (increased
sion mismatch CO, production), metabolic acido-
e Diffusion defects sis, anxiety associated with dyspnea
e Alveolar e Paralytic disorders (myasthenia
hypoventilation gravis, Guillain-Barré syndrome,
e Decreased inspired poliomyelitis, etc.)
oxygen e Paralytic drugs (curare, sarin/nerve
e Acute tissue gas, succinylcholine, insecticides)
hypoxia e Drugs that affect neuromuscular

transmission (calcium channel
blockers, long-term adrenocortico-
steroids, etc.)

Abbreviations: ARDS, acute respiratory distress syndrome; ILD, interstitial lung disease;
PNA.

287

EBSCChost - printed on 2/11/2023 10:56 PMvia . All use subject to https://ww.ebsco.conlterns-of-use



Ventilation Strategies in Neuro-ICU

Table 19.3 Methods of oxygen delivery, flow rate, and percentage of oxygen delivered

Device Flow rate Delivered O,
(in Ipm) (%)
Nasal cannula 1 21-24
2 25-28
3 29-32
4 33-36
5 37-40
6 41-44
Simple face mask 6-10 35-60
Face mask with O, reservoir (non-rebreather) 6 60
7 70
8 80
9 90
10-15 100
Venturi mask Blue 2 24
Flow rate depends on color-coded jet adapter ~ White 4 28
Orange 6 31
Yellow 8 35
Red 10 40
Green 15 60

high-flow devices provide a mechanism to deliver O, flow up to 60 Ipm
depending on the device, thereby increasing the FiO, to nearly 100%. The flow
rate can be set to match the severity of the patient’s respiratory distress/inspi-
ratory demand.*

Benefits from humidified high-flow nasal cannula:
e Improve oxygenation
e Improve ventilation
¢ Decrease work of breathing
¢ Improve tachypnea
e Can provide positive airway pressure in the pharynx of up to 8 cm H,0.4

CPAP—continuous positive airway pressure
BiPAP—provides inspiratory and expiratory pressure
Venturi mask—constant flow of oxygen through various port size
HHFNC—Humidified High-Flow Nasal Cannula: Allows for high-flow oxygen of
up to 60 L/minute to be given via nasal cannula.
Problems:
e Air leak from poor seal
e Pressure sores
e Mucosal dryness
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o Sensitivity of front teeth
e Claustrophobia

Not all patients are suitable for noninvasive ventilation (NIV). Patients who
have a poor mental status, bulbar weakness, and hemiplegia/paresis are unable
to clear secretions or have copious secretions, and facial fracture/deformity
have a higher risk of aspiration and NIV may be contraindicated.

19.2.2 Invasive Mechanical Ventilation

Indications for Initiating Mechanical Ventilation

Roughly 5% of oxygen (VO,) is utilized for work of breathing.> In a critically ill
patient this may rise to more than 20%.> Invasive mechanical ventilation elimi-
nates the metabolic cost of breathing.
e Type I respiratory failure with Pa0O2 <60 mm Hg with FiO, > 50%
o Type Il respiratory failure with PaCO2 > 55 mm Hg with progressive acidosis
e Progressive acidosis, pH<7.3
* Hyperventilation for a central nervous system (CNS) event (to rapidly reduce
intracranial pressure)
o Tachypnea, paradoxical breathing, and use of accessory muscles
e Upper airway obstruction
o Glasgow coma score<8
e Bulbar weakness or inability to clear oral secretions
o Weakness of neck flexor/extensors
o Failure of noninvasive methods of oxygenation and ventilation
¢ Ventilatory mechanics:
o Vital capacity: < 15 mL/kg
o Negative inspiratory force <-20 cm H,0
o Respiratory rate >35 bpm

Basic Ventilator Parameters

e Fractional concentration of inspired oxygen delivered (FiO,): Expressed as a
percentage (%) (21-100). The goal is to keep the FiO, below 50% as much as
possible
o Desired FiO, = PaO, (desired) x FiO, (known)/PaO; (known)&7

¢ Respiratory rate (f): The number of times inspiration is initiated in 1 minute
(breaths per minute or bpm).

¢ Tidal volume (V7): The amount of gas that is delivered during inspiration
expressed in milliliters (mL) or liters (L). Inspired or exhaled.

o Flow: The velocity of gas flow or volume of gas per minute. Typical flow rate
is 60 L/minute (40-80 L/minute). Minimum flow of at least two times the
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Fig. 19.2 Flow patterns. Modified from Pontoppidan H, Geffin B, Lowenstein E. Acute
respiratory failure in the adult. 3. N Engl | Med. 1972;287.

minute ventilation volume is required. High-flow rate may increase the risk
of alveolar rupture.

¢ Flow pattern: Selection of flow pattern (> Fig. 19.2) and rate may depend on
the patient’s lung condition. Most common flow pattern is descending ramp.
Studies have shown that it improves the distribution of gas in the lungs,
reduces dead space, and increases oxygenation by increasing mean and pla-
teau airway pressures.

e Sensitivity setting: Sensitivity is normally set so that patients can easily flow
or pressure-trigger a breath.
o Flow triggering is set in a range of 1 to 10 L/minute below the base flow,

depending on the ventilator.

o Pressure sensitivity is commonly set between -1 and -2 cm H,0.

Flow triggering is now the preferred method of triggering, because it has a

faster response time compared with pressure triggering.

e Extrinsic positive end-expiratory pressure (PEEP): It is the application of
positive pressure at end exhalation. This prevents pressure from returning to
zero, or atmospheric, at the end of the breath. When positive pressure is
applied at the end of a mechanical breath, it is referred to as extrinsic PEEP.
When positive pressure is applied throughout the spontaneous breathing
cycle, it is referred to as CPAP, or continuous positive airway pressure. It
increases functional residual capacity (FRC) and improves oxygenation. It
recruits collapsed alveoli, splints and distends patent alveoli, and redistrib-
utes lung fluid from alveoli to perivascular space.
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o Intrinsic PEEP or Auto-PEEP: It is a complication of positive pressure venti-
lation in which air is accidentally trapped in the lung. This occurs in three
situations:8
o Strong active expiration, often with normal or even with low lung volumes;

e.g., Valsalva maneuver.

o High minute ventilation (> 20 L/minute) where expiration time is too short
to allow full exhalation or when expiration is inhibited by resistance exter-
nal to the patient such as a partially obstructed expiratory filter.

o Expiratory air flow limitation due to increased airway resistance, as may
occur in patients with chronic obstructive pulmonary disease (COPD) on
mechanical ventilation or with small endotracheal (ET) tubes.

- It is measured by doing inspiratory pause and then subtracting extrinsic
PEEP from total PEEP.

19.2.3 Basic Principles of Mechanical Ventilation

e Gas is pumped in during inspiration (Ti) and the patient passively exhales
during expiration (Te). The sum of Ti and Te is the respiratory cycle or
“breath.”

(PIP=peak inspiratory pressure, PEEP=positive end-expiratory pressure,

Ti=time for inspiration, Te = time for expiration)

e Each ventilatory cycle can be divided into two phases: Inspiration is the point
at which exhalation valve closes and fresh gas enters the chest. The amount
of gas delivered during inspiration is limited by three parameters that can be
set in the ventilator?:

o Volume
o Pressure and/or
o Flow

e Cycling®: Changeover from the end of inspiration to the second phase —
expiration. Cycling can occur in response to elapsed time, delivered volume,
or a decrease in flow rates. Expiration begins when the gas flow from the
ventilator is stopped and exhalation circuit is opened to allow gas to escape
from the lungs.

e Triggering®: Changeover from expiration to inspiration. All ventilators
require some signal from the patient to determine when inspiration should
begin. Triggering signal results when patient’s inspiratory effort produces a
drop in airway pressure or diversion of a constant gas flow in ventilator
circuitry.

In the absence of patient’s interaction with the ventilator, breaths are delivered

based on elapsed time (time triggering).
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19.2.4 Modes of Ventilation10:11.12.13

The breath type and pattern of breath delivery during mechanical ventilation con-

stitute the mode of ventilation. The mode is determined by the following factors

e Type of breath (mandatory, spontaneous, assisted)

¢ Targeted control variable (volume/flow or pressure)

e Timing of breath delivery (continuous mandatory ventilation [CMV], syn-
chronized intermittent mandatory ventilation [SIMV], or spontaneous)

Type of Breath

e Mandatory breaths are breaths for which the ventilator controls the timing
or tidal volume (or both).

¢ Spontaneous breaths are controlled by patient in terms of timing and the
tidal volume. The volume or pressure (or both) delivered is based on patient’s
demand, and the patient’s lung compliance and not on a set value.

e Assisted breaths have characteristics of both mandatory and spontaneous
breaths. In an assisted breath, all or part of the breath is generated by the ven-
tilator, which does a part of the work of breathing for the patient. If the airway
pressure rises above baseline during inspiration, the breath is assisted.

Targeted Control Variable
Volume/Flow-Targeted Ventilation

In volume-targeted ventilation, the volume provided is constant and indepen-

dent of what happens to pressure when the patient’s lung compliance changes

or when the patient’s effort changes.

¢ The main advantage of volume-targeted ventilation is that it guarantees a
specific volume delivery regardless of changes in lung compliance and resis-
tance or patient’s effort.

¢ Volume-targeted ventilation is used when the goal is to maintain a certain
level of PaCO2.

¢ The main disadvantage becomes evident when the lung compliance worsens.
This can cause the peak and alveolar pressures to rise, leading to alveolar
over distention.

¢ The controls for setting volume-targeted ventilation usually are tidal volume,
respiratory rate, inspiratory flow, and a flow pattern.

Pressure-Targeted Ventilation

It allows the clinician to set pressure as an independent variable, that is, the
pressure remains constant whereas volume delivery (the dependent variable)
changes as lung compliance changes.
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o Pressure-targeted ventilation has several advantages.
o First, it allows the clinician to set a maximum pressure, which reduces the
risk of overdistention of the lungs by limiting the pressure put on the lung.
o Second, the ventilator delivers a descending flow which spares more nor-
mal areas of the lungs from overinflation.
o It also may be more comfortable for patients who can breathe
spontaneously.
¢ Disadvantages of pressure-ventilation include: Volume delivery varies, so VT
and VE can decrease when lung compliance deteriorates.

» Fig. 19.3 compares volume/flow-versus pressure-targeted wave forms.

Timing of Breath Delivery

¢ Continuous mandatory ventilation (CMV): All breaths are mandatory and
can be volume or pressure targeted. Breaths also can be patient triggered or
time triggered. When they are patient triggered, the CMV mode sometimes
is called assist/control (A/C). When they are time triggered, the CMV mode is
called controlled ventilation or the control mode.

Flow controller
Controlled breath Assisted breath Controlled breath Assisted breath
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Fig. 19.3 Flow and volume tracings during pressure-controlled ventilation (PCV, left
panel of curves) and during flow/Volume-controlled ventilation (VCV, right panel of
curves). Reproduced with permission from Pressure-Controlled and Inverse-Ratio
Ventilation, Tobin M]. Chapter 9. Principles and Practice of Mechanical Ventilation, 3e; The
McGraw-Hill Companies, 2013.
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¢ In the control mode, the patient usually makes no spontaneous effort. The
only difference between control and assist/control is the trigger; the control
mode is time triggered, whereas the A/C mode can be either patient triggered,
or time triggered.

¢ Intermittent mandatory ventilation (IMV) and SIMV: In IMV, periodic vol-
ume or pressure-targeted breaths occur at set intervals (time triggering).
Between mandatory breaths, the patient breathes spontaneously at any
desired baseline pressure without receiving a mandatory breath.

Spontaneous Modes

The two basic means of providing support for continuous spontaneous breath-

ing (CSV) during mechanical ventilation are:

¢ Spontaneous breathing: Patients can breathe spontaneously through a ven-
tilator circuit; this is sometimes called a T-piece method.

¢ Pressure support ventilation (PSV): It is a special form of assisted ventila-
tion. For PSV, the patient must have a consistent and reliable spontaneous
respiratory pattern. The ventilator provides a constant pressure during inspi-
ration once it senses that the patient has inspiratory effort.

o The operator sets the inspiratory pressure, PEEP, and sensitivity level. The
patient establishes the rate, inspiratory flow, and T; (time for inspiration).
PSV is always in assist mode (patient triggered). The flow curve resembles a
descending ramp, and the patient can vary the inspiratory flow on demand.

o PS breath is patient triggered, pressure limited, and flow cycled. The
machine senses a decrease in flow and determines that inspiration is end-
ing. The decrease in flow corresponds to the decrease in the pressure gra-
dient between the mouth and lungs as the lungs fill.

19.2.5 Initial Ventilator Settings

Determining pressure, tidal volume, respiratory frequency, and minute ventila-
tion for volume and pressure ventilation.

For Volume-Targeted Ventilation

Minute Ventilation (V)

Vg for a male =4 x BSA
Vg for a female =3.5 x BSA
Estimate Free Water deficit: = Current TBW x ([Serum Na /140] -1)

Tidal Volume (V1)1®
Minimum of 4 mL/kg of IBW
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Maximum of 12 mL/kg of IBW. IBW, where IBW =ideal body weight.
For calculating IBW:16.17

Men: 50 kg +2.3 kg/each inch over 5 feet
Women: 45.5 kg + 2.3 kg/each inch over 5 feet
(To convert to Ibs, multiply by 2.2).

Keep alveolar pressure <30 cm H,0 (assumes thoracic compliance is normal)

Respiratory Frequency (f)
f=VE/V

19.2.6 For Pressure Ventilation
Pressure Support Ventilation (PSV)

To overcome system resistance in the spontaneous or IMV/SIMV mode, set
pressure at peak inspitratory pressure (PIP)—plateau achieved in a volume
breath or at 5 to 10cm H;0.1° To provide ventilatory support, set pressure to
achieve a target Vr as described for volume-targeted ventilation.

Pressure-Targeted Ventilation

Set pressure to achieve VT as described for VV. Set frequency to achieve same
VE.

f=Vg /Vr

Set inspiratory percentage to achieve an I/E ratio of greater than or equal to
1:1.5

19.2.7 Common Ventilator Problems
See » Table 19.4.

19.2.8 Weaning from Ventilator

See » Table 19.5 for parameters that predict successful weaning from mechani-
cal ventilation.

19.2.9 WHEANS NOT Mnemonic18

For assessing various issue which can making weaning difficult:
o W—wheeze (especially COPD and asthma)
o H—heart disease and fluid overload
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Table 19.4 Common ventilator problems and their possible causes

Problem

High peak and plateau
pressures

Increased difference in
peak and plateau
pressure

Auto-PEEP

Low exhaled volume

Increased respiratory
rate

High exhaled volume

High minute ventilation

Possible causes

Pulmonary edema, consolidation, atelectasis, mainstem
intubation, tension pneumothorax, chest wall constriction

Bronchospasm, secretions, inspiratory circuit obstruction

Insufficient flow rate or expiratory time, expiratory circuit
obstruction, AC circuit with agitated patient

Circuit or cuff leak, insufficient flow rate, bronchopleural fistula

Change in clinical status, low tidal volume, insufficient flow rate
or set ventilator rate

In-line nebulizer therapy

Hyperventilation (central, agitation, wrong ventilator settings),
hypermetabolism (increased CO, production, excess caloric
intake, sepsis, fever, seizures), inefficient ventilation (increased
dead space due to COPD, PE, ARDS, or auto-PEEP)

Abbreviations: ARDS, acute respiratory distress syndrome; auto-PEEP, auto-positive end-
expiratory pressure; COPD, chronic obstructive pulmonary disease; PE, pulmonary

embolism.

Table 19.5 Predictors of successful weaning from mechanical ventilation

Parameters

Assessment

Resolution of primary process

Oxygenation
Ventilation

Ventilatory drive

Ventilatory muscle strength

Breathing pattern

Clear respiratory tract secretions

Patency of airway

Electrolytes
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pO2>80 on Fi0,<0.40
Vg<10-15L/min for PCO2 =40 mm Hg
Spontaneous respiratory rate>10 bpm and <20 bpm

Vc>10mL/kg (Vc=Vital Capacity)
NIF>neg 20-25cm H,0
V1>5mL/kg

RR/V1<100 (during spontaneous breathing)

Adequate cough reflex, frequency, and amount of
suctioning required

Air leak around cuff when deflated

K, Ca, Mg, and Phos are within normal values
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e E—electrolytes and metabolic derangement
e A—anxiety and delirium

e N—neuromuscular disease and weakness

e S—sepsis

e N—nutrition insufficiency

e O—opiates and other sedatives

e T—thyroid disease

19.2.10 Extubation Procedure

o Explain procedure to the patient.

¢ Prepare equipment: laryngoscope, ET tube, bag-mask-valve system with O,
hook-up, wall suction with Yankauer extension, and 10 mL syringe.

e Suction ET tube inside and around top of cuff.

e Instruct patient to take deep breath.

¢ Deflate cuff.

o Withdraw ET tube as patient exhales.

¢ Support patient with aerosol mask (FiO, of 10% over previous settings).

o Monitor respiratory rate and SaO2. Encourage incentive spirometry and
coughing.
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