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Foreword

Critically ill surgical patients are a diverse lot. So too are the maladies that befall them, or may
if not prevented. Such patients may have widely divergent patterns of injury, or immunosup-
pression from injury, transfusion, neoplastic disease, or therapy (e.g., glucocorticoids, solid
organ transplantation). Critically ill surgical patients have diverse (abnormal) physiology and
responsiveness to stress, especially at the extremes of age. Elderly patients, in particular, have
senescent immunity and impaired wound healing, and may have cardiovascular disease or
diabetes mellitus that may impair responsiveness to injury-related stress, or disorders of mobil-
ity that may impede recovery.

Despite this diversity, there are crucial commonalities among the disease states of critically
ill surgical patients and the care provided to them. Acute care surgery (trauma, emergency
general surgery, surgical critical care) is inherently invasive. Incisions, percutaneous interven-
tions, and physiologic monitoring catheters all breach epithelial barriers that protect the host
against invasion by pathogens, posing incremental risk to a vulnerable population. Many
patients require several such interventions, often in short order. Nosocomial infection is an
ever-present risk, which in turn has been associated with increased risk of morbidity and mor-
tality related to multiple organ dysfunction syndrome. The human and financial burdens are
enormous, and survivors of complicated ICU courses may need months or years to achieve full
functional recovery and return to productive society, if ever.

That the most unstable, at-risk patients often need the most aggressive, invasive care to achieve
favorable outcomes is the great paradox of critical surgical illness. Great expertise is needed to
restore homeostasis while also preventing the next potential complication. The experienced acute
care surgeon must be facile and adroit with normal and pathologic anatomy, physiology, bio-
chemistry, pharmacology, and immunology, and must possess the requisite technical skill to
intervene effectively while not placing the patient at further risk. Knowledge of monitors, devices,
medical imaging, and biomaterials requires familiarity with biomedical engineering. Proficiency
with rehabilitation medicine, medical ethics, communication skills, and team building serves to
keep information flowing to facilitate effective functioning of the team of physicians, nurses,
therapists, nutritionists, dieticians, and family members that is integral to the decision making
necessary for the successful outcome of every single patient. Some patients may be unable to
recover; they too must be treated with skill and compassion in their time remaining.

Across the intensive care unit, complex integration of pathophysiology and therapy to bal-
ance risk and benefit must occur continuously and in parallel for multiple issues in several
patients, and must often be accompanied or followed by decisive interventions. There is no
substitute for experience, especially in that computerized decision support systems and artifi-
cial intelligence engines remain in their infancy.

This volume is directed appropriately and suited especially to medical students, surgery
residents, and fellows in acute care surgery or surgical critical care. Described herein are all of
the common maladies that may require surgical critical care, and the complications that may
develop. Described are procedures that may be indicated in daily practice in the surgical
intensive care unit or the trauma bay. It is hoped that the readership will be guided and inspired
to master these “pearls of wisdom” and techniques, and to incorporate them into their own
practices.
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Foreword

Much more than just a “how-to” manual, disease-state information is provided herein to
orient the reader to the appropriate use of interventions. Mastery of these techniques combined
with command of a vast body of knowledge is needed to practice acute care surgery effectively
and safely.

Philip S. Barie, MD, MBA, Master CCM, FIDSA, FACS
Professor of Surgery

Professor of Public Health in Medicine

Weill Cornell Medicine, Attending Surgeon

Chief, Preston A. (Pep) Wade Acute Care Surgery Service
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Foreword

As the volume and complexity of available information appropriate for intensivists explode,
the bedside clinician would benefit from a structure from which to evaluate that information.
Accordingly, this work is designed to provide the underpinnings upon which we all rely while
providing bedside care, didactic education, or family counseling. Trainees, fellows, and attend-
ing staff alike will find an easily digestible exploration of relevant topics spanning from nutri-
tion support to advanced ventilation: from antimicrobial stewardship to palliative care. This
textbook is timely and incorporates current information to provide clinicians, regardless of
parent training discipline, the key data needed to provide high value and high quality bedside
care. The authorship reflects a multi-professional approach to education in deliberate parallel
to the multi-professional fashion in which we help patients, families and each other navigate
the complexity of critical illness. In this fashion, Drs. Martin and Kaplan have infused their
text with the dedication, passion, and sensitivity that drew them and each of us to the ICU to
serve the critically ill and injured to the very best of our abilities.

Patrick M. Reilly, MD, FACS

Professor of Surgery and Chief

Division of Traumatology, Surgical Critical Care, and Emergency Surgery
University of Pennsylvania, Perelman School of Medicine

Philadelphia, PA, USA
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Preface

This 1st edition textbook Principles of Adult Surgical Critical Care is intended to fill the litera-
ture gap that exists between standard medical critical care and the surgical complexities that
coincide with critical illness. In the past decade, the value of surgical critical care has been
realized in practices throughout the world, resulting in an influx of practitioners and trainees,
all with a need for an advanced yet concise source of current information.

This textbook is focused on practitioners embarking on the final stages of training as well
as those maintaining or expanding their existing clinical skillset. It therefore is not a basic text,
but instead assumes a working knowledge of the underpinnings of critical care. Our format
embraces evidence-based topic reviews focused on the care of the critically ill or injured surgi-
cal patient.

Reflecting the multi-professional nature of our bedside teams for optimal care, the contents
target multiple practitioner domains across the critical care continuum. As a result, the chapter
authors have included subject matter designed to comprehensively expand the reader’s knowl-
edge base for immediate bedside use, as well as objective test preparation.

For ease of use, this textbook is organized by organ systems, special populations, and per-
tinent topic sections. Each section contains several chapters addressing relevant disorders and
monitoring and treatment modalities, as well as outcomes. Chapter authors have been person-
ally selected based on national or international acclaim within their respective areas of exper-
tise. As editors, we humbly offer thanks for the innumerable hours our authors have spent in
preparation and refinement of their work. Without their efforts, this comprehensive volume
would only be a dream instead of the learning tool we envision.

Finally, we would like to dedicate this textbook to all those in the final stages of training
who are preparing to embark on a rewarding career caring for critically ill and injured patients.
On a personal note, we are deeply indebted to our families for supporting us through the count-
less hours we devoted to this book on top of the hours we spent at the bedside — just like each
of you do on a daily basis.

Philadelphia, PA, USA Niels D. Martin, MD, FACS, FCCM
Philadelphia, PA, USA Lewis J. Kaplan, MD, FACS, FCCM, FCCP
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Pain, Agitation, Delirium,
and Immobility in the ICU

Juliane Jablonski

Introduction

Historically in critical care practice, patients were deeply
sedated while receiving mechanical ventilation. This prac-
tice developed as a necessary need for patients to maintain
synchrony with older versions of mechanical ventilators [1].
Along with significant technological advancements in respi-
ratory therapy, a discriminatory approach is prudent in deter-
mining when critically ill patients have a clinical indication
for continuous, deep sedation, such as refractory intracranial
hypertension or certain types of severe acute respiratory fail-
ure. Sedation requirements can vary between patients
depending on clinical circumstances; however, targeting
lighter levels of sedation has been shown to lead to better
patient outcomes [2—7].

Current pain, agitation, and delirium (PAD) evidence-
based guidelines from the Society of Critical Care Medicine
(SCCM) direct the practice of targeted “light” sedation,
incorporating an analgesia-first approach, spontaneous
awakening trials, the judicious use of non-benzodiazepine
sedatives for symptoms refractory to analgesia, and non-
pharmacologic means to alleviate discomfort and minimize
delirium [7]. Translating evidence into daily practice can be
challenging. Using patient-centered approaches that aim to
empower patients and their surrogates to express their symp-
toms more precisely, the potential exists to simultaneously
relieve unintentional suffering and improve ICU outcomes.
The Institute for Healthcare (IHI) developed the concept of
practice bundles to help providers deliver the best care for
patients. Bundles are small, straightforward sets of evidence-
based practices, when performed collectively and reliably
have been shown to improve patient outcomes. Past exam-
ples include central line insertion and ventilator bundles [8].

J. Jablonski, DNP, RN, CCRN, CCNS

Surgical Critical Care, Hospital of the University of Pennsylvania,
Philadelphia, PA 19104, USA

e-mail: Juliane.Jablonski @uphs.upenn.edu
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The “ABCDEF bundle” is a mnemonic for a structure that
can be used to operationalize the SCCM PAD guidelines into
clinical practice (see Table 1.1). The ABCDEF bundle is evi-
dence based and aimed to promote the best patient outcomes
[9, 10]. The “A” is to assess, prevent, and manage pain first.
The “B” represents coordination of spontaneous awakening
trials and spontaneous breathing trials. The “C” is for appro-
priate choice and titration of sedation and analgesia. The “D”
is for the assessment, prevention, and management of delir-
ium. The “E” is for early mobility and exercise. The “F” is
for family engagement and empowerment. Each concept has
a scientific background that will be discussed in detail
throughout this chapter.

Research Background

Thomas Petty, a research pioneer in pulmonary medicine,
and past president of the American College of Physicians,
wrote in a 1998 article entitled Suspended life or extending
death, “what I see these days are paralyzed, sedated patients,
lying without motion, appearing to be dead except for moni-
tors that tell me otherwise” [11]. This quote represents Dr.
Petty’s recognition and intellectual inquiry of critical care
practice that enhances deep sedation and prolonged bed rest.
At the same time, research by Kollef et al. [12] showed an
association of continuous sedative infusions with prolonga-
tion of mechanical ventilation [12]. This study set the foun-
dation for a multitude of high-quality randomized controlled
trials that continue to lead current practice changes in the
management of pain, agitation, and delirium in critically ill
patients.

Kress et al. [2] conducted the landmark randomized con-
trolled trial that investigated the effects of decreased sedative
use in 128 medical ICU patients and the first experimental
research design to study an intervention called a “spontane-
ous awakening trial” [2]. The intervention required the spon-
taneous stopping of all continuous sedative infusions
autonomously by the clinical nurse, once a day, to evaluate

N.D. Martin, L.J. Kaplan (eds.), Principles of Adult Surgical Critical Care, DOI 10.1007/978-3-319-33341-0_1
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Table 1.1 Society of Critical Care Medicine: ABCDEF bundle

A Assess prevent and manage pain

B Both spontaneous awakening trials and spontaneous breathing trials to achieve light sedation levels and weaning from mechanical

ventilation

Choice of analgesia and sedation

Delirium assessment, prevention, and management
Early mobility and exercise

o g 0

Family engagement and empowerment

the patient’s need for continued infusion of sedatives. If the
patient did not tolerate the removal of sedation as evident by
hemodynamic instability, or extreme agitation with risk to
safety, then the medication was restarted at half the previous
dose. In this trial the use of spontaneous awakening trials
was shown to decrease cumulative doses of sedative medica-
tions, which resulted in 2.4 days less of mechanical ventila-
tion and 3.5 days less in ICU length of stay. Unplanned
extubations (i.e., premature removal of device) were the
same in each study group.

In follow-up to the Kress et al. [2] study, Girard et al. [3]
conducted a randomized controlled trial that combined the
coordinated interventions of “spontaneous awakening trials”
and “spontaneous breathing trials”. All continuous sedatives
were stopped once a day, and the patients were trialed on
minimal ventilator support using “pressure support” to assess
for breathing effort and efficiency [3]. This study is well
known as the ABC wake-up and breathe trial because the
“A” represents spontaneous awakening trials, the “B” repre-
sents spontaneous breathing trials, and the “C” represents the
coordination of the interventions. Similar to results shown by
Kress et al. [2], this study showed less cumulative use of ben-
zodiazepines, 3.1 higher ventilator-free days, and a 4-day
decrease in ICU length of stay in patients who received the
intervention. There were more patients in the intervention
group with unplanned extubations. The number of patients
who required re-intubation, however, was similar between
groups suggesting that the patients with unplanned extuba-
tions may have had a delay in assessment for earlier removal
of the endotracheal tube.

In 2009, Schweickert et al. studied the connection between
sedation, delirium, and immobility in ICU mechanically
ventilated patients [4]. This was a multicenter, randomized
controlled study that evaluated the use of spontaneous awak-
ening trials, spontaneous breathing trials, and the outcomes
of aggressive early physical activity of mechanically venti-
lated ICU patients. Patients with aggressive therapy received
physical and occupational therapy 1.5 days after starting
mechanical ventilation treatment. The control group received
the standard physical and occupational therapy that started
7.4 days after starting mechanical ventilation treatment.
Patients in the intervention group had 2 days less of delirium
and 2.7 days less of mechanical ventilation. No unplanned
extubations were encountered in this study. Fifty-nine per-

cent of patients in the intervention group compared with
35% in the control group returned to their baseline func-
tional status at hospital discharge. The authors concluded
that sedative-induced immobility is a preventable contributor
to ICU-acquired weaknesses.

Analgo-sedation is a strategy of using only pain medica-
tion for sedation, without benzodiazepines, to provide com-
fort for mechanically ventilated patients. In 2010, Strom
et al. conducted a randomized controlled trial evaluating the
effect of a “no-sedation” ICU protocol [5]. This was the first
trial to compare the use of intermittent opioid and short-
acting hypnotic agents in a benzodiazepine-free sedation
protocol. The control group received continuous short-acting
hypnotic agents followed by continuous infusions of benzo-
diazepines and intermittent morphine. The no-benzodiazepine
group had 4.2 more ventilator-free days, 9.7 fewer ICU days,
and 24 fewer total hospital days. There was no difference in
unplanned extubations between groups. In this study, addi-
tional resource persons acted as patient sitters and were used
throughout the study for providing comfort to the patients
and may have served as medical monitors to trigger nursing
intervention.

In 2012, a randomized controlled trial compared the use
of a sedation protocol with spontaneous awakening trials to a
control group without the use of spontaneous awakening tri-
als [6]. The intervention group received less benzodiazepines
and opioids, but the overall results show no difference in
days of mechanical ventilation, rates of delirium, or length of
ICU stay. There was no significant difference in unplanned
extubation rates between groups. A subgroup analysis of the
trauma and surgical population resulted in an average of
7 days less on mechanical ventilation. A significant weak-
ness in the study is that the stated adherence to the sedation
protocol with spontaneous awakening trials was only 72 %.
An important clinical finding from the study was that
although spontaneous awakening trials were not strictly
adhered to, a focus on a structured process for sedation
choice in the ICU resulted in lower cumulative amounts of
sedative in both patient groups.

Augustus and Ho [13] published a review of randomized
controlled trials comparing a practice that uses continuous
sedative infusions combined with daily spontaneous awaken-
ing trials to a practice that uses continuous sedative infusions
and a physician-driven daily decreases in the sedative infu-



1 Pain, Agitation, Delirium, and Immobility in the ICU

sions as desired. The review includes five studies and a total
of 699 patients in the meta-analysis [13]. The summary of the
meta-analysis concludes there are similar reductions in cumu-
lative sedative exposure, and no significant difference in the
ventilator days, or ICU length of stay between the groups. In
conclusion, either interventions of using spontaneous awak-
ening trials or targeted light sedation strategies are shown to
reduce sedative exposure and therefore may reduce the com-
plications of the cumulative effects of oversedation.

The challenge of any practice protocol is translation
within the clinical setting. National survey data have demon-
strated that many providers identify the availability of prac-
tice guidelines and sedation protocols within their institutions
but self-report challenges of low adherence, inconsistent use
of ICU assessment tools, and gaps in communication
between caregivers [1, 14]. Only 60 % of critical care units in
the USA report instituting a protocol for sedation and anal-
gesia, and those with protocols self-report variable compli-
ance [15, 16].

One example of a descriptive study includes the distribu-
tion of surveys to 41 North American hospitals and the
American Thoracic Society e-mail database [17]. Eighty-
eight percent of hospitals report using validated sedation
assessment tools, and only 50% use validated delirium
screening tools. Research shows that despite the reported use
of validated sedation tools, clinicians typically prescribe tar-
get sedation levels only 24.9 % of the time, and only 34.7 %
of the patients actually met the prescribed target [17, 18].
Physician and nursing assessment behaviors interestingly
show that even when patients are minimally arousable, these
patients are being judged as oversedated only 2.6 % of the
time [18]. Personal beliefs about adequate sedation have
been described to effect actual provider choices in medica-
tion and the desired level of sedation of the mechanically
ventilated patients [14, 19-21].

Pain, Agitation, and Delirium Assessment
Scales

Valid and reliable tools are recommended for the evaluation
of pain, agitation, and delirium [7]. Multiple research proto-
cols using validated pain and sedation scales with targeted
“light levels” of sedation have been shown to maintain
patient comfort while decreasing practice variation and
cumulative sedative exposure [22-24]. Using assessment
tools decreases subjective evaluation and allows for an objec-
tive framework when assessing pain, agitation, and delirium.
The use of a common language allows for providers to pro-
mote goal-directed therapy. Similar to titrating medications
for blood pressure and mean arterial blood pressure (MAP)
goals, valid and reliable tools for pain, agitation, and delir-
ium should guide pharmacologic treatment parameters.

Pain

Adult ICU patients routinely experience pain not only related
to surgical procedures but during routine nursing care and at
rest [25-27]. All healthcare professionals should be patient
advocates for effective pain control. The “A” in the ABCDEF
bundle exemplifies the importance of prioritizing pain man-
agement for all critically ill patients. For patients with a deep
level of sedation, assessment for pain and delirium is limited,
leading to a potential delay in recognition and treatment [1,
28, 29]. This is important because unrecognized, uncon-
trolled pain has been shown to be a risk factor for the devel-
opment of delirium, and both early ICU deep sedation levels
and delirium have been shown to be predictors of mortality
[29-31].

Vital signs should not be used alone as an indicator of
pain but are a cue to continue with an in-depth evaluation
[27, 32]. Because pain is subjective by nature, patient self-
report of pain level using a numeric pain score (NPS) is con-
sidered the gold standard of practice. When patients are
unable to self-report pain, the most valid and reliable behav-
ioral scales for monitoring of pain are the Critical Care Pain
Observation Tool (CPOT) and the Behavioral Pain Score
(BPS) (see Tables 1.2 and 1.3). According to the SCCM
PAD guidelines, the CPOT and the BPS have good inter-
rater reliability, discriminant validity, and criterion validity
when evaluated against four other pain scales. A CPOT
score of greater than two has a sensitivity of 86 % and speci-
ficity of 78 % for predicting the presence of pain [32]. A
BPS of greater than 5 is the score indicative of the presence
of pain [33].

Opioids are a mainstay of treatment for pain in critical care
[17]. A variety of medications may be used as alternatives or
adjuncts to opioid administration. Some examples include
nonsteroidal anti-inflammatory drugs, acetaminophen, or
anticonvulsants [25]. Non-pharmacological complimentary

Table 1.2 Behavioral Pain Scale (BPS); range 0-12, goal <5

Items Description Score
Facial expression Relaxed 1
Partially tightened (eyelids lowered) 2
Fully tightened (eyelid closing) 3
Grimace 4
Upper limbs No movement 1
Partially bent 2
Fully bent with finger flexion 3
Permanently retracted 4
Compliance with ~ Tolerating movement 1
mechanical Coughing but mostly tolerating 2
ventilation ventilation
Fighting ventilator 3
Unable to control ventilation 4

Reproduced with permission from Payen et al. [33]
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interventions may include music or relaxation therapies; pet
therapy, massage, acupressure, acupuncture, and aromather-
apy are underexplored in the ICU by comparison.

Agitation-Sedation

Providers commonly use the word “agitation” to describe
hyperactive patient behaviors [34]. Synonyms include
disquiet and unrest. In the ICU, “agitation” covers a
broad range of patient signs and symptoms from mildly
restless behavior to dangerously thrashing about in the

Table 1.3 Components of the Critical Care Pain Observation Tool
(CPOT); range 0-8, goal <3

Indicator Score

Facial expression Relaxed, neutral = 0
Tense = 1
Grimacing = 2
Body movements Absence of movements = 0
Protection = 1

Restlessness =2

Relaxed = 0

Tense, rigid = 1

Muscle tension
Evaluated by passive
flexion and e)ft_ension of Very tense or rigid = 2
upper extremities
Compliance with the
ventilator (intubated

patients)

Tolerating ventilator or movement = 0
Coughing but tolerating = 1

Fighting ventilator = 2

Vocalization (extubated
patients)

Talking in normal tone or no sound = 0
Sighing, moaning = 1

Crying out, sobbing = 2

Modified from Gelinas and Johnston [27]

Table 1.4 Comparison of the RASS and the SAS

Richmond Agitation-Sedation Scale (RASS) [35]

Agitation (4) Combative, violent, immediate danger to self

(3) Very agitated pulls to remove tubes or catheters; aggressive

(2) Agitated frequent non-purposeful movement, fights ventilator
(1) Restless anxious, apprehensive, movements not aggressive

Awake and calm  (0) Spontaneously pays attention to caregiver
(—1) Drowsy but sustained eye contact >10 s

Sedation
<10s

(—=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 stimulus
(=5) Unarousable
No response to voice or physical stimulus

(—2) Light sedation briefly awakens to voice (eyes open and contact

bed. It is important to adopt a standard validated tool for
assessing a patient’s level of agitation and sedation. This
will allow for a common taxonomy when describing
patient behavior and assist in developing an appropriate
treatment plan.

The Richmond Agitation-Sedation Scale (RASS) [35]
and the Riker Sedation-Agitation Scale (SAS) [36-38] are
considered the most valid and reliable scales for assessing
quality and depth of sedation in ICU patients (Table 1.4).
According to the SCCM PAD guidelines, the RASS and the
SAS yield the highest psychometric scores when reviewed
against eight other subjective sedation scales reported in the
literature [7]. Psychometric scores are based upon content
validation, inter-rater reliability, discriminant validation,
feasibility and directive of use, and relevance in clinical
practice for goal-directed therapy. The goal of an agitation-
sedation scale is to evaluate level of consciousness, but there
is a limitation in determining the presence of acute
delirium.

Delirium

In 2001, two ICU delirium assessment tools called the
Confusion Assessment Method for the ICU (CAM-ICU)
[39] and the Intensive Care Delirium Screening Checklist
(ICDSC) [40] gained recognition. Ely et al. from Vanderbilt
University conducted the original validation study for the
CAM-ICU [39] (see Fig. 1.1). Bergeron et al. from the
University of Montreal conducted the original validation
study for the ICDSC tool [40] (see Fig. 1.2). Currently there
are a total of nine validation studies for the CAM-ICU with

Riker Sedation-Agitation Scale (SAS) [36]

(7) Dangerous, 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
reminding of limits, biting ETT

(5) Agitated anxious or physically agitated, calms
to verbal instructions

(4) Calm and cooperative 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 or no response to noxious stimuli, does
not communicate or follow commands
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Confusion assessment method for the ICU (CAM-ICU) flowsheet

Delirium can only be assessed in patients more alert than RASS -3 or SAS 3

1. Acute change or fluctuating course of mental status:
« |s there an acute change from mental status baseline? OR

« Has the patient’s mental status fluctuated during the past 24 hours?

¢ Yes
2. Inattention:

« “Squeeze my hand when i say the letter ‘A’,”
Read the following sequence of letters: SAVEAHAART
ERRORS: No squeeze with ‘A’ & squeeze on letter other then ‘A’
« If unable to complete letters — pictures

¢ >2 errors

3. Altered level of consclousness
Current RASS or SAS level

#RASS:OorSAS=4

4. Disorganized thinking:

1. Will a stone float on water?

2. Are there fish in the sea?

3. Does one pound weigh more then two?

4. Can you use a hammer to pound a nall?
Command: “hold up this many fingers” (hold up 2 fingers)
“now do the same thing with the other hand” (do not
demonstrate) OR “add one more finger” (if patient unable to move

both arms)

No CAM-ICU negative
NO DELIRIUM
0-2 > CAM-ICU negative
errors NO DELIRIUM
RASS other
then 0 or CAM-ICU positive
| SAS other DELIRIUM present
then 4
> 1 error
0-1 error

S

CAM-ICU negative
NO DELIRIUM

Fig. 1.1 Delirium screening: Confusion Assessment Method for the ICU (Brummel et al. [41])

a combined sample size of 969 to show the CAM-ICU hav-
ing a pooled sensitivity of 80% and a specificity of 95.5 %
[42]. There are a total of four validation studies and a com-
bined sample size of 391 to show the ICDSC with a sensitiv-
ity of 74 % and a specificity of 8§1.9 % [42]. The CAM-ICU
is the most frequently used assessment tool for institutions
that perform routine delirium monitoring [17].

The following four features are characteristic of delir-
ium: acute onset or fluctuating course, inattention, disorga-
nized thinking, and altered level of consciousness.
According to the American Psychiatric Association [43],
delirium is defined as a fluctuating disturbance of con-

sciousness, with inattention, accompanied by a perceptual
disturbance that develops over a short period (hours to
days) [43]. Delirium is transient and usually reversible
[44]. There are three types of delirium: hyperactive, hypo-
active, and mixed. Hyperactive delirium is more easily rec-
ognizable as the symptoms include moderate to severe
agitation and confusion. Hypoactive delirium is more dis-
creet as the person appears calm and quiet and is only evi-
dent with focused interaction.

Delirium occurs in up to 50-70% of critically ill patients
[30, 45]. ICU delirium, previously termed ICU psychosis, was
once thought to be an inconsequential and uncontrollable
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Intensive Care Delirium Screening Checklist (ICDSC)

1. Altered level of consciousness

Deep sedation/coma over entire shift [SAS = 1,2; RASS = —4,-5] = Not assessable

Agitation [SAS = 5,6 or 7; RASS = 1-4] at any point = 1point No 0 1 Yes
Normal wakefulness [SAS = 4;RASS = 0] over the entire shift =0 point

Light sedation [SAS = 3; RASS = -1,-2,-3] =1 point (if no recent sedatives)

= 0 points (if recent sedatives)

2. Inattention
Difficulty following instructions or conversation; esily distracted by external stimuli No 0 1 Yes
Will not reliably squeeze hands to spoken letter ‘A>SAVEAHAART

3. Disorientation

In addition to name, place, and date, dose the patient recognize ICU caregivers? No 0 1 Yes
Does patient know what kind of place they are in? (list examples such as dentist’s office,

home,work,hospital.)

4. Hallucination, delusion,or psychosis
Ask the patient if they are having hallucinations or delusions (e.g., trying to catch an No 0 1 Yes
object that isn’t there).

Are they afraid of the people or things around them?

5. Psychomotor agitation or retardation

EITHER: Hyperactivity requiring the use of sedative drugs or restraints to control No 0 1 Yes
potentially dangerous behavior (e.g., pulling IV lines out or hitting staff).

OR: Hypoactive or clinically noticeable psychomotor slowing or retardation.

6. Inappropriate speech or mood

Patient displays inappropriate emotion, disorganized or incoherent speech, sexual or No 0 1 Yes
inappropriate interactions, or is apathetic or overly demanding.

7. Sleep-wake cycle disturbance

No 0 1 Yes

EITHER: frequent awakening /<4 hours sleep at night.

OR: Sleeping during much of the day
8. Symptom fluctuation No 0 1 Yes
Fluctuation of any of the above symptoms over a 24-hours period.

Total shift score
(Min 0 - Max 8)

Fig.1.2 Delirium screening: Intensive Care Delirium Screening Checklist (ICDSC) (Adapted from Bergeron et al. [40])

complication of critical illness. Now both modifiable and non-
modifiable risk factors are being reported in the literature. The
first step is to recognize the presence of delirium though daily
consistent monitoring with valid and reliable scales as described
earlier. Expounding the exact etiology of delirium is a chal-
lenging component in determining appropriate management.
Delirium may be disease induced such as organ dysfunction in
severe sepsis; iatrogenic such as with exposure to sedatives and
opioids; or environmental, related to noise, poor sleep hygiene,
immobilization, and the use of physical restraints.
Predisposing risk factors for the development of delirium
include but are not limited to age >65 years and the presence

of a baseline cognitive disorder. Precipitating factors are
multiple and include fluid and electrolyte disturbances,
hypoxemia, drug withdrawal syndromes, uncontrolled pain,
and polypharmacy. Figure 1.3 presents one delirium assess-
ment algorithm for critically ill patients. Medications with a
high psychoactive activity or anticholinergic potential have
been associated with an increased risk of delirium [46].
Scientific research into the biological changes that underlie
delirium is underway as there is poor understanding of the
complex interactions between and within organ systems during
delirium [44]. The following neurotransmitters that modulate
the control of cognitive function, behavior, and mood may have
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arole in the pathogenesis of delirium: acetylcholine, serotonin,
dopamine, and gamma-aminobutyric acid [47]. Other potential
causes may be related to inflammatory processes involving
C-reactive protein, pro-inflammatory cytokines, or fluctuations
in cortisol levels [44] or an oxidative impairment that leads to
cerebral dysoxia and dysfunction [46].

Patient descriptions of ICU delirium experiences included
frightening hallucinations with feelings of fear and panic.
The overall themes of ICU delirium include fear, panic, fluc-
tuations between reality and unreality, discomfort, and
remorse [48]. Perhaps most importantly, these memories
may persist after the delirium has cleared and impacts the
incidence of the post-intensive care syndrome.

Benzodiazepines are the most frequently used sedatives
to treat agitation in the ICU [17]. Lorazepam (Ativan) is a
benzodiazepine that has an odds ratio of 1.2 as an indepen-
dent risk factor for ICU delirium [49]. Every 1 mg dose of
lorazepam in the previous 24-h period is significantly associ-
ated with a 20 % increase in the daily transition to delirium.
When 20 mg or more is given in a 24-h period, there is a
100% probability of transitioning to a delirious state. A
systematic review that included 38 level III studies without a
meta-analysis showed that benzodiazepines are consistently
associated with an increased risk for developing delirium
[50]. Other risk factors for delirium included depression,
anticholinergic drugs, and age.

Delirium is associated with the non-beneficial outcomes
of increased mortality and institutionalization. While there is
limited randomized controlled data showing that benzodiaz-
epines may increase ICU LOS or mortality, their use has been
significantly correlated with increased rates of delirium in all
adult ICU populations, regardless of predisposing risk factors
[51-53]. These potentially conflicting viewpoints have been
well addressed in current guidelines and recognize benzodi-
azepines as second-line medication for agitation-sedation [7].

Atypical antipsychotics, most notably haloperidol and
quetiapine, are weakly recommended in the current SCCM
guidelines as therapy for delirious patients as a means of
reducing total delirium days. Only a limited number of stud-
ies have explored their use to reduce days of delirium in the
ICU. Prophylactic use of atypical antipsychotics has not
been shown to reduce rates of delirium in the ICU [54]. This
practice is not recommended in current guidelines [7].

Non-pharmacological Approaches

Intubated patients are often frustrated by not being able to
talk and communicate their thoughts and needs [14, 19].
Qualitative research with ICU survivors shows that patients
become anxious when there is uncertainty regarding daily
plans and moment-to-moment changes in care. Restraints and
awakening to unanticipated, painful care appear to exacerbate

anxiety and may precondition such a response to all care. The
critical care team should develop communication skills and
techniques to keep patients informed. Traditionally, patients
use picture boards and write questions and comments on
paper. More innovative approaches include using communi-
cation applications that are available on I-pads. Enhanced
communication is enabled by reduced sedative use and the
more recent emphasis on noninvasive ventilation as opposed
to endotracheal intubation and mechanical ventilation.

Multicomponent non-pharmacological approaches are effec-
tive in reducing the incidence of delirium as well as falls in older
non-ICU hospitalized patients [55, 56] (Fig. 1.1). Examples of
non-pharmacological approaches include but are not limited to
music therapy, noise reduction, exposure to natural light, and
educational programs for staff. Inconclusive evidence exists for
the role of non-pharmacological interventions in the treatment
of ICU delirium with only limited studies that have been
conducted in the ICU. Two available ICU studies conclude that
treatments such as music therapy [57] and the use of earplugs
[58] may be beneficial in reducing the need for sedatives. Early
mobility for critically ill patients may reduce the total days of
delirium in mechanically ventilated ICU patients [4].

Early Mobility

It is common for critically ill adults to have limited mobility
due to deep sedation, hemodynamic instability, invasive pro-
cedures, and treatment with sophisticated lifesaving but bed
tethering machines such as ECMO. One should note that
such notions have been challenged and there are multiple
reports of ambulating patients on mechanical ventilation
coupled with ventricular assist devices. Prolonged bed rest
has deleterious effects on multiple body systems [59-61].
Severe neuromotor weakness, deficits in self-care, and poor
quality of life are being reported in patients for up to 5 years
after discharge from the ICU [62].

Early mobilization of critically ill adults has been a focus of
research over the past 10-15 years [63]. Early mobilization is
not standard or clearly defined in the literature but generally
refers to a process of sedation minimization along with support-
ing patients to first sit on the edge of the bed to sitting out of bed
in chairs, standing, marching in place, and eventually ambulat-
ing [64]. Benefits of early mobilization are a reduction in hospi-
tal costs by decreasing the days of mechanical ventilation,
duration of delirium, ICU length of stay, and overall hospital
length of stay [4, 63, 65, 66]. Equipment to support and facilitate
patient exercise in the ICU is essential to such programs.

Barriers to wide dissemination and implementation of
early mobility programs include gaps in knowledge and con-
cerns for patient safety. Providers may fear removal of inva-
sive lines and tubes, cardiac complications, and patient falls.
Multiple studies show that early mobility is both safe and
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Evaluate history to determine a baseline mental status prior to current
hospitalization that all care team members use for ongoing evaluation

Goal for “light sedation” level unless
one of the following clinical indicators present for deep sedation
Life-threatening hypoxia, unstable airway, intracranial pressure
management, uncontrolled seizures, use of neurological blocking
agents
Assess RASS/SAS every 4 hours and as needed

Assess pain every 4 hours

and as needed — Assess delirium every 12 > Treat Pain

NPS/BPS/COPT CAM-ICU/ICDSC

hours and as needed First then,

|

Difficulty achieving RASS/SAS goal for light sedation and agitation affecting patient progress

v

Complete home medication review and resume critical medications for anxiety,
pain, psychiatric management

History of alcohol or illegal drug abuse

History of benzodiazepine or opioid abuse

Nicotine withdrawal

History of dementia

Hypoxia/Hypercarbia

Ventilator settings appropriate to situation

Endotracheal tube malposition or obstruction

NGT functioning properly

Full bladder

Need to defecate

Patient positioning appropriate and comfortable

Skin condition causing discomfort-wounds, rashes,itching,

Tachycardia related to fluid status, fever, home cardiac medications needing to be
resumed

Polypharmacy and deliriogenic properties of current medications
Ischemia-myocardial, intestinal, cerebral

Infection

!

Non-pharmacological interventions for all ICU patients

® Family support
°
® Early exercise
°
°
°

Eyeglasses and hearing aids in place
Removal of unnecessary tubes and lines
Early removal of physical restraints

® Adequate communication with updates on plan of care using assistive tools such as
alphabet boards, or electronic devices

Sleep hygiene with noise control (consider earplugs), natural light during the day,
lights and TV off at night, daytime bath

Fig. 1.3 Pain, agitation, and delirium assessment algorithm for critically ill patients
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feasible [4, 67-69]. Early mobility requires a team approach
with physicians, nurses, respiratory therapists, and physical
and occupational therapists; family members are increasingly
engaged in the process as well. Time constraints and staff
resources are challenges, and therefore institutional commit-
ment to this evidence-based therapy is necessary for programs
to flourish. Table 1.5 provides evidence-based criteria for
determining when to safely mobilize critically ill patients and
when to consider termination of a mobility session.

Post-intensive Care Syndrome

Advanced treatments in critical care medicine are resulting
in reduced mortality rates and an increasing number of survi-
vors of critical illness [70]. ICU survivors may suffer from
both physical and cognitive impairment after being dis-
charged from acute care. About 15-35% of patients may
experience post-traumatic stress disorder (PTSD) symptoms
[71, 72]. Symptoms of PTSD involve flashbacks or night-
mares, avoidance behavior, or hyperarousal with irritability
and difficulty sleeping. ICU survivors can experience

Table 1.5 Criteria for holding or terminating a physical or occupa-
tional therapy session in critically ill patients in the intensive care unit

Heart rate >70 % age predicted maximum heart rate
>20 % decrease in resting heart rate

<40 beats/min, >130 beats/min

New onset dysrhythmia

New antiarrhythmic medication

New MI by ECG or cardiac enzyme
Blood pressure Systolic blood pressure >180 mmHg

>20 % decrease in systolic/diastolic
pressures

MAP <65 mmHg, >110 mmHg

Presence of vasopressor medications
with new vasopressor need or escalating

dose of vasopressor medications
Respiratory rate <5 breaths/min or >40 breaths/min

Pulse oximetry >4 % decrease in oxygen saturation

during activity

<88-90 % oxygen saturation
Mechanical ventilation Fio2 requirement >0.60
PEEP requirement >10
Unresolved patient-ventilator asynchrony

Mechanical mode change to assist
control

Tenuous, unstable airway

Alertness/agitation and
patient symptoms

Patient deeply sedated or coma

Patient agitation requiring addition or
escalation of sedatives

Patient complains of dyspnea on exertion
Patient refusal

Reproduced with permission from Adler and Malone [63]

flashbacks related to delirium causing frightening delusions
or hallucinations experienced in the ICU. It is not thought to
be the duration of delirium but the quality of a patient’s
delirious experience that is associated with later post-ICU
PTSD [71]. Patients experiencing PTSD score lower on
health-related quality of life scores (HRQOL) [73].
Preliminary research shows that patients who suffer from
PTSD are at an increased risk of rehospitalization over the
follow-up first year [72].

Post-intensive care syndrome (PICS) is a newer term used
to define the compilation of new or worsening impairments
in physical, cognitive, or mental health status arising after
critical illness and persisting beyond acute care hospitaliza-
tion [74]. This term applies not only to the burden of critical
illness for individual patients but to their families (PICS-F).
Increased emphasis is being directed toward improving
resources and opportunities of post-hospital care for both
patients and families. More collaboration is developing
between critical care and community specialists in primary
care, physical, and mental health. Some institutions have cre-
ated post-ICU clinics to support the special needs of this
population.

Symptoms of PTSD are not related to events that actually
occurred and were accurately processed by the ICU patients
[71]. Research findings support the use of diaries and pic-
tures compiled throughout an ICU stay by patients and fami-
lies to use during post-ICU care. This process may help to
demystify delusional memories and gaps in time that appear
to be lost with delusional frightening memories. This is also
reinforcement of the need for critical care providers to adopt
evidence-based PAD guidelines and to rethink practice
where heavy sedation and ICU psychosis were previously
considered the norm.

Conclusion

Practice guidelines from the Society of Critical Care
Medicine (SCCM) recommend institutions implement an
evidence-based ICU pain, agitation, and delirium (PAD)
bundle. The evidence-based goal is to focus on systemati-
cally identifying and managing pain, agitation, and delir-
ium in an integrated fashion. Clinicians will optimally use
validated assessment tools to achieve “lighter sedation”
levels and target specific, individualized treatment for
pain, agitation, and delirium mitigation. Strategies for
management incorporate an analgesia-first approach, the
judicious use of benzodiazepine sedatives, reduction of
continuous infusions, and the promotion of early mobili-
zation. Regular development and deployment of commu-
nication techniques that facilitate recognizing and
responding to patient and family needs both during the
ICU stay and through convalescence may reduce the
occurrence of agitation, sedation, delirium, and the post-
intensive care syndrome.
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Bedside Neurologic Monitoring

Bryan J. Moore and Jose L. Pascual

Introduction

While in some centers, patients with neurologic emergencies
may be admitted to a neurointensive care unit and cared for
by neurointensivists, across most centers in the United States
and Western Europe, such patients are admitted to general
surgical or medical intensive care units. It is thus essential
that all intensivists be familiar with the basic diagnostic tools
and treatment pathways related to neurologic monitoring.
This chapter will focus on the methods that providers can use
to monitor neurological status in the intensive care setting.

Cerebral Physiology Overview

The Monro-Kellie doctrine is a fundamental principle of
cerebral physiology which states that the total cranial vol-
ume is fixed by the rigid nature of the skull. Under normal
physiologic conditions, the intracranial contents are brain
tissue, the blood, and cerebrospinal fluid (CSF). In patho-
logic states, a mass lesion may compete for the same cranial
volume. This may be a tumor, extravascular blood in the
form of an intraparenchymal hemorrhage, or another pro-
cess. Any increase in volume within the skull must coincide
with a compensatory decrease in brain tissue, the blood, or
CSF. Unless this occurs, intracranial pressure will increase.
The first mechanisms of compensation for increasing intra-
cranial volume are displacement of CSF into the spinal sub-
arachnoid space and displacement of intracranial venous
blood into the extracranial venous system [1]. Brain tissue
has an extremely limited ability to buffer against increases in
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volume, and this minimal buffering occurs over a long period
of time through changes in brain tissue compliance [2].

Cerebral blood flow (CBF) may become compromised in
conditions of rising intracranial pressure and is most com-
monly monitored by a close surrogate, cerebral perfusion
pressure (CPP). Cerebral perfusion pressure is determined
by the pressure gradient between the extracranial blood pres-
sure entering the cranial cavity, the mean systemic arterial
pressure (MAP), and the intracranial pressure (ICP) [3]
whereby:

CPP = MAP-ICP

Cerebral blood flow can be modeled with Poiseuille’s law
which describes the flow (Q) of a fluid as determined by ves-
sel radius (r), fluid viscosity (7), vessel length (L), and the
pressure gradient between inflow and outflow within the
vessel:

0 =(Ir*AP)/(8nL)

In Poiseuille’s equation, increasing the radius of the vessel
will cause the largest increase in coincident flow, as the ves-
sel radius is the only contributor with an exponential factor.
Consequently, cerebrovascular autoregulation is most pow-
erfully and acutely determined by changes in intracerebral
vessel radius. With intact cerebrovascular autoregulation,
cerebral blood flow can increase or decrease via changes in
cerebral arterial radius in order to maintain a constant blood
flow over a relatively wide range of cerebral perfusion pres-
sures [4]. Under normal conditions, CBF can be kept con-
stant within a CPP range of approximately 60—160 mmHg
[5]. Outside this range the boundaries of cerebrovascular
autoregulation are exhausted, and CBF will change passively
with increases or decreases in CPP.

The cerebrovascular system is exquisitely sensitive to
changes in circulating carbon dioxide as driven by the arte-
rial carbon dioxide tension (PaCO,) [6]. An increase in a
patient’s PaCO, will cause cerebral vasodilation, and con-
versely, a decrease will cause vasoconstriction. Cerebral
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blood flow is also regionally governed by cerebral metabo-
lism, with increased local metabolism resulting in increased
regional cerebral blood flow. There are numerous metabo-
lites involved in this regional circulation shift, and their
interactions will be discussed in further detail in the relevant
subsections below.

The Neurologic Exam

Entire textbooks have been dedicated to the neurologic
physical exam in the critical care setting. The most impor-
tant tenet to understand and embrace is that the neurologic
exam is the gold standard in bedside neurologic monitor-
ing. In the critical care setting, this should include docu-
mentation of mental status and level of consciousness,
preferably quantified with a scale to reduce inter- and
intra-observer variation. The Glasgow Coma Scale and the
Full Outline of UnResponsiveness (FOUR) score are com-
monly used for this purpose. Characterization of the men-
tal status exam should also include brief testing of the six
neurocognitive domains: attention, executive function,
perceptual-motor function, language, memory, and social
cognition. Patient sedation can be quantified by the
Richmond Agitation-Sedation Scale (RASS) [7]. Cranial
nerve examination should also be documented, with atten-
tion to pupil size and reactivity, extraocular movements,
and brainstem reflexes. Sensory and motor exams should
be performed with special attention to asymmetries con-
cerning for pathologic processes. Cerebellar testing and
specific testing of reflexes are also useful. Special scales
should be used as appropriate, such as the American Spinal
Injury Association (ASIA) grading scale for spinal cord
injury [8].

Systemic Hemodynamic and Metabolic
Monitoring

In the United States and Western Europe, invasive ICP moni-
toring is the standard of care in the management of traumatic
brain injury (TBI). Chesnut et al. conducted a multicenter,
parallel-group trial where patients with TBI were randomly
assigned to care guided by ICP monitoring or care guided by
imaging and clinical examination. The study showed that
management of TBI guided by ICP monitoring was not supe-
rior to management based on imaging and clinical examina-
tion [9].

It is imperative that patients with brain injury be closely
monitored for metabolic and hemodynamic derangements.
Systemic hypotension, hyperglycemia, hypoglycemia, and
hypoxia have all been associated with worse outcomes after
brain injury. In TBI, hyperglycemia is associated with

increased mortality and prolonged hospital length of stay
[10]. Both systemic hypoxia (P,0, <60 mmHg) and hypoten-
sion (systolic blood pressure <90 mmHg) can result in sec-
ondary brain injury after TBI [11]. Pre- and in-hospital
hypotension can worsen outcomes in the setting of severe
TBI [12]. Brain Trauma Foundation (BTF) guidelines rec-
ommend that blood pressure and systemic oxygenation
should be monitored and that hypotension and hypoxia
should be avoided [13].

Continuous Electroencephalography
and Electrocorticography

Continuous electroencephalography (cEEG) and intracorti-
cal electrocorticography (ECoG) are becoming more preva-
lent in the critical care setting. Guidelines on the use and
indications of EEG in the ICU were lacking until recently
when Claassen et al. conducted a systematic review on 42
studies to establish consensus recommendations [14]. Urgent
EEG is recommended in all critically ill patients with con-
vulsive seizure activity that do not return to their functional
baseline within 60 min of receiving antiseizure medication.
This enables providers to rule out continued nonconvulsive,
subclinical seizure activity as the etiology of the patient’s
inability to return to baseline.

Patients that are admitted for treatment of TBI are at
increased risk for nonconvulsive seizures [ 14]. Nonconvulsive
seizures that evolve to nonconvulsive status epilepticus have
been associated with elevations in ICP [15] and worse out-
comes. To date no study has been able to demonstrate a
cEEG role in detecting ischemia after TBI. Urgent EEG is
recommended for all TBI patients with unexplained
encephalopathy.

Seizures occur in up to 30 % of patients that remain coma-
tose after a cardiac arrest [14]. Continuous EEG can diag-
nose nonconvulsive seizures after cardiac arrest and can also
differentiate subcortical myoclonus from myoclonic status
epilepticus, with the latter being associated with a poor out-
come [16]. Continuous EEG is commonly used during the
therapeutic hypothermia period and through 24 h after
rewarming [17].

As scalp EEG has poor spatial resolution, ECoG is now
being used for research into clinical applications. A depth
electrode may be placed through a port in an intraparen-
chymal monitor, or strips and grids of electrodes may be
placed after a craniotomy in patients with epilepsy. At
present, ECoG is being used to monitor for cortical
spreading depression and to study the clinical relevance of
mini-seizures that can only be recorded via depth elec-
trodes. More research is needed to determine whether or
not quantitative ECoG can lead to earlier detection of
cerebral ischemia.
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Transcranial Doppler

Transcranial Doppler ultrasonography (TCD) can be used to
determine the velocity and the pulsatility of blood flow
within cerebral vessels. It is frequently used in the critical
care setting to monitor patients for cerebral vasospasm after
aneurysmal and traumatic subarachnoid hemorrhage, to
evaluate cerebrovascular autoregulation (CA), and to screen
for risk of hyperperfusion injury after carotid revasculariza-
tion procedures. Cerebrovascular autoregulation is often
impaired after TBI, with the level of impairment being
highly variable among patients with similar conditions [18].
Static CA assessment provides an initial cerebral blood flow
velocity (CBFV) that is measured at a constant baseline
mean arterial pressure (MAP). This is followed by another
measurement of the CBFV at both the lower and upper lim-
its of the MAP in which CA is intact in normal healthy
humans (usually between 60 and 160 mmHg) [19].
Cerebrovascular autoregulation is considered intact if MAP
changes do not significantly impact CBFV, where the cor-
relation coefficient (r) between CBFV and MAP ranges
between zero and 0.5 [20]. Even mild cerebral injury may
result in impaired CA [21].

Transcranial Doppler is also useful in patients after
carotid revascularization procedures including carotid endar-
terectomy (CEA) and carotid stenting (CAS). It may also be
useful to detect hyperperfusion syndrome, a serious compli-
cation after CEA or CAS. Baseline mean flow velocities are
recorded prior and several hours after an intervention, with
doubling of middle cerebral artery blood flow velocity indic-
ative of hyperperfusion. Treatment must be initiated immedi-
ately to reduce MAP goals [22]. Transcranial Doppler
examination requires an appropriate insonation window
through which to render measurements. When no acceptable
insonation window is available, and there is no fidelity in the
neurologic examination, invasive pressure monitoring is
reasonable.

Intracranial Pressure Monitoring

2007 guidelines published by the Brain Trauma Foundation
(BTF) for the management of severe traumatic brain injury
include a level two recommendation for placement of an
intracranial pressure (ICP) monitor in patients with TBI, an
abnormal computed tomography (CT) scan, and a GCS score
of three to eight [23]. Despite this recommendation there is
controversy about the clinical utility of ICP monitoring com-
pared to care based on neuroimaging and the neurologic
exam alone [9].

The external ventricular catheter (EVD) is widely consid-
ered to be the gold standard in ICP monitors because of its
diagnostic utility and its ability to drain CSF as needed to

reduce elevated ICP. Well-established complications of
EVDs include ventriculitis, catheter tract hemorrhage, over-
drainage of CSF, and occlusion of the catheter by intraven-
tricular blood products requiring flushing with sterile saline.

Intraparenchymal ICP monitors are inserted through a
small burr hole in the cranium and provide a local pressure
measurement (Fig. 2.1). They may miss a compartmental
elevation in ICP within the intracranial space if the monitor
is not directly in contact with a pressurized cranial compart-
ment. Other disadvantages of intraparenchymal monitors are
the potential for “drift” whereby beyond 1 week of use, ICP
measurements tend to become increasingly inaccurate [24].

Monitors placed in the subarachnoid space through a cra-
nial bolt are not currently recommended for ICP monitoring
in TBI [21]. Epidural, subdural, and subarachnoid bolts are
occasionally used in clinical practice for other non-TBI con-
ditions. Various noninvasive methods for ICP monitoring are
still undergoing research to determine their clinical applica-
bility, including measurement of optic nerve diameter, tran-
scranial Doppler, tympanic membrane displacement, and
ophthalmodynamometry [2].

Cerebral Oxygenation

Cerebral tissue oxygen (P,0,) is measured by the partial
pressure of oxygen in the interstitial space and indicates the
availability of oxygen for aerobic metabolism [25]. P, O, is
defined as the product of the CBF and arteriovenous oxygen
difference (AVO,) whereby:

P, 0, = CBFxAVO,

Hypoxia within brain tissue can cause both primary and
secondary brain injuries. Primary hypoxic injury is seen due
to global cerebral anoxia after cardiac arrest. In TBI brain
hypoxia may also lead to secondary injury with frequent
hypoxic episodes associated with poor functional outcome
[26]. Prolonged episodes of partial brain tissue oxygenation
less than 10 mmHg are an independent risk factor for poor
outcome after TBI [27].

Intracranial pressure and CPP should not be used as sur-
rogates for P, O, as cerebral oxygenation varies indepen-
dently from intracerebral pressure [28]. Both CPP and ICP
may be normal during discrete episodes of cerebral hypoxia.
Indeed, many clinicians support independent monitoring of
P, O, in TBI using a brain tissue oxygen monitor. There are
numerous technologies to monitor brain oxygen, including
near-infrared spectroscopy and oxygen-15 positron emission
tomography (PET). Of these, direct brain tissue oxygen ten-
sion monitoring is most commonly used in North American
neurointensive care units. A small catheter is placed through
a skull bolt into the cerebral white matter which yields a
continuous measurement of Py, O,. Many of these devices use
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Fig.2.1 A patient with EEG in place as well as an intraparenchymal monitor measuring brain temperature, ICP, and P, O,

a Clark electrode with two metallic components contained
within an electrolyte and an outer oxygen-permeable mem-
brane. Oxygen diffuses through the membrane and becomes
reduced, causing a change in voltage between the two metal-
lic electrodes [29]. There is controversy as to whether mea-
sured Py, 0, values are reflective of global brain oxygenation.
If the Py, O, probe is placed in an area remote from the patho-
logic process, then it may correlate well with global brain
oxygenation. However, if the probe is placed in close prox-
imity to the area of pathology, then the measurement will
reflect regional oxygenation and will correlate poorly with
global brain oxygenation [30]. Brain Trauma Foundation
guidelines recommend correcting brain oxygenation when
the P, O, is less than 15 mmHg [31].

Cerebral Blood Flow

Under normal physiologic conditions, the human brain is
able to match oxygen delivery and consumption through
variations in cerebral blood flow (CBF) dictated by the cere-
bral metabolic rate of oxygen consumption (CMRO,). Only
45 % of comatose TBI patients exhibit physiological coupling

of CBF and CMRO,, with the majority demonstrating CBF
variation independent of CMRO, [32]. Monitoring CBF may
allow ICU providers to correct insufficient CBF before brain
ischemia and metabolic derangements are manifest. Two
technologies that have been developed to provide continuous
CBF monitoring are laser Doppler flowmetry (LDF) and
thermal diffusion flowmetry (TDF).

TDF technology is commercially available as an intrapa-
renchymal microprobe. The regional CBF (rCBF) micro-
probe contains a thermistor and a temperature sensor that can
generate continuous rCBF values with high sensitivity [33].
The probe is inserted via a burr hole in the skull with the tip
in the subcortical white matter approximately 25 mm below
the dura [34]. The associated monitor displays rCBF contin-
uously in real time. Real-time monitoring of rCBF has appli-
cations in ischemic stroke, in TBI, and in syndromes of
hyperemia seen after carotid revascularization procedures. In
an observational study of severely head-injured patients,
Sioutos et al. showed that in patients with poor outcomes,
CBF changed little over the course of their illness, whereas
in those with good outcomes, final CBF measurements were
greatly increased from levels obtained upon admission [35].
Additionally, CBF only normalized in patients with good
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outcomes, whereas patients with poor outcomes had mark-
edly reduced final CBF. The authors also found that manage-
ment driven only by ICP derangements ultimately resulted in
interventions that could be detrimental. For example, treat-
ment of elevated ICP with hyperventilation in the setting of
preexisting reduced CBF can cause reductions in CBF and
greater cerebral ischemia.

An rCBF probe can also be used to gauge cerebrovascular
autoregulation (CA), calculate carbon dioxide vasoreactivity,
and detect vasospasm as a risk factor for delayed cerebral
ischemia after subarachnoid hemorrhage. Regional CBF
monitors have also been used to monitor hemodynamic
changes during bypass surgery, cerebral aneurysm clipping
and coiling, and tumor and arteriovenous malformation
resections [36].

A technical limitation to rCBF monitoring with a TDF
device is that commercially available devices have a shut-
down feature in the setting of increased brain temperature,
most frequently encountered during fever. Similar to brain
parenchymal oxygen monitors, rCBF monitors only yield
information about a small, local area of brain tissue at the tip
of the probe and thus may not be reflective of global cerebral
blood flow.

Cerebral Microdialysis

Cerebral microdialysis (MD) is used to measure extracellu-
lar levels of cerebral chemicals and to detect early alterations
that may be indicative of metabolic derangement within the
brain tissue. Early recognition of these changes may lead to
interventions that can salvage brain tissue at risk and improve
patient outcome. MD catheters consist of a thin tube lined
with a semipermeable dialysis membrane that is perfused
with a physiologic solution (the perfusate) at ultra-low flow
rates [37]. Molecules smaller than the membrane’s pores dif-
fuse from the extracellular fluid into the perfusion fluid.
Highly concentrated analytes in the extracellular fluid will
readily pass through the membrane into the perfusate. As the
perfusate flows along the length of the membrane and is
removed at a constant rate, the concentration gradient across
the membrane is maintained along its length. The perfusate
flows along the membrane, eventually exiting through out-
flow tubing into a microvial [38]. These microvolume sam-
ples can then be analyzed at bedside or can be sent to the lab
where enzyme spectrophotometry or liquid chromatography
can be performed [39]. The ratio between the actual extracel-
lular concentration of an analyte and its dialysate concentra-
tion is termed the relative recovery [40]. Flow rate is inversely
related to the relative recovery, so by using lower perfusate
flow rates, the relative recovery can approach 100 % yielding
the true measurement of analyte concentrations in the brain
extracellular fluid [41].

Numerous analytes can be measured using MD, including
energy-related metabolites (adenosine, glucose, lactate,
pyruvate), neurotransmitters (GABA, aspartate, glutamate),
inflammatory markers (cytokines, potassium), and adminis-
tered therapeutic agents. Commercially available MD mea-
sures glucose, lactate, pyruvate, glutamate, and glycerol.
Brain cells metabolize glucose to pyruvate to produce ATP
in a reaction that requires NAD*. During periods of isch-
emia, pyruvate cannot be aerobically metabolized in the cit-
ric acid cycle, and to regenerate NAD", pyruvate is
anaerobically metabolized to lactate [42]. As both pyruvate
and lactate are able to diffuse through cellular membranes,
an increasing extracellular lactate/pyruvate ratio (LPR)
reflects increasing ischemia. Increased lactate may also
result from excessive levels of glutamate and potassium (also
associated with brain tissue ischemia) as these drive astro-
cyte lactate production [43]. An LPR increase above the
established upper threshold of 25 is associated with poor out-
come after TBI and subarachnoid hemorrhage [44, 45].

Cerebral ischemia can lead to increased release of the
excitatory amino acids glutamate and aspartate. Some stud-
ies point to an association between increased glutamate con-
centration and poor outcome after TBI and subarachnoid
hemorrhage [41].

Any process that leads to brain tissue energy failure can
result in an intracellular calcium influx and induction of
phospholipase, which leads to neuronal cell membrane disin-
tegration and the release of glycerol and free fatty acids into
the extracellular fluid [46]. Extracellular glycerol levels cor-
relate with severity of parenchymal damage after TBI and
are associated with a poor outcome [47]. Levels of glycerol
in the cerebral extracellular fluid must be interpreted in the
context of concurrent serum levels as glycerol leaks through
a damaged blood brain barrier and causes spuriously high
cerebral microdialysis values [46].

As changes in cerebral MD measurements may occur
before alterations in ICP, altered MD values may identify
either patients suffering ongoing secondary brain injury or
those at risk for impending brain injury. These MD values
may manifest well before changes in the patient’s neurologic
exam, ICP, or imaging, making MD a technology that war-
rants further study as a clinical tool for the intensivist.

Jugular Bulb Oximetry

The “jugular bulb” is a dilation of the internal jugular vein
located at the jugular foramen that serves as the final com-
mon pathway for venous drainage from the ipsilateral cere-
bral hemisphere, cerebellum, and brainstem [48]. Jugular
bulb oxygen saturation (SjO,) or the arterio-jugular oxygen
content difference (AJDO,) can be used as a marker of global
CBF in relation to the CMRO,. Placement of a catheter in the
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jugular bulb allows sampling of the blood originating almost
exclusively from the intracranial circulation. Although some
interindividual variability exists in cerebral venous drainage
anatomy, the right internal jugular vein is the preferred inser-
tion site as it is most frequently the dominant vessel [49].
The catheter is advanced under ultrasound guidance in a ros-
tral direction from the standard internal jugular insertion site,
placing the catheter tip at the level of the first or second cer-
vical vertebral body, just above the point at which the jugular
venous system receives contributions from extracranial
venules. Catheter position is confirmed with a lateral cervi-
cal spine X-ray [50]. SjO, can be measured either continu-
ously via a fiber-optic catheter or intermittently by blood
sampling and lab analysis. Known internal jugular vein
thrombosis is a contraindication to jugular bulb catheter
insertion. Caution must also be used in patients with a coagu-
lopathy or neck trauma.

Normal SjO, values range between 50 and 75 % [51]. In
the absence of cerebral infarction, the AJDO, and CBF are
inversely related [32]. Low cerebral blood flow will raise tis-
sue oxygen extraction and increase the AJDO,. Jugular bulb
oximetry acts as a global monitor, and, as such, it is not use-
ful in detecting regional changes in arteriovenous oxygen
content. Coles et al. demonstrated that, on average, 170 mL
of brain parenchyma needs to be ischemic before SjO, levels
dropped below normal [52]. SjO, correlates poorly with
PO, in patients with focal cerebral ischemia and in patients
progressing toward brain death due to shunting [53]. There
may also be significant differences in SjO, measurements
between left and right cerebral hemispheres.

Increased SjO, may be a consequence of decreased cere-
bral metabolism, limited oxygen diffusion or extraction due to
infarction or inflammation, hyperemia, polycythemia, or
increased systemic oxygenation leading to cerebral hyperoxia
[54]. Decreased SjO, may be a consequence of increased cere-
bral oxygen consumption from hyperthermia, seizures, or sep-
sis. Alternatively, decreased SjO, may also be a consequence
of decreased oxygen delivery to the brain due to anemia,
impaired cardiac output, intracranial hypertension, systemic
hypotension, systemic hypoxia, or hyperventilation.

Cerebrovascular Pressure Reactivity Index
(PRx)

Numerous post-injury mechanisms can lead to impaired CA:
cerebral ischemia, vasospasm, compression of cerebral
blood vessels by astrocytic edema, ion channel dysfunction,
and free radical damage [55]. Given the diversity of clinical
situations where CA is impaired, a physiologic context must
be established to guide interventions aimed at restoring nor-
mal cerebrovascular physiology. Impaired CA has been asso-
ciated with poor outcomes after TBI [56].

Fluctuations in mean arterial blood pressure (MAP) pro-
duce changes in ICP [57]. Quantification of spontaneous
MAP and ICP slow waves can determine a pressure reactiv-
ity index (PRx) that acts as a gauge of cerebrovascular auto-
regulatory efficiency. The PRx is obtained by collecting
time-averaged values of ICP, MAP, and CPP via arterial
catheter waveform analysis and an ICP monitor. In a study
by Czosnyka et al., the above parameters were used to calcu-
late waveform time integrations sampled at 50 Hz and aver-
aged over 5-s intervals [56]. If cerebrovascular reactivity is
intact, then an increase in MAP will result in vasoconstric-
tion, a reduction in cerebral blood volume, and a decrease in
ICP [57]. On the other hand, with impaired CA an elevation
in MAP will lead to increased cerebral blood volume and
consequently raised ICP. Linear moving correlation coeffi-
cients between 40 past consecutive 5-s averages of ICP and
MAP are computed to produce the PRx. Commercially avail-
able software can be used to compute the PRx at bedside.

A positive PRx indicates a positive association between
the slow components of MAP and ICP, indicating passive,
nonreactive cerebral vessels. A negative PRx indicates nor-
mal cerebrovascular reactivity, with MAP increases causing
inversely correlated reductions in ICP [56]. The PRx is
reported as a correlation coefficient with a standardized
range from —1 to +1, allowing for easy interpretation over
time in a given patient or between different patients. In the-
ory the PRx can be used to guide individualized cerebral
resuscitation interventions.

Brain Temperature

Cerebral hyperthermia has been associated with worse out-
comes after brain injury [58]. Though baseline metabolic
activity in brain tissue is higher than in other organs, the
injured, hyperthermic brain may harbor even higher meta-
bolic rates due to ongoing inflammation [59]. The difference
between brain temperature (BT) and core body temperature
ranges from 0.3 to 1.1 °C, with brain temperature exceeding
systemic temperature particularly after TBI [60]. Heat is
transferred from the brain parenchyma to entering arterial
blood such that venous blood exiting the cranium has a sig-
nificantly higher temperature than the systemic circulation.
This makes cerebral heat dissipation dependent on both the
rate of cerebral blood flow and the systemic arterial tempera-
ture. In cases of reduced cerebral blood flow or systemic
hyperthermia, heat transfer from the brain to the intracranial
blood may be impaired due to a reduced gradient between
the brain and systemic temperatures.

As brain temperature rises, cerebral metabolic rate also
increases, which leads to an increase in CBF and in some
cases results in ICP elevation. Although a causal relationship
has not been established, elevated brain temperature may
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increase inflammation, increase neuronal excitotoxicity, and
increase free radical production, all of which may lead to
secondary brain injury [61]. Most importantly for the clini-
cian, hyperthermia is associated with worse outcomes after
TBI and stroke [62, 63].

As brain temperature is not accurately determined by sys-
temic monitors, intracranial temperature probes have been
developed to trend brain temperature. Specifically, the
Hemedex CBF monitor (Hemedex Inc., Cambridge, MA)
uses temperature to monitor local cerebral blood flow based
on the principle that cerebral thermal conductivity varies
proportionally with CBF [64].

At present, there is insufficient data to recommend
whether or not interventions aimed specifically at a targeted
brain temperature range will improve patient outcomes or
reduce mortality.

Near-Infrared Spectroscopy

Infrared electromagnetic radiation uses wavelengths slightly
longer than the visible light spectrum, ranging from 1,000 to
700 nm. Changes in recorded infrared light levels can result
from variations in circulating chromophore concentrations
such as oxyhemoglobin, deoxyhemoglobin, and cytochrome
oxidase [65]. The noninvasive near-infrared spectroscopy
(NIRS) monitoring technique utilizes these optical relation-
ships. NIRS detects changes in serum chromophores to com-
pute changes in cerebral blood volume, brain tissue
oxygenation, and cerebral blood flow [24].

In TBI patients, changes in oxyhemoglobin registered by
NIRS closely correlate with changes in SjO,, TCD, and laser
Doppler flowmetry [66]. Unfortunately, NIRS is signifi-
cantly limited in its clinical application by extracranial struc-
tures such as the skull and overlaying skin that limit the
transmission of near-infrared light. Additionally, NIRS mon-
itors global variations in chromophores in arteries, capillar-
ies, and veins and can thus only yield a “mixed cerebral
blood” measurement.

Evoked Potentials

Evoked potentials are used in several monitoring techniques
that have been used by physicians and scientists for decades:
somatosensory evoked potentials (SSEPs), brainstem audi-
tory evoked potentials (BAEPs), motor evoked potentials,
and visual evoked potentials. SSEPs and BAEPs are of par-
ticular importance as they are most commonly used in the
intensive care setting.

Testing SSEPs involves stimulating either the median or
tibial nerve with an electrical pulse via two electrodes on the
skin surface. This stimulation determines the integrity of the

neural pathway connectivity from peripheral nerves to cortical
projections [67]. Thus, SSEPs rely on intact communication
through the peripheral nerve receptor, the dorsal root ganglion,
the dorsal column of the spinal cord, the medial lemniscus, the
thalamus, and the cortical projections. Increased latency,
reduced amplitude, and the absence of an SSEP indicate
abnormality in nerve conduction. Bilateral absence of SSEPs
after TBI is associated with a poor prognosis [68], and tempo-
ral changes in median nerve SSEPs have been shown to pre-
cede arise in ICP in patients with severe TBI [69]. SSEPs may
also be useful in patients with spinal cord injury and in patients
with hypoxic ischemic encephalopathy.

BAEPs can be used for the diagnosis of demyelinating
brainstem diseases and to differentiate brainstem dysfunc-
tion from metabolic disorders. They are also used for intra-
operative monitoring during cerebellopontine angle surgery
and to supplement EEG in the evaluation of brain death [67].
BAEDPs reflect the integrity of the neural pathway connecting
the auditory nerve, the olivary complex, the brainstem, the
lateral lemniscus, the medial geniculate body, and the audi-
tory radiations.

The benefits of EPs are numerous. They are noninva-
sive, provide objective values that can be trended, demon-
strate stability in patients under sedation or with metabolic
derangements, and can be obtained at relatively low cost.
Evoked potentials are not useful for characterizing the
type of pathology causing an abnormal peripheral nerve
response [70].

Conclusion

There are numerous bedside neurologic monitoring
modalities available to the intensivist. Each technique has
advantages and disadvantages, and, in isolation, none can
replace the bedside neurologic exam as the gold standard
for patient monitoring. As clinicians become familiar
with these different monitoring devices, they will realize
the benefits of integrating results from different modali-
ties to ultimately alter management interventions. Such
integration of the immense quantity of available bedside
monitoring data is the focus of intense research. Critical
care providers will need this familiarity with different
neuromonitoring techniques to deliver cost-effective care
and ultimately improve patient outcomes and reduce ICU
mortality.
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Status Epilepticus
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Case Example

A 75-year-old male with history of hypertension, atrial fibril-
lation on warfarin, and diabetes mellitus type II and distant
history of ischemic stroke, who recently underwent a renal
transplant, was admitted to the SICU for management of
high blood pressure, confusion, and multiple falls. On hospi-
tal day 1, the nurse pages you to bedside for an acute change
in the patient’s mental status; he is now ‘“unresponsive.”
What are the first steps in the diagnostic workup and man-
agement of this patient’s neurological deterioration? We will
review this particular case at the end of this chapter.

Introduction

Patients that are critically ill such as those in the surgical
ICU are at a high risk for seizures [1, 2]. Moreover, seizures
in critically ill patients are mainly nonconvulsive, and, thus,
status epilepticus is readily underdiagnosed [1-12]. It is
essential for an intensivist to be familiar with the seizure
evaluation paradigm in patients with fluctuating neurological
symptoms or in those with an unexplained impairment of
level of consciousness. Prompt recognition and early treat-
ment of seizures and status epilepticus are critical as pro-
longed seizures lead to increased morbidity and mortality
[13]. Extensive work has shown that seizures — including
nonconvulsive seizures — in the acutely injured brain can ini-
tiate a variety of adverse physiological effects, such as
increases in cerebral blood flow, intracranial pressure, meta-
bolic demand, and mass effect. Additional deleterious effects
include acute elevations in lactate, glutamate, and neuron-
specific enolase levels as well as delayed hippocampal atro-
phy and chronic epilepsy [14, 15].
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Classifications and Definitions

Seizure is the occurrence of abnormal and synchronous neu-
ronal activity that can lead to various clinical manifestations
[16]. It is useful to recognize and classify specific seizure
types, as it can help guide both the diagnostic workup and
treatment. The latest classification by the International
League Against Epilepsy (ILAE) divides seizures into three
broad categories of generalized, focal, or unknown accord-
ing to clinical and EEG manifestations. Generalized seizures
involve bilateral networks within the cortical or subcortical
areas of the brain, while focal seizures originate from
networks limited to one hemisphere [17]. An electrographic
seizure is defined by [18]:

1. A paroxysmal pattern that evolves in morphology, fre-
quency, and/or spatial distribution OR

2. Generalized spike-wave discharges >3/s

3. Clearly evolving discharges of any type that reach a fre-
quency >4/s (can be focal or generalized)

4. A paroxysmal electrographic pattern (which does not
meet the above criteria) that is different from the back-
ground EEG pattern and is associated with a clinical
correlate

Convulsive status epilepticus (SE) is operationally defined
as ongoing seizure activity for more than 5 min or two or
more seizures between which the patient does not return to
baseline [19]. Where convulsive SE has clinical motor mani-
festations (tonic or rhythmic jerking of the extremities), non-
convulsive SE often manifests as decreased level of arousal
without overt signs of ongoing ictal activity [20]. Though the
definition of nonconvulsive status epilepticus can be rather
nebulous, attempts at standardization exist [21]. A com-
monly used definition of nonconvulsive status epilepticus in
critically ill patients is >30 min of ictal EEG activity within
a single hour of recording.

When SE fails to cease after the administration of two
intravenous antiepileptic drugs (AEDs), it is denoted as
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refractory SE, which occurs in 43 % of patients with SE and
is associated with increased length of hospital stay, morbid-
ity, and mortality [8, 22, 23].

Epidemiology

In the United States, the annual incidence of SE has increased
from 3.5 to 12.5 per 100,000 between 1979 and 2010 [24],
while the mortality rate has remained stable around 20 %.
Moreover, 31-43 % of patients with SE ultimately progress
to refractory SE, which is further associated with a worse
prognosis [23, 25]. The data on seizure prevalence strictly
among surgical ICU patients is limited and likely underesti-
mated as the majority of seizures in the critically ill are non-
convulsive and would be undiagnosed without cEEG
monitoring. In the few studies that include SICU patients,
between 5 and 11 % of patients with encephalopathy can be
in nonconvulsive SE when screened by cEEG [2, 3]. This
rate is expectedly higher (~19%) among encephalopathic
neurological ICU patients with acute brain injury screened
with cEEG [5, 9, 13, 26, 27].

Etiology

The causes of seizure and more specifically status epilepti-
cus can be broad in the critically ill patient and include those
with prior history of epilepsy (22-34 %), remote history of a
structural brain lesion (24 %, i.e., ischemic or hemorrhagic
stroke, tumor, etc.), acute stroke (22 %), hypoxic/ischemic
encephalopathy (10 %), metabolic derangements (10 %), and
alcohol withdrawal (10 %) along with other causes as shown
in Table 3.1 [28].

It is important to remember that there are a host of clinical
scenarios in the ICU that may mimic seizures, be associated
with seizures, or lower the threshold for developing seizures.
There are a handful of life-threatening diagnoses that can
mimic nonconvulsive SE and should be considered in the
setting of acute neurological deterioration.

Pathophysiology

In general terms, seizures occur due to instability of neuronal
membranes and the inability to inhibit rapid synchronous
discharges. Seizures are sustained due to an imbalance
between increased excitation and decreased inhibition. The
most common excitatory neurotransmitter is glutamate,
which acts on the N-methyl-D-aspartate (NMDA) receptor.
On the other hand, the most common inhibitory neurotrans-
mitter is gamma-aminobutyric acid (GABA), which can bind
to GABA-A receptors to inhibit excitation; this is the site of

Table 3.1 Causes of status epilepticus in adults [24, 28]

Etiology Frequency

Epilepsy history 22-34%
Medication noncompliance
Refractory epilepsy

Remote structural lesion 24 %

Tumor

Traumatic brain injury

Stroke

Intracerebral hemorrhage

Vascular malformations, etc.

22%

10%

10 %

Ischemic stroke

Hypoxic/anoxic encephalopathy

Metabolic abnormalities
Hyponatremia (usually <120 meq/L)
Hypoglycemia or hyperglycemia
Liver or renal-related failure
Hypothyroidism

Alcohol withdrawal

Other

PRES (posterior reversible encephalopathy
syndrome)

Infection (sepsis or CNS infection)

10 %

Toxins
Medications/illicit drugs

action for many antiepileptic drugs (AEDs) such as benzodi-
azepines, barbiturates, and propofol [29]. In addition,
voltage-gated sodium channels, which are blocked by vari-
ous AEDs (e.g., phenytoin, carbamazepine, and topiramate)
to selectively inhibit rapidly firing neurons [30], and sub-
types of calcium channels, which are targeted by zonisamide,
valproate sodium, and lamotrigine, are also involved in sei-
zure propagation [31].

Neurochemical Changes

The first few minutes of seizure onset are characterized by
modulation of ionic channels, neurotransmitter release, and
rearrangement of receptors on neuronal synapses via endo-
cytosis or exocytosis, which leads to an increased number of
excitatory NMDA receptors and a decreased number of
inhibitory GABA-A receptors. As status epilepticus contin-
ues, the number and/or sensitivity of GABA-A receptors is
thought to decrease; in fact, potency of benzodiazepines
decreases by 20-fold within just 30 min of chemically
induced status epilepticus animal models [32]. This high-
lights the importance of recognizing seizures as a neurologi-
cal emergency in which early diagnosis and treatment
initiation can improve clinical outcomes. Subsequently
within hours to days, there will be seizure-induced neuronal
damage and ultimately neuronal death (apoptosis and/or
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necrosis) secondary to excitotoxicity [33-35]. The neuronal
injury can be shown by nonspecific markers such as eleva-
tion of neuron-specific enolase or imaging findings of cere-
bral edema (vasogenic or cytotoxic) on FLAIR or
diffusion-weighted imaging sequences or chronic atrophy
especially in the hippocampus [36-38].

Physiological Changes

Within 30 min of convulsive status epilepticus, robust catechol-
amine release occurs leading to various systemic changes
including increased blood pressure, fever, tachycardia, arrhyth-
mias, leukocytosis, lactic acidosis, hyperglycemia, increased
pulmonary vascular resistance, and pulmonary edema [29,
39-41]. Early in status epilepticus, cerebral physiology remains
relatively stable through a host of intrinsic autoregulatory
mechanisms that result in increased cerebral blood flow (CBF)
as well as increased oxygen and glucose uptake [29]. However,
after 30-60 min, SE typically becomes nonconvulsive and the
early compensatory mechanisms fail, leading to excitotoxic
damage and compounded neurological injury.

Diagnosis

Diagnosing seizures and status epilepticus can be challeng-
ing due to varied clinical manifestations that can represent
both positive and negative phenomena (Table 3.2) [42].
Seizure onset is typically abrupt; however, there are several
entities that may mimic seizures and status epilepticus, par-
ticularly when they are nonconvulsive (Table 3.3) [43]. After
early management (see Fig. 3.1), the diagnosis of seizures
must be further investigated with a scalp electroencephalo-
gram (EEG). The underlying etiology should be worked up
by checking rapidly reversible causes such as hypoglycemia,
electrolyte imbalances, as well as renal and hepatic dysfunc-
tion. Other laboratory data such as toxicology and CSF anal-
ysis or advanced neuroimaging (CT or MR angiography/
venography or MRI) may be required depending on the
patient’s specific history and neurological examination.

Neurological and Physical Examination
and History

When evaluating any patient with neurological dysfunction,
a full neurological examination is helpful; however, in emer-
gency situations one can do a focused neurological exam to
guide subsequent management. At the minimum, in the non-
comatose patient, this includes an assessment of mental sta-
tus (orientation, attention, and concentration), language,
memory, and lateralizing motor signs. In a comatose patient,

Table 3.2 Clinical manifestations of seizure [42]

Cognitive/language/behavioral
Memory loss
Decreased level of consciousness

(Fluctuating or persistent; with severity ranging from confusion
to coma)

Echolalia, aphasia, mutism, and perseveration

Psychosis, hallucinations, catatonia, and delusions

Cry and laughter
Motor

Tonic and/or clonic activity and posturing

Eye deviation, blinking, facial twitching, and nystagmus
Autonomic

Tachycardia or bradycardia

Skin flushing, nausea, vomiting, miosis, mydriasis, and hippus

Table 3.3 Seizure mimics [43]

Movement disorders
Chorea, dystonia, tics, myoclonus, and asterixis
Psychogenic non-epileptic seizures
Syncope
Cardiogenic
Cataplexy (narcolepsy related)
Herniation syndromes (posturing)
Delirium
Ischemic events
“Limb shaking” TIA due to severe carotid stenosis
Posterior circulation strokes

an assessment of level of consciousness with verbal or nox-
ious stimuli (alert, lethargic, stuporous, or comatose) and a
cranial nerve examination are paramount. During inspection
look for subtle oral, facial, or limb twitching, pupillary
changes, and the presence of gaze deviation. Patients in non-
convulsive SE can have pupillary abnormalities, including
asymmetry and hippus; however, if their pupils are dilated,
pinpoint, or unreactive, other life-threatening neurological
emergencies should be entertained, prompting an emergent
neurology or neurosurgical consultation. Additionally, in
nonconvulsive SE the eyes may be open, but the patient is
mute (e.g., eye open mutism), and the eyes may be deviated
with or without head version. Not all eye deviation is second-
ary to seizure and can be seen in cortical, thalamic, and brain
stem lesions. In general, with ongoing seizures the eyes will
deviate away from the brain lesion (especially if frontal), but
with stroke or other lesions, they will deviate toward the side
of the lesion. The exception to this rule involves lesions to
the paramedian pontine reticular formation, in which lesions
in the pons may cause contralateral eye deviation. Facial,
eye, or limb twitches may be observed and may be induced
with stimulation (SIRPIDs — stimulus-induced rhythmic,
periodic, or ictal discharges — only occasionally with clinical
correlate). Tone may be symmetrically or asymmetrically
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First 5 minutes

Medical Management:
ABC (Airway, Breathing, Circulation)
Monitor 02, HR, BP, EKG
Check glucose
Administer Thiamine (100 mg IV) prior to dextrose
Labs

CBC, BMP, LFT, Calcium, Magnesium, Phosphate, Antiepileptic drug level (if appli-

cable), Troponin, Toxicolog, HCG
Neurological examination
Medication:

Lorazepam (4 mg IV, can repeat after 5 min) *; If no IV access then use one of these:

Diazepam (20 mg PR)
Midazolam (10 mg intra-nasal/Buccal/IM)

if seizure continues, intubate

Y

5 - 30 minutes

Medication: Administer both AED + Anesthetics simultaneously
A) AED (pick one):
Fosphenytoin or Phenytoin
Bolus: 20 mg/Kg IV **
Maintenance: 100 mg Q8 hours
Valproate sodium
Bolus: 20 - 40 mg/kg IV **
Maintenance: 15-40 mg/kg/day divided in g6 - q12 doses
Other Alternatives:
Levetiracetam
Bolus: 2500 - 4000 mg IV
Maintenance: 2000 - 12000 mg/day divided in 3-4 doses
Lacosamide
Bolus: 400 mg IV
Maintenance: 200 - 300 mg IV q12 h
B) Anesthetic (pick one):
Midazolam

Note:

Get pertinent history

Consider Neuroimaging or Lumbar puncture
Formulate differential diagnosis

Bolus: 0.2 mg/kg 1V, repeat Q 5min until seizure stops (maximum of 2 mg/kg)

Infusion: 0.1 - 2.9 mg/kg/hr
Propofol

Bolus: 1-2 mg/kg IV, repeat Q 5min until seizure stops (maximum of 10 mg/kg)

Infusion: 33 - 250 ug/kg/min

if seizure continues

A\ 4

> 30 minutes

Medical Management:
Begin continuous EEG to titrate AEDs

Medication (pick one):

A) Add a second anesthetic AED from previous step (i.e. propofol or midazolam)

B) Add Ketamine (ideal for the severely hypotenive patient)

Bolus: 1.5 mg/kg IV, repeat Q 5min untill seizure stops (maximum of 4.5 mg/kg)

Infusion: 1.2 - 7.5 mg/kg/hr
C) Pentobarbital

(typically used as a last resort given its side effect profile)

Bolus: 5 mg/kg 1V, repeat 5 mg/kg Q 5min until seizure stops (max 25 mg/kg)

Infusion: 1 - 10 mg/kg/hr

Fig. 3.1 Convulsive status epilepticus treatment algorithm for adults
adopted at Yale-New Haven Hospital. AED antiepileptic drug, BMP
basic metabolic profile, BP blood pressure, Ca calcium, CBC complete
blood count, EKG electrocardiogram, HCG human chorionic gonado-
tropin, HR heart rate, /M intramuscular, /V intravenous, LFT liver func-

tion test, 02 oxygen, and Mg magnesium. * This is based on 0.1 mg/kg
dosing of lorazepam (divided into two doses) for an average adult
(about 70 kg). ** Loading dose does not require adjustment for hepatic/
renal insufficiency. Post-load serum drug level should be drawn 2 h
post-phenytoin/fosphenytoin/valproate sodium
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increased with hyperreflexia and clonus. “Awake” patients
are more likely to exhibit automatisms (e.g., picking, lip
smacking) and behavioral changes (perseveration, agitation,
emotional lability, aggressiveness).

Stupor and coma can result from diseases affecting bilateral
cerebral hemispheres, thalami, or the brain stem. As a rule, uni-
lateral hemispheric lesions do not produce stupor or coma
unless there is sufficient mass effect to raise the intracranial
pressure or compress the contralateral hemisphere or brain
stem (i.e., partial or complete herniation syndromes). Brain
stem lesions produce coma by affecting the reticular activating
system. Metabolic disorders impair consciousness by diffuse
effects on both the reticular formation and the cerebral cortex.

Brain Imaging

Brain imaging after urgent treatment of status epilepticus,
computed tomography (CT) of the head is indicated in
almost all patients. If the etiology remains inconclusive, then
magnetic resonance imaging (MRI) of the brain may be indi-
cated to assess for diagnosis such as ischemic stroke, enceph-
alitis (i.e., infectious, autoimmune, or neoplastic), or
posterior reversible encephalopathy syndrome (PRES). It
should be noted that prolonged status epilepticus could also
lead to MRI findings in various anatomical locations (typi-
cally in the hippocampus, cortex, corpus callosum, thala-
mus); importantly, these findings may be reversible with
appropriate management.

EEG

Early management of status epilepticus must rely on its
clinical diagnosis and should not be delayed to obtain a
cEEG. However, cEEG monitoring can both confirm and
allow one to tailor therapeutics in critically ill patients.
Scalp EEG detects seizures only when it involves a rela-
tively large area of cortex (>10 cm?) as it measures the sum-
mation of excitatory and inhibitory postsynaptic potentials
of pyramidal neurons [44, 45]. Thus, scalp EEG may be
falsely negative in seizures with small or deep foci. In
patients who fail to fully regain consciousness, it is impera-
tive to monitor for nonconvulsive SE and/or seizures due to
their high prevalence of 15% and 48 %, respectively [8].
Another important factor to consider is the duration of
cEEG monitoring as routine 1 h EEGs can miss up to 50 %
of seizures [7]. In critically ill patients, the recommended
monitoring duration is 12-24 h for non-comatose patients
and 24-48 h for comatose patient as seizure detection can
reach up to 95 % and 87 %, respectively [5, 7]. The cEEG
should also be continued until the patient is seizure-free for
24 h or has a reliable neurological exam to follow for clini-

cal seizures. The latest Neurocritical Care Society (NCS)
and the European Society of Intensive Care Medicine
(ESICM) recommend cEEG in all patients with an unex-
plained alteration of consciousness either with an acute
brain injury or comatose ICU patients without an acute
brain injury (especially those with sepsis, renal/hepatic fail-
ures), in patients with CSE without return to baseline after
60 min, in patients undergoing hypothermia induction and
within 24 h of their rewarming, and lastly in comatose sub-
arachnoid hemorrhage patients in order to detect delayed
cerebral ischemia (DCI) [46]. The guidelines set forth by
the American Clinical Neurophysiology Society (ACNS)
mostly mirror the aforementioned recommendations.
Moreover, ACNS also suggests the use of cEEG in other
settings such as monitoring of sedation or suppressive ther-
apy (to avoid oversedation and undesirable side effects of
anesthetic agents) and lastly the use of cEEG to help with
prognostication in various neurological diseases [14].

Management

Upon diagnosis, seizures should be managed as a neurologi-
cal emergency given the association of prolonged seizures
and worse outcome. Management includes patient position-
ing, airway/breathing/circulation (ABC) management, anti-
epileptic drug (AED) administration, and diagnostic workup
of the underlying etiology to further tailor treatment. As seen
in Fig. 3.1, these steps should be prioritized and performed
within 5—10 min as per the latest subspecialty guideline rec-
ommendations from the NCS [47].

Antiepileptic Drugs in Convulsive SE

Prompt AED administration must be prioritized given its
association with improved seizure cessation and outcome
[48]. It is essential to note that delayed treatment in convul-
sive SE is twice more likely to lead to systemic complica-
tions (respiratory failure, hypotension, and arrhythmia)
than treatment with AEDs such as benzodiazepines (see
Table 3.4 for list of AEDs) [15, 49]. Benzodiazepines are
generally recognized as the first-line AEDs in the treatment
of convulsive SE and are superior to phenytoin and pheno-
barbital [47, 48]. In patients with intravenous (IV) access,
lorazepam is the preferred drug of choice. In those without
IV access, intramuscular midazolam can be administered,
which has a similar efficacy as lorazepam [50]. Furthermore,
rectal diazepam is also an acceptable alternative to above
agents.

In the critically ill, almost all patients should receive a
second-line AEDs unless there is a reversible etiology and
the patient has returned to baseline. Second-line AEDs
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should be given intravenously and include fosphenytoin/
phenytoin, valproate sodium, levetiracetam, phenobarbital,
or midazolam [47]. The selection of a second-like AED
depends on institutional accessibility, patient’s comorbidi-
ties, and the type of epilepsy if known and applicable.
Typically, fosphenytoin/phenytoin is a preferred choice due
to accessibility; however, it is associated with cardiovascu-
lar side effects (e.g., hypotension and arrhythmias) and may
exacerbate seizures in those with a history of primary gener-
alized epilepsy (PGE). Valproate sodium has been shown to
be at least as effective and perhaps superior to fosphenytoin/
phenytoin based on two trials; furthermore, valproate
sodium is a good choice for the treatment of PGE and has
less cardiovascular side effects [51, 52]. Another commonly
used AED is levetiracetam due to its efficacy, benign side
effect profile, and minimal interactions with other medica-
tions [53, 54]. As discussed earlier, the failure of a second-
line AED defines SE as refractory and requires the initiation
of a third-line AED, typically as a bolus dose followed by an
infusion of anesthetic such as midazolam, propofol, ket-
amine, or pentobarbital. These agents should be titrated to
seizure cessation (and not burst suppression) with the help
of cEEG. In one study there was no difference in mortality
between refractory SE treated by continuous propofol, mid-
azolam, or pentobarbital [55]. Pentobarbital is generally
used as a last resort in cases of superrefractory SE (noncon-
vulsive SE > 48 h) due to its significant systemic side effects.
Once seizure suppression is achieved, anesthetic AEDs
should be slowly tapered off after 24-48 h to prevent

Table 3.4 List of commonly used AEDs in status epilepticus [15, 49]

rebound seizures; the taper is typically performed over 24 h
[47]. It should be noted that the treatment of status epilepti-
cus (NCSE or CSE) with anesthetic AEDs to reach thera-
peutic coma (i.e., either seizure cessation or burst
suppression on cEEG) has been shown to be associated with
worse outcome [56]. Further prospective, randomized trials
are needed to validate these findings.

Finally, in certain clinical situations, immune medicated
therapies (e.g., high-dose steroids, IVIg, plasma exchange)
as well as hypothermia and electroconvulsive therapy may
be instituted to manage super-refractory cases.

Antiepileptic Drugs in Nonconvulsive SE
and Ictal-Interictal Patterns

Currently, there are no prospective trials to guide or sup-
port an algorithmic treatment of nonconvulsive
SE. However, given the association with increased mortal-
ity, it is reasonable to treat generalized nonconvulsive SE
with the same urgency and aggressiveness as convulsive
SE. Lastly, there are certain EEG patterns (e.g., lateral-
ized rhythmic or periodic discharges) that are not clearly
seizures but suggest different degree of cortical hyperex-
citability based on their prevalence, frequency, morphol-
ogy, spread, and evolution; these patterns could simply be
markers of brain injury or severity of illness; however,
they have the potential to progress to frank seizure.
Currently, there is no clear consensus on the treatment of

Medication Loading dose Maintenance dose Clearance Side effects/comments
Lorazepam 4 mg, repeat after S min N/A Hepatic Hypotension
Diazepam 20 mg (PR) N/A Hepatic Prolonged half-life
Phenytoin & 20 mg/kg” 100 mg Q8 hr Hepatic Hypotension, arrhythmias, hepatic
fosphenytoin dysfunction. Monitor free levels if albumin
low, or if patient is on valproate sodium
Valproate sodium ~ 20-40 mg/kg™ 15-40 mg/kg/d (divided in Hepatic Platelet dysfunction, thrombocytopenia,
q6—12 doses) pancreatitis, and tremor
Levetiracetam 2,500-4,000 mg 2,000-12,000 mg/d Renal Somnolence, behavioral disturbances, and
(divided in q6—12 doses) agitation
Lacosamide 400 mg 200-300 mg q12 hr Renal/hepatic ~ Bradycardia, prolonged PR interval
Midazolam 0.2 mg/kg, Q5 min prn 0.1-2.9 mg/kg/hr Hepatic Hypotension, accumulates in fat
(max 2 mg/kg)
Propofol 1-2 mg/kg, Q5 min prn 33-250 pg/kg/min Hepatic Hypotension, propofol infusion syndrome
(max 10 mg/kg)
Ketamine 1.5 mg/kg, Q5 min prn 1.2-7.5 mg/kg/hr Hepatic Hypertension, rise in ICP (unlikely)
(max 4.5 mg/kg)
Pentobarbital 5 mg/kg (at 50 mg/min), repeat 1-10 mg/kg/hr Hepatic Hypotension, gastroparesis, cardiac

5 mg/kg boluses Q5 min prn
(max 25 mg/kg)

suppression, and thrombocytopenia

d day, hr hour, ICP intracranial pressure, min minute, PR per rectum, and prn pro re nata (as needed)
“Target serum phenytoin level is 20 ug/ml (total level) or 2-3 ug/ml (free level)

“Target serum valproate sodium level is 80-120 ug/ml
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these patterns; however, most patients are placed on pro-
phylactic AEDs to prevent the emergence of bona fide
seizures.

Seizure Prophylaxis in Intracranial
Pathologies

Any intracranial process can potentially be a risk factor
for a new-onset seizure; however, different diseases are
associated with various rates of seizure occurrence. The
use of AEDs in neurocritical care patients is controver-
sial, and in this section we will discuss risks and benefits
of seizure prophylaxis for common critically ill neurology
patients.

Traumatic Brain Injury (TBI)

Seizures in TBI are classified as early or late depending
on whether they occur before or after 7 days, respectively.
In patients with severe TBI (i.e., GCS <8 and/or with
parenchymal/subdural hemorrhage, depressed skull frac-
tures, or brain contusions), the incidence of early seizure
ranges between 20 and 25 % [57]. In patients with pene-
trating TBI, the incidence of early seizure is up to 50 %. In
a randomized trial, it was shown that patients with severe
TBI had significantly lower incidence of early seizures
when treated with phenytoin compared to placebo (3.6 %
and 14.2 %, respectively); however, phenytoin was associ-
ated with decreased functional performance at 1 month
[58, 59]. In another randomized trial, valproate sodium
was shown to be as effective as phenytoin in preventing
early seizures; however, there was a trend toward higher
mortality in patients treated with valproate sodium [60].
For this reason, valproate sodium is not used in seizure
prophylaxis of patients with TBI. Lastly, levetiracetam
has been investigated in small prospective and random-
ized trials, which showed to be as effective as phenytoin
in early seizure prophylaxis. Furthermore, treatment with
levetiracetam was associated with improved disability rat-
ing scores and Glasgow Outcome Scale [61, 62]. Currently,
the Brain Trauma Foundation (BTF) and American
Academy of Neurology (AAN) recommend 7 days of sei-
zure prophylaxis in severe TBI patients to minimize the
occurrence of early seizures [63, 64]. In many institutions
there is a trend toward using levetiracetam (dose ranging
from 500 to 1,500 mg twice daily) due to its bioavailabil-
ity, side effect profile, and minimal drug interactions.
Seizure prophylaxis is not recommended for late-onset
seizures (>7 days) in severe TBI patients since the inci-
dence of late-onset seizure has not shown to be reduced
by any of the investigated AEDs [65, 66]. Lastly, seizure

prophylaxis is not routinely recommended for mild to
moderate TBI due to low risk of post-traumatic seizures
of 0.7 and 1.2 %s [57].

Brain Tumors

Generally about 25-45 % of patients with brain tumor will
develop new-onset seizures, with some of the high-risk fea-
tures including the tumor type (primary tumor vs. metasta-
sis) and location (temporal lobe) [67, 68]. Given the high
seizure incidence, prophylaxis has been extensively investi-
gated in multiple randomized controlled trials and meta-
analyses. The latest guideline from AAN in 2000 recommends
that patients with newly diagnosed brain tumors should not
routinely receive AEDs for seizure prophylaxis. This recom-
mendation was based on multiple studies, including four ran-
domized controlled trials, mainly investigating older AEDs
(phenytoin, valproate sodium, and phenobarbital) [67]. Since
then, there have been multiple meta-analyses with similar
findings of older AEDs being ineffective for seizure prophy-
laxis in patients with primary or metastatic brain tumors [69,
70]. The use of these AEDs is further complicated by their
significant drug interaction with chemotherapeutic agents.
Further investigation is required to assess the efficacy of
newer AEDs such as levetiracetam. However, in patients
undergoing tumor resection, the use of levetiracetam for
perioperative seizure prophylaxis is reasonable [71].

Ischemic Stroke

In the patients older than 60 years, the most common cause
of a new-onset unprovoked seizure is an ischemic stroke
[72]. The incidence of stroke-related seizure varies greatly
among studies, but it is typically less than 10 % and similar
to TBI in that it can occur early or late after stroke onset [73].
There is no clear correlation between stroke size or subtype
and the risk of seizure development [74]. As of the most
recent American Heart Association/American Stroke
Association (AHA/ASA) guideline, the prophylactic use of
AEDs is not recommended due to a paucity of data [73].

Intracerebral Hemorrhage

Intracerebral hemorrhage (ICH), especially if cortical, is
more epileptogenic than ischemic stroke with the post-
ICH incidence of seizure ranging from 2.7 to 17 % with the
majority occurring close to ICH onset [75]. The incidence
of ICH-related seizure is even higher when cEEG is uti-
lized at 28-31 %, likely representing a reporting bias from
the use of a more sensitive diagnostic tool [27, 76]. Seizure
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prophylaxis in ICH is controversial, however, as two stud-
ies (primarily using phenytoin) showed worsened mortal-
ity and functional outcome associated with seizure
prophylaxis [77, 78]. The latest AHA/ASA guideline rec-
ommends against seizure prophylaxis in patients with ICH
[75]. Tt should be noted that in ICH patients with out of
proportion or fluctuating neurological exam, it is impera-
tive to screen for seizures using cEEG. In one study, acute
seizure after [CH was an independent predictor of increased
midline shift [27].

Aneurysmal Subarachnoid Hemorrhage
(aSAH)

Patients with aSAH can present with seizure-like events
(e.g., posturing); it is estimated that the incidence of seizures
spans from 6 to 18 % and typically occurs early in the course
[79, 80]. Some of the risk factors for seizure occurrence are
location of aneurysm (middle cerebral artery), thickness of
aSAH on imaging, the presence of ICH, ischemic stroke or
rebleeding, poor neurological exam, history of hypertension,
and mode of aSAH (i.e., treatment with clipping) [81]. In the
acute phase of aSAH when the aneurysm is still unsecured,
seizures can potentially be catastrophic as it can lead to
rebleeding [82, 83]. Unfortunately, there are no randomized
trials to assess the utility of seizure prophylaxis in this popu-
lation, and most of studies have focused on the use of phe-
nytoin, which was again associated with worse neurological
outcomes [84, 85]. Thus, seizure prophylaxis is only recom-
mended in the acute setting of aSAH for 3—7 days as per both
AHA/ASA and NCS guidelines [81, 86]. The drug of choice
in most institution remains to be levetiracetam for the afore-
mentioned reasons.

Case Example Explanation

What would be your initial approach to the management of
this patient?

The first step in the management of an “unresponsive”
patient includes the assessment of ABCs and appropriate sta-
bilization (see Fig. 3.1). This should be followed by a suc-
cinct neurological examination to serve as a guide in
diagnosis and management. The differential diagnosis should
be formulated based on the patient’s clinical presentation,
comorbidities, and neurological examination. In this particu-
lar case, the patient’s sudden onset of “‘unresponsiveness”
points to an etiology such as a vascular event (e.g., ischemic/
hemorrhagic stroke) or seizures.

After your initial assessment, the patient is hemody-
namically appropriate but on neurological examination

does not follow commands with eyes closed despite nox-
ious stimulation. Further examination reveals normal cra-
nial nerves, a symmetric motor exam with localization of
all extremities, and normal muscle tone. However, you
note a right-sided gaze deviation that lasted for 30 s. What
are the next steps?

Etiologies such as posterior circulation strokes (i.e.,
affecting brain stem or bilateral thalami) or herniation syn-
dromes due to mass effect (e.g., intracerebral hemorrhage)
must always be considered given the urgency and narrow
window of their treatment. However, in this patient such eti-
ologies are lower on the differential given normal cranial
nerves and symmetric motor examination. The right-sided
gaze deviation can be a clue that is typically either due to
seizure or a structural lesion causing gaze deviation away or
toward the lesion, respectively. This is due to hyper-excitation
(in seizure) or inhibition (in structural lesion) of the frontal
eye field center that plays a role in controlling horizontal eye
movements. In this particular case, given the patient’s nor-
mal motor and cranial nerve exam, the right gaze deviation
most likely signifies seizure.

After sending appropriate labs (Fig. 3.1), you decide to
administer lorazepam. The patient, however, is now unable
to protect his airway and requires intubation. The patient’s
gaze deviation has now resolved, and a CT of his head shows
subtle hypodensities in bilateral occipital lobes, consistent
with vasogenic edema. It has now been 20 min since the
patient was last noted to be at his neurologic baseline. What
are the next steps in management?

In the setting of hypertension, immunosuppressive therapy,
and radiographic findings consistent with vasogenic edema,
PRES is the most likely etiology of his new-onset seizure
(Table 3.1). At this point, the patient should be presumed to be
in nonconvulsive status epilepticus and treated with a similar
urgency as that for convulsive SE (see Fig. 3.1). The patient
should be started on an anesthetic AED (e.g., propofol) as well
as the administration of a second-line AED. The choice of
AED should be tailored based on the drug’s side effect profile
and patient’s comorbidities as shown in Table 3.4. In this
patient, levetiracetam may be an ideal agent since, unlike val-
proate sodium and phenytoin, it does not interact with warfa-
rin. In tandem, the patient should be monitored with continuous
EEG for 24-48 h to confirm and/or to tailor AED treatment.
Importantly, the patient’s blood pressure should also be con-
trolled given the presumptive diagnosis of PRES.

The labs all return normal and on cEEG patient is noted to
be in NCSE. This prompts you to bolus and increase the
maintenance dose of propofol, which achieves the desired
effect. After 24 h of seizure freedom, propofol may be
tapered off leading to liberation from mechanical ventilation
after returning the patient to his baseline neurological
examination.
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Traumatic Brain Injury

Sofya H. Asfaw and Niels Douglas Martin

Epidemiology

Traumatic brain injury (TBI) is a major public health con-
cern and is a leading cause of death from injury. While the
exact number of individuals suffering is unknown, some
studies estimate an incidence of 91-430 per 100,000 per
population year [1]. In the United States (US), there are
nearly 1.6 million identified head injuries per year and
approximately 16 % of those are admitted to a hospital [2].
The US mortality rate is 50,000-60,000 per year and an esti-
mated 80,000-90,000 people per year have long-term dis-
ability as a result [2—4]. The bimodal age of distribution
peaks between ages 0—4 and 15-19 [3]. The younger ages of
injury may reflect injury from child abuse, and the older a
predilection toward increased risky behavior. After peaking
in the young adult years, the incidence of TBI declines into
mid-adulthood [5]. Common causes of TBI include falls,
motor vehicle collisions, pedestrian injuries, and assaults [3].
When considering hospital costs, rehabilitation costs, and
loss of productivity, TBI costs the US health-care system
approximately $100 billion per year [2, 6].

Classification and Types
Neurologic Severity Score
TBI includes a spectrum of brain injuries that can be classified

in two ways: (1) by severity and (2) by anatomical location.
Glasgow Coma Scale (GCS) is used to grade severity despite
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its original intent of classification for nontraumatic injuries
(Table 4.1). Minor injury is defined by a GCS score of 13-15.
Moderate injury is defined by a score of 9—12 and severe injury
by a score of 3-8 (Table 4.2). When using GCS as a classifica-
tion schema, the motor score most accurately predicts ultimate
neurologic outcome [5]. In general, mortality is rare in patients
with mild TBI. Moderate TBI portends a slightly worse prog-
nosis but with a mortality rate of still <10%. In severe TBI;
however, mortality rates can approach 40 %, and those that sur-
vive commonly have lasting deficits [7, §].

Table 4.1 The Glasgow Coma Scale (GCS) scoring mechanism

Category Score
Eye opening
Spontaneous
To voice

To pain
None

—_ N W A

Verbal response

Oriented

Confused

Inappropriate words
Incomprehensible sounds
None

— N W A W

Motor response

Follows commands

Localizes to pain

Withdraws to pain

Decorticate/flexion movement to pain
Decerebrate/extension movement to pain

_— N W A

None

Table 4.2 Severity of traumatic brain injury (TBI) by the Glasgow
Coma Scale (GCS)

Glasgow Coma Scale score  Traumatic brain injury severity

13-15 Mild
9-12 Moderate
3-8 Severe
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Anatomic Location

Anatomically, TBIs can be focal or diffuse. Focal injuries are
classified by anatomic location of injury.

Skull Fractures

Skull fractures are either basilar or confined in the cranial
vault. Basilar skull fractures add additional potential compli-
cations by communicating with other structures such as the
middle ear, nasopharynx, or sinuses. They are also frequently
associated with cranial nerve injuries.

All skull fractures are either open or closed, depending on
any overlying penetration of the scalp. They are further cat-
egorized as either displaced or non-displaced (which is also
referred to as depressed or non-depressed). Specific treat-
ment depends on the anatomic location of the fracture and its
characteristics that are beyond the scope of critical care.

Intracranial Lesions

Intracranial lesions are also subdivided into focal or diffuse
in nature. They are generally caused by disruption of the vas-
culature which presents as various types of hematomas or
parenchymal hemorrhages depending on location. These are
commonly direct injuries to the brain and are thus considered
primary injuries.

Focal Intracranial Lesions

Intraparenchymal Hemorrhage

Intraparenchymal hemorrhage (IPH) is seen in 20-35 % of
severe TBIs and approximately 8.2% of all TBIs [3, 4].
Initial identification of IPH is critical to recognize as these
lesions frequently evolve with resulting increases in cerebral
edema and potential for mass effect. Additionally, delayed
IPH can occur in up to 20 % of TBI cases but usually within
the first 3 days of initial injury [3]. For these reasons, repeat
imaging during the first 24 h post injury is recommended
(Fig. 4.1a) [4]. The presentation and patterns of IPH are sim-
ilar to that of cerebral contusions, which can be considered a
less severe type of IPH.

Subdural Hematoma

Subdural hematomas (SDH) occur in approximately 30 % of
patients with TBI [4]. Shearing forces in the subdural space
cause tearing of bridging veins resulting in accumulation of
blood between the dura and arachnoid. Radiographically,
they follow the contour of the brain parenchyma (in a classi-
cally described concave fashion) and can change in appear-
ance over time (Fig. 4.1b). These are generally high force
impact injuries, where direct brain and axonal injury can also
occur, which can result in a worse prognosis or greater neu-
rologic injury than in the other focal lesions [2]. They are
subdivided into hyperacute (<6 h), acute (6 h to 3 days), sub-

acute (3 days to 3 weeks), and chronic (3 weeks to 3 months)
timepoints [3].

Epidural Hematoma

Occurring in approximately 0.5—1 % of all head traumas, epi-
dural hematomas (EDH) have a propensity toward males,
young adults, and those at the extremes of age, as the dura and
inner table of the skull (where EDHs occur) are more fixed [3,
4]. EDHs are impact injuries commonly associated with lat-
eral (temporal) skull fractures that result in tearing of the
middle meningeal artery. Only about 10% of these injuries
are due to a venous injury [3]. The classic presentation
includes a brief post injury loss of consciousness followed by
a lucid interval before a progressive loss of mental status
again. Early diagnosis, evaluation, and intervention are essen-
tial due to the potential for rapid deterioration and permanent
brain injury. Overall mortality rate lies between 5 and 12 %
when unilateral and 15-20 % with bilaterality [3, 9]. Imaging
studies of EDHs appear as hyperdense lenticular (convex)
lesions adjacent to the area of injury. Up to 10 % can appear
in a delayed fashion radiographically (Fig. 4.1¢c) [3].

Subarachnoid Hemorrhage

Traumatic subarachnoid hemorrhage (SAH) is characterized
by bleeding between the arachnoid membrane and pia mat-
ter. 33-39 % of patients with a head injury have a traumatic
SAH on CT imaging (Fig. 4.1d). They usually occur adjacent
to the site of injury or impact. They are generally caused by
scraping of a vein against a tentorial edge [10]. SAH por-
tends a significantly worse outcome [11, 12]. A large
European study showed these patients to be older (mean
45.7 years) than those without subarachnoid hemorrhage
(mean 37.6 years) with a worse GCS on admission [12].

Diffuse Intracranial Lesions

Diffuse Axonal Injury

Diffuse axonal injury (DAI) is generally found on the severe
end of the TBI spectrum. DAI typically results from an axo-
nal shearing injury or stretch injury following an accelera-
tion or deceleration event. Direct axonal damage can be mild
and reversible but is often more severe and permanent. DAI
is often not visible on conventional CT scans, which can
appear normal in 50-80 % of cases or just have a parenchy-
mal hyper-density in 20-50 % of injuries. MRI is typically
used to reveal the loss of gray/white differentiation predomi-
nately in the frontal lobes and corpus callosum [3].
Additionally, small petechial hemorrhages can also present
where the gray and white matter differentiates. These hemor-
rhages and their resultant diffuse edema can create brainstem
compression [6, 13]. The prognosis of DAT is very poor, with
both a high mortality rate and a high incidence of residual
neurologic deficits in survivors [5].
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Fig.4.1 (a) Intraparenchymal hemorrhage. (b) Subdural hematoma with midline shift. (¢) Epidural hematoma. (d) Traumatic subarachnoid hem-
orrhage in the right sylvian fissure
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Concussion

Concussions are defined as a transient event, often causing a
brief loss of consciousness, with non-focal symptoms, and
no permanent sequelae after an impact injury to the head.
Signs and symptoms can be vague, often going unrecog-
nized, and can include headaches, visual disturbances, dizzi-
ness, decreased attention/concentration, and amnesia [3, 14].
These symptoms can last from days to months. CT scans
may be unremarkable or reveal mild diffuse swelling second-
ary to hyperemia. MRIs can show pathology in 25 % of the
cases where CT scans show no abnormalities [14]. However,
MRI is generally not indicated for diagnosis or treatment.
Repetitive concussions are associated with worse long-term
functional outcomes.

Primary and Secondary Brain Injury

Aside from treating the primary brain injury, preventing sec-
ondary progression is of the utmost importance to the inten-
sivist when managing TBI. Secondary injuries are caused by
the failure of cerebral autoregulation of blood flow and oxy-
gen delivery; loss of this equilibrium can result in propaga-
tion of the ischemic penumbra [3]. These injuries progress
after the initial impact and can be difficult to control [3].
Because of their insidious nature, watchful anticipation is
needed on the part of the intensivist. Secondary injuries are
also contributed to by edema, swelling, hypoxia, hypoten-
sion, electrolyte disturbances, hypoglycemia, infection, sei-
zure, increased intracranial pressures, and hyperthermia [3,
6, 15]. Management is complex and will be discussed in the
following sections.

Evaluation
Physical Examination

Although generally not present during the initial examina-
tion of a patient, it is important for the intensivist to be famil-
iar with the initial trauma evaluation and its findings. There
is a comprehensive physical evaluation, including a focused
neurologic exam. If other injuries take initial precedence, it
is important for a thorough follow-up neurologic exam on
admission to the ICU. If the neurologic injury is the primary
driver of the patient’s pathologic condition, especially if it
requires immediate treatment, the intensivist must triage for
secondary and tertiary systemic traumatic injuries when the
brain injury is controlled. This often occurs after the patient
has been received in the ICU.

Intensivists should also be aware of commonly associated
injuries with TBI. This most notably includes cervical spinal
cord injuries. TBI patients often arrive in the ICU with a

rigid cervical collar in place. Spine precautions should be
continued until the cervical spine is cleared by a trauma or
neurosurgeon.

Neurologic Examination

GCS is the most commonly used method of both initial and
follow-up neurological evaluation. It evaluates cognitive
function objectively and can be assessed by all levels of prac-
titioner. Changes in GCS, even if small, can be an early sign
of deterioration and warrant additional evaluation. The neuro-
logic physical examination also includes a head to toe assess-
ment of motor and sensory function, brain stem function,
cranial nerve examination, reflexes, and pupillary reactivity.

Pupillary reactivity is a vital component of ongoing phys-
ical assessment in the ICU. Abnormalities in pupillary reac-
tivity and size can indicate worsening TBI and is associated
with poorer neurologic outcomes [16]. The most critical
example is acute pupillary dilation, which can be the result
of pending herniation. This is caused by direct compression
of the third cranial nerve [17].

Pupillary changes also correlate with brainstem oxygen-
ation and cerebral tissue perfusion and ischemia [16, 18]. Acute
pupillary changes should be considered a neurologic emer-
gency as timely interventions can improve outcomes [19].

Imaging

CT Scan

CT scan is the current gold standard for assessing TBI ini-
tially. It is quick, available in almost all centers, and can be
interpreted expeditiously by both radiologists and intensiv-
ists [20]. It can also be obtained in serial fashion as prompted
by changes in physical exam. CT brain imaging is obtained
without contrast in the acute TBI setting so as to accentuate
any acute blood products in the cranial vault. Guidelines for
initial CT scan imaging for TBI patients include anyone with
a GCS of 14 or lower. CT scans can also be obtained in any
patient with risk factors for intracranial pathology including
nausea, vomiting, severe headache, age <4 years or >65 years,
amnesia, mechanism, neurologic deficits, and those on anti-
coagulation or antiplatelet agents [20]. Follow-up CT imag-
ing is recommended following most lesions seen on initial
CT scan and if any clinical change occurs. Progression usu-
ally occurs within 6-9 h after an injury and thus this is the
typical window for re-imaging [20].

CT Angiography

Blunt cerebrovascular injury (BCVI) occurs in 1/1000
trauma patients in the United States [21]. Most of these inju-
ries are diagnosed after the development of symptoms, at
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which point the intervention window may have passed,
resulting in significant morbidity (80 %) and mortality (40 %)
[21]. Because of this devastating potential, it is important for
intensivists to be diligent about screening patients, maintain-
ing a high index of suspicion, and performing imaging stud-
ies where appropriate.

Basilar skull and petrous bone fractures are highly associ-
ated with BCVI. CT angiogram (CTA) is the most cost-
effective means of evaluation, but if symptoms are suspicious
despite a negative CTA, an MRI may be indicated to rule out
a carotid or vertebral artery injury [20, 21].

Additional recommendations from the Eastern
Association for the Surgery of Trauma’s BCVI Guidelines
include CTA screening in asymptomatic blunt head trauma
patients with a GCS <8, cervical spine fracture (especially
C1-C3 or through the transverse foramen, with rotational
component or subluxation), and Le Fort II or IIl facial
fractures.

Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has the highest sensitiv-
ity in revealing TBI, but because of the time constraints
involved with obtaining an MRI, it is typically not done in the
acute setting. MRI is also the most sensitive at detecting DAI
and other nonhemorrhagic contusions [20]. Once the acute
phase of resuscitation and stabilization is complete, MRI may
offer additional information on primary and secondary lesions
and may help to better neuro-prognosticate [20].

Monitoring

Appropriate monitoring for progression of TBI is essential in
the ICU and is recommended by the Brain Trauma Foundation
Guidelines [22]. Monitoring techniques have evolved over
time with technological advances. Key monitoring tech-
niques are briefly discussed below as an extensive review has
been provided in that respective chapter.

Intracranial Pressure Monitoring

Cerebral perfusion pressure (CPP) is defined as the differ-
ence between mean arterial pressure (MAP) and intracranial
pressure (ICP) [CPP=MAP-ICP]. CPP estimates the pres-
sure gradient across vascular surfaces and is an important
marker of cerebral blood flow [23]. ICP monitoring is rec-
ommended in all patients with severe TBI and an abnormal
head CT scan. If the CT scan is normal, it is still indicated if
two or more of the following is true: the patient age is over
40 years, there is unilateral or bilateral posturing, or the SBP
is <90 mmHg [3, 24]. Monitoring can be subdivided into
internal versus external.

Internal ICP Monitoring

Internal monitoring devices are designed to be introduced
into different anatomical locations within the brain including
the intraparenchymal, intraventricular, epidural, subdural,
and subarachnoid spaces. The gold standard in invasive mon-
itoring is via an extraventricular device (EVD) where a cath-
eter is placed into the lateral ventricle percutaneously via a
burr hole [23]. The advantage of an EVD is that along with
ICP monitoring, cerebrospinal fluid (CSF) and hemorrhagic
fluid can also be drained [23].

Microtransducers are also invasive monitoring devices
with a very low profile. They are just as accurate as EVDs
when it comes to measuring ICP, but they cannot drain fluid
and cannot be manipulated once placed due to the fact that
most models cannot be recalibrated [23].

External ICP Monitoring

External monitoring devices do not pose the bleeding or
infectious risks that invasive monitors have; however, they
may not be as accurate. Transcranial doppler (TCD) measures
blood flow via the middle cerebral artery which is subject to
changes in ICP. Its accuracy is limited by operator placement
and interpretation and occasionally due to poor penetration
through the skull [23]. Tympanic membrane displacement
(TMD) utilizes the communication of CSF and perilymph via
the perilymphatic duct. The reflex movement of the tympanic
membrane correlates with ICP. Optic nerve sheath diameter
(ONSD) also correlates with ICP as it expands with increased
ICP. Motion-sensitive MRI is also another option [25].

Brain Tissue Oxygen (PbtO2) Monitoring

Several PbtO2 devices are available for neuromonitoring and
frequently integrate with other invasive ICP monitoring
devices. They add an additional dimension beyond pressure
to evaluate cerebral perfusion and guide management.

Management

The management of TBI can be divided into medical versus
surgical management. In the acute phase, medical manage-
ment is instituted first with the rapid ability to deliver surgi-
cal therapy if medical management fails.

Medical Management

Pathophysiology of Cerebral Perfusion

CPP is an important factor in the neurophysiology of TBI as
it represents cerebral blood flow (CBF) and oxygen delivery.
Under normal circumstances, the brain can autoregulate to
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maintain CBF when systemic MAPs range from 50 to
150 mmHg [4]. It is important for the intensivist to recognize
that autoregulation is abnormal after a TBI and that tighter
control of CPP (which the Brain Trauma Foundation recom-
mends at 50-70 mmHg) is warranted. This is to prevent sec-
ondary brain injury, promote adequate oxygen delivery, and
reduce the morbidity and mortality of TBI. Cerebral blood
flow can be diminished for days to weeks after an injury [3,
4]. Physiologically, low cerebral blood flow can fail to meet
cerebral metabolic demands and is thus associated with
poorer outcomes [4, 24]. Conversely, high CPP (above
70 mmHg) can be associated with cerebral edema and can
result in an increased risk of adult respiratory distress syn-
drome (ARDS) [24].

The space inside the skull is fixed and the volume of the
intracranial contents remains generally constant. In severe
TBI where a mass lesion like a hematoma can occupy space,
venous blood and cerebrospinal fluid (CSF) can be displaced
out of the cranium to maintain a normal ICP. This compensa-
tory mechanism is known as the Monro-Kellie doctrine [4].
However, the limits of this displacement can be surpassed
and the ICP can rapidly increase causing further injury.
When this occurs, the triad of hypertension, bradycardia, and
respiratory irregularities occur; this is Cushing’s reflex and is
often considered a neurological emergency [26]. Rapid mea-
sures to control ICP must be undertaken.

Reduction of ICP

Hypertonic Saline

Intravenous hypertonic saline (HTS) lowers ICP through
mobilization of water from the brain tissue across an oncotic
gradient. Additionally, CBF and oxygen delivery are
improved through erythrocyte deformability and dehydra-
tion as a result of plasma dilution and volume expansion [3].
The HTS onset of action is within minutes and can last hours
and thus is used in the acute and subacute setting. Optimal
serum sodium levels are between 145 and 160 mEq/L [2].
Because of the potential for rapid hypernatremia and risk of
central pontine myelinolysis, close serum sodium and osmo-
lality monitoring is essential. Frequency of monitoring and
dosing are often via institutional protocol.

Mannitol

Mannitol also uses hyperosmolar therapy to reduce
ICP. Mannitol creates an osmotic diuresis. This diuresis
similarly creates a reduction of cerebral edema, an expan-
sion of plasma volume, reduced blood viscosity, and
increased CBF. Mannitol has an immediate onset of
action (minutes) and its effects can last up to 6 h [3]. In
the acute setting, the usual dose is 0.25-1 g/kg. As it is an
osmotic diuretic, it should not be given to hypotensive
patients; in this setting, HTS may be more appropriate.

Serum osmolarity must be monitored with a target level
<320 mOsm [6].

Hyperventilation
Hyperventilation causes cerebral vasoconstriction and tem-
porarily reduces cerebral volume, thus reducing

ICP. However, the effect is short lived and prolonged vaso-
constriction can lead to impaired cerebral perfusion [3, 4].
(Importantly, the converse is also true, allowing PaCO, to
rise can cause cerebral vasodilation and an increased ICP
[4].) Onset of action is rapid, within 30 s, and generally
peaks at 8 min [3]. Hyperventilation strategies can be
achieved by either bag valve mask ventilation or more pre-
cisely through ventilator manipulation.

When using the ventilator, the intensivist must be aware
that positive end-expiratory pressure (PEEP) can increase
ICP. Increased PEEP causes an increased intrathoracic pres-
sure and cephalad transmission of increased central venous
pressure (CVP) to the brain, disturbing CBF. By decreasing
venous return and increasing intrathoracic pressure, PEEP
may also cause a decrease in cardiac output thereby reducing
MAP and subsequently CPP [27].

Elevation of the Head of the Bed

Elevating the head of the bed (HOB) significantly reduces
ICP [28, 29]. The mechanism is twofold: (1) the result of
displacement of CSF from the cranial cavity to the subarach-
noid space and (2) extenuated brain venous outflow is
enabled via gravity [29]. All patients with an increased ICP
should have the HOB elevated between 30 and 45° [29].

Optimization of Systemic Blood Pressure

and Oxygenation

A main goal in management of TBI patients is the prevention
of secondary brain injury, which is often the result of sys-
temic hypoxemia or hypotension. Both prehospital and in-
hospital hypotension have a negative effect on severe TBI
outcomes [30]. In some studies, a single prehospital systolic
blood pressure (SBP) <90 mmHg was a factor associated
with worse outcomes in TBI [22]. Similarly, in-hospital
hypotension has also been found to be a predictor of increased
mortality in TBI patients [31, 32]. It is prudent for the inten-
sivist to prevent systemic hypoxemia and hypotension in
order to minimize the effects of these secondary insults.
Guidelines for numerical targets adapted from the Brain
Trauma Foundation are listed in Table 4.3.

Pharmacologic Management of TBI

Increased pain and agitation can lead to increased ICP, so
cautious pain control and sedation is an important aspect
of the management of these patients. Appropriate seda-
tion can improve hypoxia, hypertension, elevated ICP, and
hypercarbia [1]. If sedatives and analgesics are adminis-
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Table 4.3 Target values for management of elevated intracranial pres-
sure (ICP)

Target
ICP <20 mmHg
Systolic blood pressure >90 mmHg
Oxygenation PaO, >60 mmHg or O, saturation >90 %
CPP 50-70 mmHg
PbtO2 >15 mmHg

tered, the patient should be carefully monitored to avoid
the effects of hypotension, alteration of a neurologic
exam, or rebound ICP elevation [3]. Short-acting and con-
tinuously infused agents are preferred as there is less dis-
ruption in the neurologic exam, and short-lived increases
in ICP may be prevented [3]. Fentanyl is a preferred short-
acting analgesic agent that is easily titratable and revers-
ible. Propofol and midazolam are commonly used
sedatives [1]. Propofol is a hypnotic anesthetic that is also
easily titratable, is short acting, and has a rapid onset of
action. Because it reduces cerebral oxygen consumption,
it may have a neuroprotective effect on TBI patients as
well [3, 24].

Barbiturates are central nervous system depressants that
lower ICP and reduce cerebral oxygen consumption thereby
conferring a protective effect. Because of their risks, their
use is limited to cases of uncontrolled ICP refractory to ini-
tial medical and surgical therapies [24].

Seizure Prophylaxis

There is an upward of 50 % incidence of seizures in the
TBI patient, especially those with a penetrating mecha-
nism [24]. Post TBI seizures can be detrimental in that
they can increase ICP, cerebral oxygen demand, and neu-
rotransmitter release, all of which facilitate secondary
brain injury. Risk factors for developing post-traumatic
seizures include GCS <10, cortical contusions, depressed
skull fractures, subdural, epidural, and intracerebral hema-
tomas [24]. Seizures typically occur in two phases: imme-
diately (<24 h) or within a week. For these reasons, the use
of anticonvulsant agents in the first week following TBI is
highly recommended [1, 24]. The most commonly used
agents are phenytoin, levetiracetam, sodium valproate, and
carbamazepine [1].

Venous Thromboembolism (VTE) Prophylaxis

TBI patients are at high risk for VTE events as they
occur in up to 20-30 % of cases. Prophylaxis should be
started as soon as possible, typically within 24 h of sta-
ble imaging. If there is an increased bleeding risk, an
IVC filter should be considered. Institutional guidelines
are highly recommended to defer inter-provider vari-
ances [33].

Therapeutic Hypothermia

Therapeutic hypothermia for neuroprotection has been
shown to improve neurologic outcomes in post-cardiac arrest
medical patients [34, 35]. Therapeutic hypothermia works
by reducing cerebral metabolism, ICP, inflammation, lipid
peroxidation, excitotoxicity, cell death, and seizures [3].
Active strategies to prevent fever in TBI patients are well
proven. Further, prophylactic hypothermia has been associ-
ated with improved Glasgow Outcome Scale (GOS) scores
when comparing to even normothermia controls [24]. Some
studies suggest hypothermia to be 32-33 °C, but this must be
balanced with the risks of electrolyte abnormalities, bleed-
ing, and cardiac arrhythmias [24].

Nutrition

TBI patients have increased metabolic demands on the order
of 120-250 % of basal caloric needs. Much of this increase is
related to muscle tone [24]. An adequate and appropriate
nutritional regimen in the ICU is paramount to meet these
metabolic needs. For mortality reduction, the Brain Trauma
Foundation recommends that full caloric replacement should
be achieved, at the latest, by 7 days post injury. In order to
accomplish this, feedings should be started, at the latest,
within 3 days post injury [3, 24]. Enteral feeding is preferred
[3, 33]. Regardless of enteral or parenteral delivery, protein
supplementation is important [24]. Strict monitoring should
occur to avoid derangements in electrolytes and glucose [36].

Surgical Management

Up to one third of TBI patients will become surgical candi-
dates [37]. Because of this potential, and its often rapid
decompensatory nature, all TBI patients should have access
to neurosurgical care. Surgical evacuation is generally con-
sidered for any mass lesion causing a decline in the patient’s
level of consciousness, focal deficits, severe or worsening
headache, nausea, or vomiting [37]. When patients are intu-
bated or otherwise unable to communicate, indications
include a decline in neurologic exam, sustained increase in
ICP, or a change in the size of the mass lesion on serial imag-
ing [37]. CT evidence of midline shift >5 mm and/or com-
pression of the basal cisterns is an indication for surgical
decompression [33]. In addition to mass lesions, TBI can
also lead to cerebral edema which similarly encroaches on
the limited space in the cranial vault.

Management of Hematomas

Epidural hematomas can rapidly expand placing direct pres-
sure on the adjacent brain. Collections greater than 30 cc
should be surgically treated independent of GCS. If they are
less than 30 cc in volume, GCS or any midline shift should
be taken into account with management decisions [37].
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Hematomas in the middle fossa/inferotemporal lobe should
have a lower threshold for surgical evacuation [37].

An SDH with a midline shift >5 mm or thickness >10 mm
requires surgical treatment. A patient with a GCS <9 with a
midline shift <5 mm or thickness <10 mm should be surgi-
cally treated if the GCS has decreased by 2 or more from
injury to admission, if there are fixed or dilated or asymmet-
ric pupils, or if the ICP is >20 mmHg [37].

Intraparenchymal hemorrhage (IPH) with neurologic dete-
rioration related to the hemorrhage, refractory ICP elevation,
or radiographic evidence of mass effect should be treated
with surgical evacuation. Further, if the lesions are frontal or
temporal, >20 cc in volume with a shift of >5 mm, or com-
pression of the basal cisterns exists, surgical evacuation
should also be considered [37]. If drainage of the lesion is not
feasible based on location and/or depth, a decompressive cra-
niectomy can be considered to relieve the elevated ICP.

Decompressive Craniotomy/Craniectomy
Decompressive craniotomy and opening of the dura allows
areas of devitalized and injured brain to be removed as
needed. In a decompressive craniectomy, the skull flap is not
replaced, leaving only the dura and overlying scalp [3]. This
allows for maximal pressure release from the cranial vault.
When appropriate, this can be performed bilaterally and with
substantially large bone flaps.

Burr Holes/Emergency Craniostomy

Emergency craniostomy, or burr holes, allows for drainage
of subdural fluid. Although rarely performed, they can be a
lifesaving technique, especially when definitive neurosurgi-
cal care is not readily available. These situations are more
likely in rural areas or developing countries without access to
advanced imaging or equipment [38].

Abdominal Decompression

Intracranial, intrathoracic, and intra-abdominal pressures are
closely intertwined. Increases in intra-abdominal pressure
(IAP) displace the diaphragm upward, leading to an increased
intrathoracic (ITP) pressure, which in turn leads to an
increased central venous pressure (CVP) and a decrease in
cerebral venous outflow (CVO). Decreased CVO can directly
elevate ICP  (1IAP— tITP - 1CVP— |CVO — 1ICP).
Because of this relationship, decompressive laparotomy has
been used as a means to reduce persistently elevated ICP
when other measures have failed [39, 40].

Special Populations
Diffuse Axonal Injury

Diffuse axonal injury (DAI) results from a shearing injury of
axons. There are no specific focal lesions apparent on head

CT scan so MRI is typically employed as the more sensitive
imaging modality. The severity of the injury is gauged more
by clinical course than by visible injury. Patients with mild
DALI have a 15 % mortality rate, while those with moderate
DAI have a 25% mortality rate [26]. Most patients with
severe DAI succumb to the TBI [26]. No specific therapies for
DALI exist and the treatment is largely supportive in nature.

Management of Skull Fractures

Depressed skull fractures are elevated surgically if the
depression is greater than the opposing inner table. Open
skull fractures are often similarly treated surgically to pre-
vent infection. One exception is depressed skull fractures
overlying the sagittal sinus. These should not be disturbed
for fear of disruption of the sinus and the potential for mas-
sive, uncontrollable hemorrhage [37].

Management of Concussion

Concussions are generally managed by support care, recog-
nizing the high incidence of headache, amnesia, confusion,
and occasional loss of consciousness. Sports-related concus-
sions are an important variant as a large part of their manage-
ment strategy is prevention of subsequent injuries [3]. Early
education and symptom management are also hallmarks of
treatment [41].

Outcomes
Glasgow Outcomes Score (GOS)

Prediction of functional status and outcomes after the acute
phase of TBI has widespread implications for cost, rehabilita-
tion, and long-term care planning [42]. The GOS is the most
widely used tool for measuring outcomes after TBI (Table 4.4)
[43, 44]. Additionally, the GOS-Extended (GOSE) was also
created to boost sensitivity to less prominent deficiencies in
cognition, mood, and behavior (Table 4.5) [45].

Brain Death Exam/Determination

Brain death is characterized by no observable activity in the
brain and cessation of all functions of the entire brain and

Table 4.4 Glasgow Outcome Scale (GOS)

Numerical score Classification

1 Death

Persistent vegetative state
Severe disability
Moderate disability
Good recovery

W B W
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Table 4.5 Glasgow Outcome Scale-Extended (GOSE)

Numerical score

[c=BEEN Bile N, B S O S

Classification

Death

Persistent vegetative state
Lower severe disability
Upper severe disability
Lower moderate disability
Upper moderate disability
Lower good recovery
Upper good recovery

brainstem [3, 46]. When determining brain death, there
should be no confounding variables like recent sedative,
analgesic, paralytic or psychotropic medication administra-
tion, hypotension, encephalopathy, hypothermia, or other
conditions that may obscure the neurologic exam [3]. The
exact process and criteria for brain death determination is
variable by state and institutional policies. An important
adjunct of assessing for brain death or when suspecting brain
death is to determine eligibility for organ donation.
Intensivists are the frontline providers to engage their
regional organ procurement organization and provide this
opportunity to their patients and families.
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Care of the Spinal Cord-Injured Patient

Christine E. Lotto and Michael S. Weinstein

Epidemiology

At present, the majority of literature regarding the epidemi-
ology of spinal injury has focused on injury to the spinal
cord, while patients with spinal column injuries without SCI
have been less well studied [1]. Demographic and epidemio-
logical data related to traumatic spinal cord injury (TSCI) in
the USA have been collected by the Spinal Cord Injury
Model System and are published by the National Spinal
Cord Injury Statistical Center [2]. Over the past 30 years in
North America, the incidence of SCI has remained stable [3]
and, excluding those who die at the scene, is estimated to be
40 cases per million population. This translates into approxi-
mately 12,800 new cases per year given the current popula-
tion of the USA of 319 million. Similar figures have been
reported in Canada [4], but globally the incident rate in 2007
was estimated to be slightly lower at 23 TSCI cases per mil-
lion [5]. The number of people in the USA as of 2014 living
with SCI has been estimated to be approximately 276,000
[2], which is higher than in most other countries [6]. The cost
to society is huge, reaching nearly $10 billion each year in
the USA. The average age at injury has increased from 29 in
the 1970s to 42 in 2010 [2]. This presumably is a result of the
increasing population of elderly individuals affected.
However, the mode age has remained relatively constant at
19 years [1]. Approximately 80% of spinal cord injuries
occur in males. The leading cause of TSCI is vehicle crashes
(38 %), followed by falls (30 %), violence (14 %), and sports
(14 %) [2]. Mortality, disability, and cost are, as one might
expect, largely influenced by the level and severity of injury.
A person injured at age 20 has a life expectancy of 45 years
if paraplegic, 39.9 years if tetraplegic below C4, and
35.6 years if tetraplegic above the C4 level [7]. Data from the
National Spinal Cord Injury Statistical Center in the USA
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estimated that in 2013, lifetime costs for a person injured at
age 25 are US$4.6 million for high tetraplegia compared to
US$2.3 million for paraplegia [8].

The health-care system and income level of the country
further influences mortality. Hospital mortality rates in high
resource countries is roughly 10 %, while in low resource
countries, the in-hospital mortality rate is roughly 30 % [9].

Clinical Assessment
Physical Exam

Evaluation of all patients with suspected spinal injury fol-
lows the ABCDE prioritization: airway, breathing, circula-
tion, disability, and exposure. Extreme care should be
undertaken to allow as little movement of the spine as pos-
sible to prevent further injury, but life-threatening priorities
related to other injuries such as systemic hemorrhage and
pneumothorax take precedence over spinal injury. A neuro-
logic exam should be completed as soon as possible to deter-
mine the level and severity of the injury. Paraspinal soft
tissues should be inspected for evidence of swelling,
malalignment, or bruising [1]. Palpation of the spinous pro-
cesses of the entire spinal column should evaluate for tender-
ness or gaps between processes. A rectal exam including
rectal tone, pinprick sensation, and voluntary contraction
should also be performed to evaluate for sacral root function.
Physical examination alone, however, is not adequate for
determining the need for imaging in patients at risk of spine
injury. Age and high-risk mechanisms are better predictors
of the need for imaging studies [10].

Classification

The most valid and reliable scale for neurologic assessment
in spinal cord injury patients has been the American Spinal
Injury Association (ASIA) scale [11, 12]. All spinal cord
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injuries can be classified as neurologically complete or
incomplete, where a complete spinal cord injury is one where
there is no sensation or motor function caudal to the level of
injury [1]. The differentiation is important because incom-
plete injuries have a greater likelihood of some neurologic
recovery. The ASIA classification requires sacral sparing for
an injury to be classified as incomplete; however, any sen-
sory or motor function caudal to the level of injury suffices to
classify an injury as incomplete, as it signifies at least some
continuity along the long white matter tracts of the cord [1].
Spinal shock, a temporary state of spinal cord dysfunction
associated with complete areflexia, can complicate this
assessment. The completeness of neurologic injury cannot
be determined until spinal shock has resolved [1, 13].

A complete injury is graded as an A in the ASIA scale, to
designate no preserved sensory or motor function in the S4—
S5 nerve roots. Incomplete lesions are further classified as B
(sensory incomplete, where sensory but not motor function
is preserved below the neurologic level of injury including
the sacral segments S4-S5), C (motor incomplete, where
motor function is preserved below the level and more than
half of key muscle functions below the single neurological
level of injury have a muscle grade less than 3), or D (motor
incomplete, where motor function is preserved below the
level of injury and half or more of key muscle functions
below the neurologic level of injury have a muscle grade of
greater than or equal to 3). An E grade signals a normal sen-
sory and motor exam in all segments in a patient who had
prior deficits [12].

Imaging

Clinicians should have a low threshold to obtain appropriate
imaging in patients with possible SCI, as missed injuries may
have devastating consequences. Plain X-rays allow for rapid
assessment of fractures, alignment, and soft tissue swelling.
For a complete cervical spine evaluation, all cervical verte-
brae to the top of the C7-T1 junction should be visualized,
and anteroposterior, lateral, and open mouth odontoid images
should be obtained. It is rare to miss significant injuries with
adequately performed and interpreted plain films of the cervi-
cal spine [14], but neurologic signs and symptoms of injury
with normal plain X-rays require further imaging studies [1].

Plain X-rays in SCI evaluation have largely been replaced
by computed tomography (CT). CT in many settings is read-
ily available and can be performed without having to move
the patient out of supine position. When a spinal injury is
found, CT allows for rapid assessment of other noncontigu-
ous injuries that may be present in up to 15-20 % of patients
[15]. CT imaging has been shown to have a higher sensitivity
than plain radiographs in bluntly injured patients [16, 17],
and some advocate that it should now be the standard of care

in evaluating cervical spine injuries [18]. CT provides some
assessment of the paravertebral and ligamentous injury but is
inferior to magnetic resonance imaging (MRI) in this
evaluation.

There are no set indications for using MRI in acute SCI,
but it can provide complementary information to CT scans
regarding the extent of injury and presence or absence of epi-
dural hematoma and can therefore influence treatment and
enhance prognostication. It does yield superior images com-
pared to CT of the spinal cord and ligaments, intervertebral
disks, and soft tissues [19]. MRI is also indicated in patients
with a negative CT but who are still suspected to have an
injury: in a meta-analysis reported case series, 5.8 % of
patients who had negative CT scans were found to have a
traumatic spine injury on MRI [20]. MRI does have disad-
vantages. It is inferior to CT in evaluating bone injury and is
contraindicated in those with metallic foreign bodies and
most pacemakers. It is not usually used in polytrauma or
unstable patients due to the time it takes to perform the study,
and patients are enclosed during that time, making monitor-
ing difficult or dangerous. Therefore, CT scans and MRI are
often complementary imaging modalities in those with sus-
pected axial vertebral column and spinal cord injury.

Clearing the Cervical Spine

When clearing the cervical spine, one must ensure that no
injuries are present. Classically, there are two algorithms used
for alert patients: the NEXUS low-risk criteria and the
Canadian C-spine rules. The Canadian C-spine rules have
been found to be more specific and sensitive [21]. Patients
who temporarily cannot be assessed (i.e., those with distract-
ing injuries or intoxication) can be reassessed 24—48 h later
once normal mentation and concentration return. Controversy
still persists regarding cervical spine clearance of the
obtunded patient. There are two options, both with support
from the literature. The first is to use only a multi-detector CT
scan, as despite detecting further abnormalities; most addi-
tional abnormalities detected by MRI require no further treat-
ment and many are false positives [22, 23]. The second is to
obtain an MRI if the CT is normal, as some point to the high
incidence of new abnormalities that are identified with addi-
tional imaging as well an occasionally unstable injury [24].

Intensive Care Management
Cardiovascular Complications
Interruption of autonomic pathways in spinal cord injury,

especially if the injury occurs above the level of T6, can lead
to loss of thoracic sympathetic outflow, vasodilation, and
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unopposed cardiac vagal stimulation. This results in hypoten-
sion, cardiac arrhythmias, and neurogenic shock [25, 26].
Neurogenic shock refers to the combination of hypotension
and bradycardia identified after acute SCI. Maintaining ade-
quate blood pressure in this setting is crucial to ensure suffi-
cient perfusion to end organs and to the injured spinal cord to
limit secondary ischemic injury [27, 28]. It must be noted that
in the injured patient, hemorrhagic shock evaluation and
management takes priority over acute SCI. One must not
assume that hypotension stems solely from neurogenic shock.
Initial therapy for both is generally plasma volume expansion
except in the setting of obvious hemorrhage where judicious
mean arterial pressure management may help to limit hemor-
rhage prior to definitive control. Invasive hemodynamic mon-
itoring may be useful to more precisely guide volume
expansion so as to avoid salt and water excess that may lead
to further cord swelling causing secondary injury [27].

Persistently low mean arterial pressure despite adequate
resuscitation necessitates vasopressor support. Agents with
mixed o and  receptor effects are typically used first as con-
current bradycardia is also often seen in SCI [26]. Optimal
mean arterial pressure goals have yet to be elucidated, as
most data is derived from case series or extrapolating from
management of patients with cerebral ischemia. Nonetheless,
a MAP goal of 85-90 mmHg is most commonly suggested
as a therapeutic goal to support both bulk and microvascular
flow and oxygen delivery [26, 28-30]. The author’s current
practice maintains elevated MAP for a period of 3-7 days
post-injury. Hypotension and especially orthostatic hypoten-
sion often persist long after the initial injury owing to loss of
peripheral sympathetic tone, with a prevalence rate as high
as 82 % for tetraplegia [31]. Although not well evaluated, the
use of midodrine, a specific o;-agonist, is commonplace to
better allow mobilization and liberation from the ICU.

Severe bradycardia seen with acute SCI can also contrib-
ute to hypotension and require intervention, including
administration of atropine, as well as on occasion transcuta-
neous or transvenous pacing. This phenomenon is more
often noted in patients with high cervical spinal cord injury
(C1-C5) [32] and most commonly occurs within the first
2 weeks following SCI [33]. Bradycardia is frequently trig-
gered by endotracheal suctioning causing increased vagal
stimulation. As most symptomatic bradycardia resolves over
a matter of weeks, permanent pacemaker placement is rarely
required. Theophylline and other methylxanthines have been
utilized to reduce the incidence of bradycardia in this popu-
lation as has nebulized albuterol [34, 35].

Autonomic dysreflexia is a potentially life-threatening
complication seen in patients with an injury level above T6
and occurs weeks to years after injury. There are case reports,
however, that describe this phenomenon after only 1 week
[36]. It occurs as the result of uncontrolled sympathetic dis-
charge in response to stimuli, often urologic (distended blad-

der) or gastrointestinal (severe constipation). Symptoms
include headache, hypertension, and diaphoresis. Treatment
consists of removing the trigger for the autonomic dysre-
flexia and managing symptoms to prevent complications
[37]. All tight clothing or devices should be removed and the
patient should be positioned upright to take advantage of
orthostatics. Blood pressure should be closely monitored,
and rapid-onset antihypertensive agents should be used,
including nitrates, hydralazine, or intravenous labetalol [38].

Respiratory Complications

Physiologic Respiratory Changes After Spinal

Cord Injury

Changes in pulmonary function following SCI frequently
result in complications and are directly related to the extent
of neurologic injury and level of injury. The higher the level
and more complete the injury, the more likely there is to be
respiratory dysfunction [39—-41]. With the exception of the
sternocleidomastoid, cervical nerve roots innervate all the
main muscles of inspiration including the diaphragm, sca-
lenes, and intercostals. Complete injury above C3 leads to
complete paralysis of respiratory muscles leading to acute
respiratory failure. Unless ventilation is initiated at the injury
scene, these patients do not survive. Injury at C3—-C5 still
causes significant impairment to muscles of respiration, and
mechanical ventilation is generally necessary early in the
post-injury period. In the acute setting, patients with SCI
also use pharyngeal and laryngeal muscles to push air past
the glottis called glossopharyngeal breathing. These muscle
groups are generally only utilized in the acute SCI setting
and not typically considered muscles of respiration.

Muscles of expiration, including the rectus abdominis,
obliques, and internal intercostals are innervated by thoracic
nerve roots. Normal expiration is passive and use of these
muscles is not needed for normal exhalation; however, forced
exhalation such as required for coughing and expectorating
is impaired if injury occurs in or above the thoracic level.
Additionally, in cervical or thoracic SCI, paralysis of these
muscles cause decreased stability of the rib cage during
inspiration. This leads to both decreased volume of air
inspired and decreased diaphragm efficiency, as the normal
support provided by the thoracic cage musculature for the
diaphragm to contract is lost [41-45].

In addition to changes in the muscles of respiration,
patients with tetraplegia exhibit abnormalities in the sympa-
thetic and parasympathetic innervation of the pulmonary
parenchyma. Administration of ipratropium bromide, an
anticholinergic agent, has been shown to cause an increase in
expiratory airflow. This is thought to overcome the unopposed
vagal parasympathetic (bronchoconstrictor) tone from dis-
ruption of sympathetic innervation of the lung from injury
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[46, 47]. Abnormalities of nervous system innervation may
also be the cause of bronchial hyperresponsiveness seen in
quadriplegics after SCI [48]. However, the clinical benefit of
routine administration of inhaled anticholinergics and bron-
chodilator has not been established.

Ventilator Management in Patients with SCI

The need for mechanical ventilation after spinal cord injury
is quite common, especially in those with injury above the
C6 level. Optimal ventilator management for those with cer-
vical or high thoracic SCI has not been determined. Typically,
conventional settings that are adjusted in response to arterial
blood gasses and underlying lung disease are used. One area
of debate is whether to use high or low tidal volumes. Due to
respiratory muscle weakness, recurrent atelectasis may
occur, so some centers opt for greater tidal volumes of
10-15 mL/kg ideal body weight [49]. We generally use lung
protective strategy in the early phase of injury with tidal vol-
umes of 6-8 mL/kg and progress to higher tidal volumes
once lung injury and other factors resolve. Higher PEEP lev-
els and the use of continuous pressure and variable flow
modes are alternatives to using higher tidal volumes to main-
tain alveolar recruitment.

For patients requiring mechanical ventilation as a compli-
cation of SCI, gaining ventilator independence can be quite
challenging. This group of patients usually has injuries in the
cervical region. Patients with injuries at or above C3 are gen-
erally not considered for ventilator weaning, though some
patients can generate spontaneous tidal volumes with use of
the sternocleidomastoid muscle, which is the only muscle of
respiration spared in high cervical SCI. Patients with injuries
at the C5 level and above commonly require tracheostomy
[50, 51]. For patients with cervical spinal cord injury, early
tracheostomy (before day 10) is warranted [51].

For liberation from the ventilator and avoidance of pneu-
monia, a protocolized approach appears beneficial [51].
Most facilities use the IHI ventilator bundle to reduce
ventilator-associated infection and some form of progressive
weaning that enables respiratory therapy to engage in pro-
gression along the pathway. Both of these interventions
appear beneficial in terms of ICU and ventilator LOS as well
as resource utilization.

For patients who are unable to liberate from the ventilator,
consideration of phrenic nerve pacing is appropriate. There
are several diaphragm pacing devices that are approved for
implantation. Pacing requires a functional phrenic nerve, so
the best candidates for pacing are those with injuries above
the C3 level, in whom upper motor nerve innervation of the
phrenic nerve is the main component [52]. Pacing may be
similarly beneficial in other patients for ventilator liberation
and as a bridge to independent ventilation [53].

Patients in whom the phrenic nerves do not respond to
stimulation are usually considered not able to be weaned

from the ventilator [53]. However our group and others have
begun to use nerve transfer techniques in combination with
pacing to allow ventilator independence in such patients [54,
55]. Such techniques are not widely available at present.

Deep Venous Thrombosis and Venous
Thromboembolism (VTE)

Deep venous thrombosis (DVT) is a common complication
following acute spinal cord injury due to immobility and
altered fibrinolytic activity [26]. DVT and VTE incidence
varies with the method of diagnosis, varying from 12 to 64 %
when diagnosed clinically [56] and to up to 80 % when diag-
nosed with venography and impedance plethysmography
[57]. Most occur within the first 3 months post-injury [58]. It
is imperative therefore that these patients receive prophylac-
tic treatment within 72 h of injury and continue with therapy
for 3 months [26] so long as there are no other injuries that
would preclude prophylaxis. The use of low molecular
weight heparin (LMWH) has been shown to result in fewer
thrombotic events than low-dose or adjusted heparin [59] or
mechanical prophylaxis [60] and is currently the treatment of
choice [61].

Inferior vena cava filters are an option for patients who
have contraindications to LMWH. These too have complica-
tions such as migration and erosion and may even have
higher complication rates in patients with SCI [62] possibly
due to loss of abdominal muscle tone and the need for the
“quad cough” maneuver [63]. In multitrauma patients, tem-
porary filters placed at the bedside under ultrasound guid-
ance in the ICU may offer some benefit during the acute
phase [64]. However, there are warning signs in the literature
regarding prophylactic IVC filter placement, as some studies
have shown this may increase the risk of DVT, especially in
those in who temporary filters are not retrieved within an
appropriate time period after implantation [26, 65, 66].

Glucocorticoid Use in Acute SCI

The efficacy of glucocorticoid use after acute spinal cord
injury remains controversial, as evidence is limited and
debated. Two blinded, randomized controlled trials have
studied glucocorticoids in patients with acute SCI. The
National Acute Spinal Cord Injury Study (NASCIS) IT inves-
tigated the effect of 30 mg/kg loading dose of methylpred-
nisolone followed by 5.4 mg/kg/h infusion for 23 h compared
to naloxone or placebo. At 6 months there was an improve-
ment found in the motor scores of patients treated with meth-
ylprednisolone within 8 h of injury, and these improved
motor scores persisted at 1 year. Improvements in sensation
remained the same in all groups at 1 year [67]. Complications



5 Care of the Spinal Cord-Injured Patient

49

were higher in the methylprednisolone group, with 1.5 times
higher incidence of gastrointestinal hemorrhage, 2 times
higher surgical site infection, and 3 times higher incidence of
pulmonary embolism. Data from this study is weakened with
the absence of functional outcome measures. Also, a benefi-
cial effect from methylprednisolone was only identified ret-
rospectively when an arbitrary 8 h cutoff was imposed.

The follow-up study, NASCIS III, compared three treat-
ment groups: methylprednisolone administered for 48 h,
methylprednisolone administered for 24 h, and the adminis-
tration of a lipid peroxidation inhibitor, tirilazad mesylate,
for 48 h post SCI [68]. In all preplanned comparisons, there
were no significant differences in neurologic recovery
between groups. Similar to NASCIS II, a higher dose of ste-
roids paralleled complication rate, as the group treated with
48 h of methylprednisolone had more severe pneumonia and
severe sepsis compared to the group treated with only 24 h of
methylprednisolone [69].

Despite two other blinded randomized controlled trials in
addition to the NASCIS trials investigating the effect of
methylprednisolone in SCI, there is no class I evidence that
supports any benefit [67, 69-71]. There has been some class
IIT evidence published showing a neuroprotective effect [67,
72, 73], but these have been inadequate due to small sample
sizes and/or incomplete data reporting where such data likely
would have invalidated the beneficial effect. Based on the
available evidence, in 2013 the American Association of
Neurological Surgeons and Congress of Neurological
Surgeons agreed that the use of glucocorticoids in acute SCI
is not recommended [74].

Nutrition and Glycemic Control

Spinal cord injured patients suffer an obligatory nitrogen
debt due to hypermetabolism despite nutritional support that
may last up to 2 months following injury [75]. Appetite is
often poor and weight loss is expected in the first month of
injury. Due to disruption of parasympathetic innervation,
patients with SCI may have feeding complications as reduced
gastric motility or paralytic neurogenic ileus can increase
aspiration risks [76]. Sphincter dysfunction, constipation,
and fecal incontinence are also common complications of
SCI [77]. However, the potential benefits of enteral feeding
as opposed to parenteral include lower infection risk, main-
tenance of gut mucosal barrier integrity, and reduced expense
[78]. Early enteral feeding in acute SCI appears safe but has
not been shown to affect neurologic outcome or complica-
tion incidence [76, 79].

Elevated blood glucose is also a concern in acute SCI
patients. Impaired glucose tolerance and insulin resistance
are more commonly seen in acute SCI [26], and glycemic
levels may also be augmented by administration of steroid

therapy. A target range is yet to be determined specifically
for SCI patients. A meta-analysis of studies including
patients with a variety of neurologic insults demonstrated
that very loose glycemic control is associated with worse
neurologic outcomes [80]. Intensive control is associated
with increased hypoglycemia and recommended moderate
control consistent with current guidelines [81] for other criti-
cally ill patients in general targeting a glucose level
<180 mg%.

Ethics/End of Life

The main ethical concern that arises in caring for patients
with spinal cord injury surrounds decisions for life-sustaining
therapies and requests for withdrawal or withholding such
therapies. The main focus seems to revolve around mechani-
cal ventilation. Injury is a sudden life-changing event, and
spinal cord injury results in a dramatic alteration in function,
which in severe injuries, will be permanent. In our experi-
ence, thoughts of not wanting to live with spinal cord injury
are common. Yet, the ability of humans to adapt to life with
a spinal cord injury is impressive.

Support of the spinal cord injured patient includes slow
and methodical disclosure of the nature of injury and prog-
nosis to both patients and families, including a discussion of
expected physical abilities and function. Physical medicine
and rehabilitation (PM&R) consultants are invaluable for
this conversation. At times, especially in the early phase of
injury, a delay in full disclosure may be appropriate, but most
patients will be aware of their paralysis and will want to
know what has and will happen. Denial is common in both
patients and families and should be expected. Palliative care
medicine consultation is ideal in helping patients and fami-
lies to cope with a major change in life circumstance and
need not be exclusively focused on end-of-life care.

Some patients will request that life-sustaining therapies
should be withdrawn. While patients have a right to decline
or accept medical therapies, such situations are quite
nuanced. The first step is acknowledgement of the patient’s
concerns and fears and that the health-care team will work
with the patient and their family to direct care that meets his
or her goals. A capacity assessment is crucial and should
involve a mental health specialist, as acute major depression,
reactive depression, or grief may be treated or ruled out. In
patients who retain capacity for medical decision-making, a
thorough exploration of the patient’s goals and values as well
as an understanding of what life will be like living with SCI
is needed to guide further management.

Decisional duration and consistency is a controversial
area [82]. Over what minimal period of time and with what
degree of consistency would one consider acceptable to act
on withdrawal of life-sustaining therapies (LST) is a vexing
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question. Too long of a period potentially results in increased
suffering, while too short a period may result in the death of
someone who may have changed their mind and found
enjoyment in a life with SCI. Some authors advocate not
withdrawing LST until the patient has gone through at least
some rehabilitation and had more experience as a person
with SCI [83]. An individualized approach is warranted and
ideally action is taken according to consensus of the patient,
family, and health-care team. Responses to requests for with-
drawal of LST in spinal cord injury are and should be labor
intensive and time consuming and often benefit from pallia-
tive care medicine consultation.
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Nontraumatic Neurological Conditions

Christopher R. Becker and Jose L. Pascual

Various neurological impairments other than traumatic brain
injury (TBI) are routinely encountered in critically ill popu-
lations. While in some US centers these are managed by neu-
rointensivists, in most cases these patients are cared for by
general intensivists in consultation with a neurologist. The
following chapter will describe common and important neu-
rological conditions related to the ICU patient that the inten-
sivist must know with familiarity.

Major Ischemic Stroke Syndromes

Ischemic stroke encompasses a wide spectrum of conditions
with varying modes of presentation, clinical course, and out-
come. The most serious of these involve occlusion of the
principal arteries, mainly, the carotid artery, middle cerebral
artery (MCA), or basilar artery. While some patients suffer-
ing these strokes will have poor functional recovery, aggres-
sive management in selected patients may yield reasonable
outcomes. Recognition of the clinical patterns of large artery
occlusions is paramount as it allows for rapid stroke severity
assessment and possibly helps predict neurological
deterioration.

General Management of Ischemic Stroke

Stroke may present with a variety of symptoms, not all of
which may be focal. When a stroke is suspected, no matter
the severity or anatomical location affected, early interven-
tions are universally recommended. The first priority will
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always be to manage and stabilize the ABCs. Cardiac moni-
toring must be initiated while providing supplemental oxy-
gen to maintain O2 saturation >94 % and establishing IV
access (preferably 20 gauge to allow for IV contrast admin-
istration). Mechanical ventilation is sometimes necessary. In
the majority of cases, laboratory tests must be obtained upon
symptom recognition including serum electrolytes, renal
function tests, complete blood count, markers of cardiac
ischemia, coagulation labs, and an EKG to rule out cardiac
ischemia [1].

In some patients it may be prudent to check a toxicology
screen, alcohol level, electroencephalogram (EEG) if sei-
zures are suspected, and lumbar puncture (if subarachnoid
hemorrhage is suspected and head CT is negative for blood).
It is paramount to establish the time the patient was last
known to be neurologically intact or behaving normally as
the knowledge of the time of symptom discovery is not suf-
ficient. A brief but thorough neurological exam must be per-
formed evaluating elements of the National Institutes of
Health Stroke Scale (NIHSS). This standardized assessment
helps facilitate communication, quantify severity of stroke,
and potentially help select patients for intervention. One
must remember that the NIHSS does not assess posterior cir-
culation strokes well. A non-contrast head CT is obtained
and interpreted expeditiously. If negative for intracerebral
hemorrhage and no other contraindications exist (Table 6.1),
alteplase is given. Alteplase must be administered within 3 h
of symptom onset; however, the window is often extended to
4.5 h if no contraindications are present [1]. An important
point to keep in mind is that the benefit of alteplase therapy
is time dependent and treatment should be initiated as quickly
as possible.

It is strongly recommended to also obtain a noninvasive
intracranial vascular study during the initial evaluation of an
acute stroke if either intra-arterial fibrinolysis of mechanical
thrombectomy is being considered [1]. Under no circum-
stances, however, should obtaining vascular imaging delay
administration of alteplase. Expert consultation by a neurol-
ogist should be obtained simultaneously while the initial
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Table 6.1 Contraindications for the use of alteplase in patients with stroke (United States guidelines)

Active internal bleeding

Previous intracranial hemorrhage

History of a stroke within the past 3 months

Onset of symptoms >3 h

Minor deficit or symptoms rapidly improving

Severe stroke seen on brain imaging (>1/3 cerebral hemisphere)
Heparin use within 48 h and elevated aPTT

Platelet count <100,000/mm?

Patient receiving oral anticoagulant and INR >1.7

Seizure at onset of stroke

Severe or dangerous bleeding within prior 21 days

Suspected subarachnoid hemorrhage

Puncture of a non-compressible blood vessel within prior 7 days
Myocardial infarction in the past 3 months

Major surgery within past 14 days

Significant head trauma in past 3 months

Systolic blood pressure >185 or diastolic >110 mmHg or aggressive management necessary to reduce blood pressure to these parameters

Glucose <48.6 mg/dL.
Intracranial neoplasm, arteriovenious malformation, or aneurysm

From De Keyser et al. [30]

steps of stroke management are already occurring. Before
alteplase can be administered, blood pressure must be con-
trolled to systolic levels less than 185 mmHg and diastolic
levels less than 110 mmHg. Once alteplase is being adminis-
tered, the blood pressure range must remain less than
180/105 mmHg to reduce to the risk of intracranial hemor-
rhage (ICH). Ten to 20 mg of IV labetalol may be adminis-
tered for this purpose but should not be repeated more than
once (two total doses) [1]. If unable to control blood pressure
with labetalol, nicardipine infusion is the optimal second
agent and can be titrated to maximum of 15 mg/h. Other
agents may be used as necessary (hydralazine, enalaprilat,
etc.) [1].

If fibrinolytic therapy is contraindicated, then permissive
hypertension is recommended. In this setting, a blood pres-
sure goal is set at 220 mmHg systolic and 120 mmHg dia-
stolic unless there is evidence of end-organ damage. Certain
conditions may coexist with an evolving stroke such as myo-
cardial infarction, aortic dissection, heart failure, or renal
failure and may be exacerbated by arterial hypertension.
There is no stated blood pressure goal for these specific med-
ical conditions. If they occur concurrently with a stroke, the
blood pressure target should be based on best clinical judg-
ment for the specific scenario. A reasonable estimate is to
lower the systolic blood pressure by 15% and monitor for
neurological deterioration related to pressure lowering [1].

With few exceptions, intravenous heparin utilization dur-
ing an acute stroke is almost never indicated. It is, nonethe-
less, recommended to administer IV heparin to treat an acute
stroke secondary to central venous sinus thrombosis [2].
Also, while no randomized studies exist to support its use,

IV heparin may be used in cases of extracranial carotid or
vertebral artery dissection, stuttering transient ischemic
attacks, or basilar artery thrombosis [13]. IV heparin may
also be used to treat stump emboli from carotid occlusion
(based on the TOAST subgroup analysis) [4].

Malignant Middle Cerebral Artery Stroke

An occlusion of the MCA may lead to extensive and cata-
strophic brain infarction. The arterial system is comprised of
the M1 segment (proximal MCA), proximal to the lenticulo-
striate arteries, and the M2 segment. The M2 segment is fur-
ther divided into the inferior and superior trunks supplying
portions of the temporal lobe and frontal lobe, respectively.
Further down, the M2 segment is divided into the M3 (oper-
culum) and the M4 (cortical) branches. Occlusion of the
proximal MCA (or the internal carotid artery leading to the
MCA) may manifest as flaccid hemiplegia or hemiparesis of
the contralateral arm and milder weakness of the contralat-
eral leg, hemisensory loss of the contralateral arm and leg,
hemianopsia, and gaze deviation or preference toward the
side of the stroke. If the dominant hemisphere is involved
(typically the left hemisphere), an inferior division occlusion
will cause a Wernicke’s aphasia. A blockage of the superior
trunk will cause Broca’s aphasia. If the nondominant hemi-
sphere is involved (especially the parietal lobe), neglect will
be manifested in lieu of aphasia.

If the stroke involves the lenticulostriate arteries, the basal
ganglia will likely suffer infarction as well. In this setting,
the greatest concern is that a proximal occlusion may
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manifest as a malignant middle cerebral artery infarction
(see Fig. 6.1). This may result in ischemic edema and
increased intracranial pressure (ICP) resulting in brain her-
niation and death [5]. This devastating condition occurs in
1-10 % of all supratentorial infarcts [6]. The traditional array
of treatments for these strokes has been supportive care and
management of increased ICP using sedation, hyperosmolar
therapy, hyperventilation, barbiturates, and the strict mainte-
nance of normothermia [15].

As of the publishing of this textbook, no medical therapy
or intensive care unit strategies have proven effective in
treating brain herniation from stroke syndromes and improv-
ing patient outcomes. A review of the numerous prospective
studies examining fatality rates demonstrates that mortality
in patients admitted with malignant MCA infarctions
approaches 80 % with a significant proportion of survivors
being left with severe disability [5, 6]. Three large trials
(DECIMAL [5], DESTINY [7, 8] and HAMLET [1, 9]) have
examined alternative therapies in malignant MCA infarc-
tions and have found that extensive decompressive hemicra-
niectomy (DHC) with durotomy may be an effective method
of treating elevated intracranial pressure and in improving
patient functional status (modified Rankin scale (mRS) [10])
at 6 and 12 months and overall survival when compared to
medical therapy alone [11, 12]. Current suggested criteria to
perform a DHC include age less than 60, stroke territory

Fig. 6.1 Non-contrast head CT of a malignant left middle cerebral
artery (MCA) ischemic infarction. There is a hypodensity in a large
portion of the MCA territory with loss of sulci on the left hemisphere,
mass effect on the left lateral ventricle, and left to right midline shift

involving more than half the MCA territory, or DWI infarct
volume greater than 145 cm?® on MRI and ability to proceed
to surgery within 48 h. In select patients with late swelling
and delayed intracranial hypertension, operative timing may
be further delayed. Since the publishing of these three large
trials placed decompressive hemicraniectomy in the treat-
ment armamentarium, there has been a smaller trial random-
izing patients with malignant MCA strokes to undergo DHC
versus medical therapy alone [6].

All similar trials found an overall mortality benefit, but
some found a greater proportion of survivors with substantial
disability (mRS 4 or above) where the patient was unable to
walk and was dependent on others for assistance with basic
bodily needs [6]. This has led to the ethical controversy of
DHC as the only proven lifesaving intervention for this
group of devastating strokes but resulting in poor quality of
life in survivors. Thus, a discussion with the patient and/or
family must be conducted when DHC is considered in these
cases and decisions to perform DHC must be made on a
case-by-case basis.

Basilar Strokes

Approximately 20 % of ischemic strokes occur in the poste-
rior circulation [3]. Those involving a complete occlusion of
the basilar artery bear a considerable potential for a devastat-
ing outcomes. The infamous locked-in syndrome that is
characterized by quadriplegia, anarthria, and preserved con-
sciousness and perhaps preserved vertical eye movements is
the result of pontine pyramidal tract ischemia from a basilar
artery occlusion. If the infarct extends to include the medul-
lary centers, respiratory drive and vasomotor control may be
compromised. The majority of basilar strokes are caused by
local thrombosis or artery to artery thromboembolism with
other etiologies such as cardiac emboli or vertebral artery
dissections also possible [3]. If left untreated, basilar artery
occlusion results in fatality rates up to 90 % [3]. When a basi-
lar artery occlusion is suspected, imaging studies should
include vessel imaging in the form of a MRA, CTA, or DSA.

In consultation with a stroke neurologist and interven-
tional neuroradiologist, treatment should be administered
immediately with antithrombotic and thrombolytic agents.
There is considerable data supporting the use of intra-arte-
rial thrombolysis [13]. Like other strokes, outcomes in
patients suffering from a basilar artery occlusion depend
on time to treatment (the earlier the better) with other fac-
tors such as presenting clinical symptoms and degree of
recanalization playing an important role as well [3]. The
route of administration of thrombolytics, intravenous ver-
sus intra-arterial, does not appear to have significant influ-
ence over patient outcome [3]. The chance of recanalization
has been shown to be slightly higher after intra-arterial
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thrombolysis, and centers that have interventional neuro-
radiology capabilities should attempt this treatment modal-
ity if possible [3]. However, delay in treatment has been
clearly shown to result in patient harm and intravenous
thrombolysis should be given if intra-arterial intervention
is not available [1, 3].

Cerebellar Stroke

Cerebellar strokes can be deceivingly perilous. A small- or
moderate-sized stroke in the supratentorium is not usually
life threatening, but a similar-sized stroke may be fatal in the
cerebellum. The first question to be asked is if there is mass
effect or not. If there is no mass effect, the stroke may be
observed. If mass effect is suspected, an emergent neurosur-
gical consultation must be obtained. If there is obstructive
hydrocephalus due to compression of the fourth ventricle or
neurological deterioration due to brainstem compression, it
is recommended to proceed with placement of a ventriculos-
tomy and potentially an urgent suboccipital decompressive
craniectomy with durotomy [12]. In the case of a patient
without brainstem neurological deficits, hydrocephalus, or
radiographic mass effect, close observation may be suffi-
cient. It is reasonable to obtain serial CT scans to monitor for
increasing edema, especially in patients with poor baseline
mental status. If edema is increasing over a period of
3-5 days, one may consider prophylactic decompressive sur-
gery. One may consider that involvement of the cerebellar
vermis is particularly associated with increased risk of neu-
rological deterioration and should lower the threshold for
surgical intervention.

Cerebral Venous Thrombosis

Cerebral venous thrombosis (CVT) fortunately accounts for
a small percentage of strokes, between 0.5 and 1% [2, 13].
Young women are the population most at risk. Multiple other
risk factors for CVT have been identified including prior
inflammatory diseases (inflammatory bowel disease), preg-
nancy, dehydration, infection, use of oral contraceptives or
substances of abuse, recent surgery, recent trauma, or pro-
thrombotic inherited conditions (e.g., antithrombin III, pro-
tein C, and protein S deficiency) [2, 13].

There is no uniform presentation of CVT. Clinical pre-
senting features will vary depending on several factors
including thrombosis location, presence of parenchymal
involvement, and time elapsed between symptom onset and
hospital admission [2, 13]. Headache is the most common
symptom, present in up to 89 % of patients [2]. Patients may
also suffer focal neurological signs and symptoms depending
on CVT location, including but not limited to motor weak-

ness, seizures, papilloedema, and sensory and visual deficits.
Other factors that should lead to investigation for a CVT
include a stroke without known risk factors, hemorrhagic
strokes outside typical vascular distribution, unexplained
intracranial hypertension, and ophthalmological symptoms
in a patient with recent sinusitis [2].

Once CVT is suspected, a complete blood count, chemis-
try panel, prothrombin time, and activated partial thrombo-
plastin time should be obtained. A normal D-dimer level
may be helpful to identify patients with a low probability of
CVT, but a normal level in the setting of a strong clinical
suspicion should not preclude further investigation as up to
10 % of patients with CVT have a normal D-dimer [2, 13]. In
the initial evaluation of patients with possible CVT, plain CT
or MRI is useful but does not rule out CVT. A venographic
study, either CTV or MRYV, should be obtained in conjunc-
tion with the plain films to ultimately make the diagnosis of
CVT [13].

Once the diagnosis is made, anticoagulation with either
IV heparin infusion or subcutaneous low-molecular-weight
heparin must be initiated if there are no major contraindica-
tions; ICH secondary to CVT is not a contraindication [2,
13]. The patient will then proceed with a vitamin K antago-
nist for 3—12 months with a target INR of 2-3. In patients
with persistent or evolving symptoms despite medical treat-
ment or with symptoms suggestive of thrombus propagation,
a follow-up CTV or MRV is recommended [13]. If repeat
imaging reveals no or mild mass effect, one may consider
endovascular therapy, with or without mechanical disrup-
tion. If there is severe mass effect or ICH on repeat imaging,
one may consider decompressive hemicraniectomy as a life-
saving procedure [13].

The routine use of prophylactic antiepileptic drugs is not
recommended; however, even a single seizure with or with-
out parenchymal involvement warrants immediate adminis-
tration of antiepileptic medications [13]. In patients with
evidence of increased intracranial pressure, one may con-
sider treatment with acetazolamide. If there is any concern
for visual loss, optic nerve decompression or CSF shunting
may be effective and should be considered [13]. Steroid
medications have not been found to be beneficial and are not
recommended [13].

Primary Intracerebral Hemorrhage

Intracerebral hemorrhage (ICH) is a devastating injury
most commonly related to uncontrolled hypertension.
Despite aggressive medical intervention, close to one third
of patients with ICH will die and only 20 % will return to
functional independence [14]. ICH often occurs in the
deep structures of the brain with the basal ganglia (puta-
men) being the most affected, followed by the thalamus,
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brainstem (pons), and cerebellum [14]. The second most
common cause in the elderly population is cerebral amy-
loid angiopathy which causes cerebral bleeds that are
mostly superficial and lobar [14]. Other less common but
potential causes include systemic anticoagulation, hemor-
rhagic conversion of an ischemic stroke, vascular malfor-
mations, trauma, cerebral venous sinus thrombosis,
vasculitis, and intracranial tumors [14].

Like other stroke subtypes, the presentation of ICH will
depend on location. Typically there will be a sudden onset of
a focal neurologic deficit, often with headache, nausea, vom-
iting, decreased level of consciousness, and elevated blood
pressure [14]. Diagnosis of ICH is relatively straightforward
with plain head CT being the preferred diagnostic method
for its ease, availability, and accuracy [14]. If a secondary
ICH is suspected (young age, no known hypertension or
recent trauma, or prominent vascular structures), CT or MR
angiography is recommended.

Initial management of ICH should focus on assessing
the patient’s airway and breathing. Any signs of impending
respiratory failure should prompt intubation (aspiration
risk, PaO2 <60 mmHg, or pCO2 >50 mmHg) [14]. Any
evidence of elevated intracranial pressure should prompt
immediate measures to control ICP. ICP management will
be discussed in further detail in other sections but include
elevating the head of bed to 30° or more, maintaining nor-
mocapnia to hypocapnia (pCO2 30-35) and in some cases
hyperosmolar therapy (although this may be controversial
in setting of acute hemorrhage and should be discussed
with expert consultation) [14]. These measures will quickly
lower ICP, albeit temporarily. Immediate neurosurgical
consultation should be obtained for a definite procedure
such as craniotomy, ventriculostomy, or placement of an
ICP monitor [14]. Many ICH patients suffer falls prior to
presentation, and their cervical spine should be carefully
stabilized until any fracture or ligamentous injury is
excluded [14].

The optimum blood pressure in this population is still
being elucidated. Several studies have shown the safety of
acutely lowering blood pressure in ICH in contrast to isch-
emic strokes where the blood pressure is purposefully
allowed to remain elevated [14, 15]. The INTERACT II trial
showed the safety of acutely lowering blood pressure to less
than 140 mmHg systolic. However, the trial did not show a
difference in mortality, major safety events, or hematoma
expansion in patients who had aggressive blood pressure
control (less than 140 mmHg vs. less than 180 mmHg) [15].
As of the publishing of this textbook, the ATACH II trial is
still enrolling patients, attempting to answer the question of
optimal blood pressure in the ICH population. For now, it is
recommended to maintain systolic blood pressure less than
180 mmHg and, if safe and reasonable, less than 140 mmHg
[14-16].

Aneurysmal Subarachnoid Hemorrhage

The most common etiology of subarachnoid hemorrhage
(SAH) is traumatic injury. However, nontraumatic SAH con-
tributes a large proportion of the mortality and morbidity
from SAH [16]. Of all the nontraumatic causes of SAH,
aneurysm rupture is the most common and best studied.
There is considerable variation in annual incidence of aneu-
rysmal subarachnoid hemorrhage (aSAH) between different
regions of the world and even within the same country. In the
United States, aSAH incidence ranges from 6 to 16 cases per
100,000 population, with approximately 30,000 episodes
occurring each year [16]. The 2003 Nationwide Inpatient
Sample provided an annual estimate of 14.5 patient dis-
charges categorized as aSAH per 100,000 adults [16]. Risk
factors for aSAH vary significantly depending on age, gen-
der, and country of origin, with men and the young less likely
to be affected. The reported incidence of aSAH is highest in
Finland (19.7 per 100,000 person-years) and Japan (22.7 per
100,000 person-years) but lowest in South and Central
America (4.2 per 100,000) [17]. Other risk factors include
hypertension, history of tobacco use, alcohol abuse, use of
sympathomimetic drugs (i.e., cocaine), history of previous
aSAH, and family history of familial aneurysms or associ-
ated genetic syndromes. Patients suffering from an aSAH
may present with diverse clinical manifestations ranging
from an isolated simple headache to a comatose state. Other
common presenting symptoms include nausea/vomiting,
loss of consciousness, and nuchal rigidity. The patient may
also demonstrate focal neurologic deficits in the setting of
microemboli from the aneurysm itself or in the event of an
aneurysm rupture. The initial clinical severity of the aSAH
should be determined rapidly by using the Hunt and Hess or
World Federation of Neurological Surgeons scales [16]. The
risk of vasospasm sequela should also be determined using
the Rankin or the modified Rankin scale.

Once an aSAH is suspected, a head CT must be obtained
immediately. If the head CT does not demonstrate any hem-
orrhage, a lumbar puncture is then performed. If both are
negative for hemorrhage, the evaluation is complete. If sub-
arachnoid blood is confirmed, then vessel imaging is obtained
as next step. Digital subtraction angiography with three-
dimensional rotational imaging is most useful; however, a
CT angiogram of the head and neck may also be utilized
initially in certain cases. MRI may also be used if the head
CT scan is nondiagnostic. The fluid-attenuated inversion
recovery (FLAIR) sequence is the most sensitive MRI
sequence for detection of SAH [17, 19].

After diagnosis of aSAH and identification of the culprit
aneurysm, one must expeditiously address the high risk for
aneurysmal re-rupture by securing the aneurysm as soon as
possible, either via surgical clipping or endovascular coiling.
Subsequent re-bleeding is associated with very poor



58

C.R. Becker and J.L. Pascual

outcome. There are inherent delays to both surgical (operat-
ing room availability) and interventional radiological (sum-
mon the radiological team in house) securing of cerebral
aneurysms, and during this time, it is essential to narrowly
control the patient’s blood pressure. While there is no known
optimal blood pressure target, it is recommended to aim for
a goal systolic pressure less than 160 mmHg although some
centers advocate less than 140 mmHg [16]. A titratable con-
tinuous infusion agent (i.e., nicardipine) should be used to
balance the risk of hypertension related re-bleeding and
decreased cerebral perfusion pressure (from excessive blood
pressure lowering). In patients with unavoidable extended
delays, they may be considered for short-term (less than
72 h) therapy with tranexamic acid or aminocaproic acid to
reduce the risk of early aneurysmal re-bleeding [16, 18]. The
feared complications of these two therapies are thromboem-
bolic events (i.e., acute myocardial infarction or acute pul-
monary embolism). To be considered for this therapy, the
patient should be deemed at significant risk of re-bleeding
and must not have compelling medical contraindications
[16].

Definitive management of aSAH is securing of the aneu-
rysm with minimal delay. When the ruptured aneurysm is
technically amenable to both endovascular coiling and neu-
rosurgical clipping, endovascular coiling is preferred [16].
However, certain aneurysms possess a morphology (neck to
dome ratio) and location, whereby they may be better suited
for surgical clipping. Further, the choice of available treat-
ment modality may vary between institutions as it also
depends on the experience of the staff. In the ISAT [19] ran-
domized controlled trial, both treatment methods were com-
pared in cases suitable for either treatment modality and
demonstrated that the endovascular arm fared better overall
[16]. Compared to the microsurgery, the endovascular arm
resulted in a decreased mortality and disability at 1 year and
a lower incidence of epilepsy and cognitive decline. The risk
of late re-bleeding, however, was lower in the microsurgery
arm with a higher rate of complete aneurysm obliteration
[16]. Typically, patients require post-procedural vascular
imaging after the aneurysm has been secured by either
method. If complete obliteration of the aneurysm is not seen,
it is recommended to proceed with repeat coiling or micro-
surgical clipping [16].

In the post-procedural period, certain basic interventions
should be routine in all SAH patients. These measures
include maintaining strict normothermia and euvolemia to
help prevent delayed cerebral ischemia (DCI) [16]. Careful
glucose management with strict avoidance of hypoglycemia
should be maintained in all cases and nimodipine should be
administered for 21 days (60 mg every 4 h). Nimodipine has
been shown to consistently provide a small benefit in mor-
bidity and mortality and is the only class 1 evidence-
supported recommendation [16]. If hypotension results,

reduced nimodipine administration of 30 mg every 2 h may
be considered. Nimodipine has been shown to reduce vaso-
spasm but the exact mechanism of its effect has yet to be
elucidated.

Other secondary complications may also occur after
aSAH bleeds, both neurological and systemic. Delayed cere-
bral ischemia, acute symptomatic hydrocephalus, and cere-
bral vasospasm are most common. Patients should be
monitored closely for DCI in an ICU setting by regular
hourly neurological exams. Also, transcranial Doppler
(TCD) should be performed searching for elevated velocities
but more importantly, elevated Lindegaard ratios which are
suggestive of vasospasm and risk of subsequent ischemia
[16]. Continuous electroencephalography (EEG) should also
be used to follow the alpha variability (AV) as poor AV
trends may indicate relative ischemia in the affected area.
The traditional “triple H” therapy of hypervolemia, hemodi-
lution, and hypertension is no longer recommended [16].
Some evidence suggests that hypervolemia may lead to
increased morbidity from fluid overload leading to recom-
mendations of maintaining euvolemia only [16]. Unless
baseline hypertension, with evidence of DCI, it is recom-
mended to induce hypertension, ideally to a blood pressure
goal resulting in improvement of neurological deficits [16].
In the setting of anemia, packed red blood cell transfusion
may be used for this goal though the optimal hemoglobin
level has yet to be determined [16]. In patients who fail to
respond to hypertensive therapy, it is reasonable to consider
intra-arterial vasodilator therapy [16].

Acute hydrocephalus occurs in 15-87 % of patients with
aSAH, and chronic shunt-dependent hydrocephalus develops
in 8.9-48% of patients [16]. Both conditions should be
treated by CSF diversion, usually via an external ventricular
catheter (EVD) or less commonly, via a lumbar drain. Again,
neurosurgical consultation is often helpful in this setting to
place and manage EVDs. Three retrospective case series
have examined aneurysmal re-bleeding with EVD place-
ment, one of which found a greater re-bleeding risk with
EVD placement [16, 20, 21]. Daily EVD outputs should be
measured and help determine a weaning strategy. Rapid
(<24 h) weaning of the EVD does not appear to reduce the
incidence of shunt-dependent hydrocephalus [16]. If the
patient cannot be weaned from the EVD over 1-2 weeks, a
permanent shunt, usually in the form of a ventriculoperito-
neal shunt must be placed.

Seizures occurring after aSAH have been discussed at
length and remain a topic of controversy. Almost one in four
patients experience seizure-like episodes after aSAH but is
unclear whether these are actually epileptic in origin [16].
No randomized, controlled trials exist evaluating the exis-
tence and management of seizures associated with aSAH and
as such, any potential benefit of routine anticonvulsant use in
aSAH must be weighed against potential risks. One large,
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single-center study found adverse reactions in 23% of
patients taking anticonvulsants [16]. Another single-center
retrospective study found prophylactic phenytoin to be inde-
pendently associated with worsened cognitive outcome at
3 months after aSAH [16]. It is generally accepted to use
prophylactic anticonvulsants in the immediate post-bleed
period (typically for 7 days) [16], but the routine long-term
use of anticonvulsant therapy is not recommended unless the
patient is specifically at increased risk due to a history of
prior seizure, an intracerebral hematoma, intractable hyper-
tension, cerebral infarction, or middle cerebral artery aneu-
rysm [16].

Aneurysmal SAH may also have non-neurological com-
plications affecting multiple organ systems. Both hyponatre-
mia and hypernatremia occur in 10-30 % of the acute phase
after aSAH [16]. Hyponatremia has been associated with
development of both sonographic and clinical vasospasm
[16], and therefore ICU providers should strive for correc-
tion of serum sodium levels in these patients employing
agents such as fludrocortisone acetate and hypertonic saline
[16]. All patients should have a euvolemic volume status
which may be achieved with crystalloid or colloid adminis-
tration. Using hypotonic fluids is not recommended, particu-
larly in those with signs of intravascular volume contraction
[16]. Several animal studies and human case series have
shown an association between elevated blood glucose con-
centration and poor outcome after ischemic brain injury [16].
The mechanism for this effect is unclear but may be associ-
ated with promoting brain energy metabolic crisis and
lactate-pyruvate ratio elevation. Anemia is common after
aSAH and especially those patients at risk for vasospasm
may be at risk for compromised brain oxygen delivery.

No optimal hemoglobin goal in aSAH has been estab-
lished as of the publication of this textbook. While some
series have shown worse outcomes with red blood cell trans-
fusions after aSAH [16], other prospective registries and a
recent prospective randomized trial have shown the safety
and feasibility of maintaining a higher hemoglobin level
[16]. Subarachnoid bleeding may also impart a significant
risk of developing venous thrombotic events (VTE) such as
deep vein thrombosis (DVT) and, also, independently is
associated with a high risk (5 %) of heparin-induced throm-
bocytopenia (HIT) [16]. The risk of developing HIT after
aSAH is directly related to the number of angiographic pro-
cedures performed but not the use of heparin for DVT pro-
phylaxis [16]. While there is no pragmatic way to prevent
either DVT or HIT, it is important to have a raised index of
suspicion and make a timely diagnosis when this is sus-
pected. This will allow timely anticoagulation under the
guidance of a hematologist.

After hospital discharge, aSAH patients should be referred
for comprehensive psychological evaluation including cog-
nitive, behavioral, and psychosocial assessments.

Hypoxic and Anoxic Brain Injury

Anoxic and hypoxic brain injury secondary to cardiac arrest
is a devastating condition and outcomes are often poor
despite aggressive care. Unlike stroke, cardiac arrest leads to
a transient global loss of cerebral perfusion followed by a
period of global hypoperfusion during CPR [22]. This period
without return of spontaneous circulation (ROSC) causes
cessation of cerebral ATP production, which leads to failure
of the ATP-dependent sodium-potassium pumps on the neu-
ronal membrane [22]. In turn, this disrupts the blood-brain
barrier and leads to intracellular acidosis and neuronal edema
[22]. Additionally, other mechanisms have been proposed
including glutamate-mediated excitotoxicity, increased
intracellular calcium, microthrombi formation in cerebral
vasculature from the temporary stasis, and endothelial isch-
emic injury [22].

After ROSC, cerebral perfusion is restored, but cerebral
autoregulation is lost. This results in regional and temporal
disparities in cerebral perfusion with some cerebral territo-
ries being hypoperfused and others relatively hyperperfused
[22]. Both conditions can cause distinct detriments to the
patient with hypoperfusion promoting ongoing ischemic
neuronal death whereas hyperperfusion causing edema and
potentially progression to secondary injury [22].

Cardiac arrest and post-resuscitation care requires a mul-
tidisciplinary team. As recommended by the American Heart
Association (AHA), early securing of the airway in patients
with poor airway protective reflexes should be conducted,
and the head of bed should be elevated by 30° to reduce the
impact of cerebral edema [22]. Whether on a ventilator or
receiving supplemental oxygen, the AHA further recom-
mends titrating oxygen therapy to a goal saturation of greater
than or equal to 94 % while maintaining adequate ventilation
to a PaCO, of 40-45 mm [22]. The AHA further recom-
mends a target systolic blood pressure of greater than
90 mmHg and mean arterial pressure greater than or equal to
65 mmHg [22]. Furthermore, they recommend against overly
tight glycemic control out of concerns for worsening neuro-
nal metabolism, instead suggesting a goal level between 144
and 180 mg/dL (8—10 mmol/L) [22].

Since the early to mid-1990s, induced hypothermia (IH)
has been utilized in the post-arrest setting. While important
trials have suggested improvements in cognitive recovery
following post-arrest IH, one recent clinical trial failed to
show any benefit of hypothermia over maintenance of nor-
mothermia [22]. The principle behind hypothermia as a neu-
roprotective therapy after brain anoxia is to decrease cerebral
metabolic rate leading to reduced ATP consumption, improve
glucose metabolism, and decrease acidosis [22, 23]. Animal
models have shown reduction in glutamate toxicity leading
to decreased activity of downstream apoptotic pathways that
contribute to neuronal injury. Other proposed effects of
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hypothermia include inhibition of reactive oxygen species
(ROS) production during reperfusion, associated with inhib-
ited NF-kB expression and reduced inflammatory cell infil-
tration [22].

Two clinical studies published in 2002 are of prime
importance in suggesting a neuroprotective effect in hypo-
thermia in the post-cardiac arrest setting [24, 25]. Specifically,
the Hypothermia After Cardiac Arrest (HACA) study group
randomized cardiac arrest survivors to maintenance of hypo-
thermia (32-34° C) versus standard therapy and utilized
cerebral performance categories to define favorable out-
comes. Fifty-five percent of patients in the hypothermia
group had a favorable outcome versus 39 % in the standard
treatment group. Additionally, mortality rate was 25 % lower
in the hypothermia group [26]. More than a decade later,
after widespread adoption of hypothermia in this patient
population, a multinational randomized trial tested the ben-
efit of hypothermia by randomizing patients to hypothermia
(33 °C) or euthermia (36 °C) in 36 Australian and European
ICUs [25]. The mortality and incidence of poor outcomes
were similar in both groups suggesting a benefit of prevent-
ing hyperthermia as being, perhaps, more important than
inducing hypothermia.

Induction of hypothermia or maintenance of normother-
mia will require advanced neuromonitoring in the ICU and
may be done using different cooling strategies. These include
surface blankets and ice; administration of intravenous,
intracystic, intrathoracic, or intragastric cold fluids; inhaled
ventilator gases; and even venovenous bypass circulation
cooling. In all cases this may lead to shivering which may
increase cerebral metabolic rate and must be controlled.
Several approaches may be used to control shivering includ-
ing surface counterwarming, sedation (i.e., propofol), neuro-
muscular blockade, magnesium infusion, buspirone, and use
of dexmedetomidine. While sedatives and paralytics work
very effectively, they may obscure key physical signs indica-
tive of neurological worsening or progression to brain death.

CNS Infections

Intracranial infections include a vast spectrum of conditions,
each with different causative organisms producing unique
clinical characteristics. They may progress rapidly and
resulting in significant morbidity and mortality if appropriate
interventions are not initiated promptly [27]. Patients will
commonly present with altered mental status, seizures, focal
weakness, or cranial nerve palsies. A head CT scan is fre-
quently the first imaging modality obtained to assess for the
presence of hydrocephalus, mass lesions, hemorrhage, or
acute brain edema and is often performed prior to lumbar
puncture. An MRI may logistically be more challenging to
obtain in a critically ill patient but is more sensitive for

cerebral spinal fluid infection, leptomeningitis, empyema,
ventriculitis, vasculitis, and infarctions [27], particularly
when evaluating T1-weighted and diffusion-weighted (DWI)
images. MR spectroscopy may also be useful in certain
cases. Consultation with a neuroradiologist and neurosur-
geon is advised when intracranial infections are suspected.

Acute Bacterial Meningitis

Meningitis, or inflammation of the meninges, is one of the
most serious and morbid of all intracranial infections. One
must have a high index of suspicion, perform a rapid diag-
nosis, and initiate treatment expeditiously to prevent severe
sequelae and death. Classically, meningitis will be sus-
pected in patient with headache, nuchal rigidity, and subse-
quent mental status changes. Once suspected, CSF and
blood cultures should be obtained and CSF microscopy
should reveal elevated white blood cells and hypoglycor-
rhea. Early empiric intravenous antibiotic initiation is para-
mount and should be effective against S. pneumoniae,
N. meningitidis, and S. aureus.

Early complications of meningitis include hydrocephalus
whereby bacterial by-products may obstruct venous sinuses
leading to swelling of and hyperemia of the pia and arach-
noid matter and interference with CSF drainage. Occasionally
an external ventricular drain is necessary to divert CSF and
prevent life-threatening herniation from hydrocephalus.
Other potential complications of meningitis include brain
infarction, ventriculitis, brain empyema, and venous sinus
thrombosis; all conditions which may be readily diagnosed
with MRI [27].

Acute Encephalitis

Encephalitis is distinguished from meningitis by the pres-
ence of abnormal brain function. Though nuchal rigidity is
usually absent, patients may present with seizures or focal
neurological deficits. One of the most important causative
agents of encephalitis is the herpes simplex virus (HSV). As
both type 1 and type 2 HSV may produce encephalitis, it is
prudent to start antiviral therapy (acyclovir) as soon as viral
encephalitis is suspected and to proceed with PCR or viral
culture to confirm HSV infection. In these patients, CSF
examination will reveal large numbers of red blood cells
despite an atraumatic puncture. MRI may also classically
demonstrate petechial hemorrhages with a high predilection
for the temporal lobes, cingulate gyri, and inferior frontal
lobes with a high signal intensity in T2 images [27].

In recent years (after 1999) the West Nile virus (WNV)
has become a more common causative infection in acute
encephalitis and is most often acquired from mosquitoes.
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The incubation period for WNV ranges from 3 to 14 days
and approximately 1 in 150 people infected with WNV will
develop meningoencephalitis, with the immunocompro-
mised, elderly, and very young at the highest risk [27]. The
presenting symptoms are as for other meningitis patients
(altered mental status, headache, nuchal rigidity) with the
added unique feature of flaccid paralysis (from anterior horn
cell disease). The MRI of WNV-infected patients is gener-
ally normal, but in some cases, an increased T2 signal has
been seen in the lobar area, cerebellum, basal ganglia, and
thalamus [27].

While uncommon in the United States, Lyme disease,
caused by the tick-borne spirochete Borrelia burgdorferi,
may be another causative organism in encephalitis. While
the underlying pathophysiology remains poorly understood,
neurological complications will occur in 10-15 % of patients
including cranial nerve palsies and peripheral neuropathies.

Tuberculosis (TB) remains a common and deadly world-
wide infection, and central nervous system involvement is a
serious manifestation of chronic infection with manifesta-
tions ranging from meningitis, intracranial tuberculoma, and
spinal tuberculous arachnoiditis [27]. CSF acid fast bacillus
microbiology is typically the method of choice for diagnosis,
and even with effective treatment, the mortality rate for TB
with CNS involvement remains high.

Brain Abscesses

Brain abscesses are focal, intracerebral infections that may
occur in various anatomical locations. They begin with a
localized area of cerebritis that progresses to a discrete collec-
tion of purulent fluid that eventually becomes surrounded by
a well-vascularized capsule. The etiology of such infections
is usually hematogenous seeding from other sources but in
some cases may also occur from local spread from infected
sinuses, otic or odontogenic sources [27]. Most commonly
the culprit organisms are Staphylococcus and Streptococcus
species. In patients with hematogenous dissemination, pre-
senting as a brain abscess, careful evaluation must rule out
endocarditis, cardiac shunts, and pulmonary vascular malfor-
mations. Cerebral imaging features of an abscess depend on
the progression of the infection (pre- or post-capsule forma-
tion, etc.). Brain epidural abscesses are usually caused by a
contiguous spread of infection from adjacent structures, such
as mastoids or paranasal sinuses [27].

Malignant Brain Tumors

Malignant brain tumors will typically present with some
type of herniation syndrome (which specific one will depend
on location) or present with nonspecific signs and symptoms

of globally elevated ICP. If suspected, a head CT is the initial
diagnostic test of choice. Immediate medical interventions
are directed toward lowering the patient’s elevated ICP and
in this regard mimic the management of other conditions
with elevated ICP (see prior section). Specifically for brain
tumors, an immediate bolus of 1020 mg I'V dexamethasone,
followed by a maintenance dose of 8-32 mg/day should be
administered. Glucocorticoids reduce cerebral swelling by
decreasing the permeability of the cerebral capillaries [28].
The routine use of seizure prophylaxis is not recommended
[28]. A patient with concern for increased ICP and a GCS of
less than 8 should be considered for an ICP monitor as in
patients with any other mass lesion [29].

The next and definitive step is resection of the tumor (not
every tumor will be amenable to surgical intervention).
Neurosurgical consultation should be obtained expeditiously.
Typically, once the patient is stabilized, an MRI with and
without gadolinium enhancement is obtained for potential
surgical planning. Postoperative care should be delivered in
conjunction with consultation of intensive care, oncology,
and neurosurgical services.

Conclusion

Many of the acute, nontraumatic neurological conditions
encountered in critically ill patients ICU can be success-
fully managed using fundamental critical care techniques
in combination with expert neurologist consultation. With
an awareness of the basic nuances of specific neurological
diseases, proper collaborative care can be delivered to
these patients in a timely fashion.
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Hemodynamic Monitoring

and Resuscitation

Patrick J. Neligan and Jiri Horak

Introduction

Shock is a life-threatening condition that results from
inadequate tissue blood flow to maintain homeostasis. Shock
results from a reduction in cardiac output (CO) due to loss of
circulating volume, a dysfunctional vascular network, or car-
diac pump failure. Shock is traditionally classified as hypo-
volemic (absolute — due to blood or fluid loss, relative due to
maldistribution of fluid within the body), cardiogenic (due to
a loss of inotropy, atrioventricular synchrony, valvular insuf-
ficiency, or ventricular interdependence), vasoplegic (due to
sepsis, anaphylaxis, or brain/spinal cord injury (neuro-
genic)), and obstructive (due to obstruction of the circula-
tion — abdominal compartment syndrome, pericardial
tamponade, tension pneumothorax, pulmonary embolism, or
valvular stenosis). Critically ill patients frequently present
with shock, often from multiple causes, for example, a
patient septic shock complicated by abdominal compartment
syndrome secondary to fluid overload. Hypotension is not
necessary to diagnose shock [1]. This chapter will look at
commonly encountered mechanisms of shock and methods
employed to diagnose and manage them.

Injury Stress and Fluid Loss

Regardless of the mechanism of injury, patients presenting in
shock will manifest clinical signs of the “stress response,” a
neurohormonal host reaction to injury driven by cortisol and
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catecholamines and characterized by dramatic changes in
fluid and electrolyte distribution in the various spaces within
the body. These changes are predictable and follow a charac-
teristic pattern described by Cuthbertson and Tilstone [2]
and Moore [3, 4]. An understanding of this process is central
to understanding the dynamics of fluid and electrolyte flux in
critical illness, and surgical critical care is helpful in guiding
therapy.

The stress response has traditionally been described as a
biphasic “Ebb and Flow” process. Initially, after an injury or
surgical incision, there is a dramatic increase in circulating
catecholamine levels. At rest approximately 30% of blood
volume is active in the circulation, typically referred to as the
“stressed” blood volume. The remainder, pooled in the extrem-
ities and splanchnic beds, is referred to as “unstressed” [5]. In
situations where blood is lost, there is widespread vasoconstric-
tion of the extremities and the splanchnic bed, and the
unstressed volume is mobilized. Blood is principally redistrib-
uted into the heart and brain [6]. There is a reduction in blood
flow to the intestines, kidney, and liver.

The EBB phase is associated with a reduction in body
temperature and an increased peripheral to core temperature
gradient. There is a fall in capillary hydrostatic pressure, pro-
moting a rapid shift of protein-free fluid from the interstitium
into the capillaries [7]. This is known as “transcapillary
refill” [6]. The result is extravascular volume contraction and
compensated hypovolemia associated with a dramatic
increase in the release of vasopressin (antidiuretic hormone)
and activation of the renin-angiotensin-aldosterone system
that conserves salt and water. Of note, the mobilization of
unstressed blood functions as a form of physiologic reserve,
with the result that static measures of circulating volume
such as mean arterial pressure, central venous, and pulmo-
nary artery pressure, may fail to identify hypovolemia [5].

The stress response progresses to the hypermetabolic
“flow” phase, within hours or following initiation of fluid
resuscitation. This is characterized by a dramatic increase in
cardiac output, manifest by tachycardia, driven by catechol-
amines, peripheral vasodilatation, localized or systemic
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capillary leak, and increased core temperature. This is
associated elevated circulating cortisol and insulin resistance
resulting in hyperglycemia and visceral and systemic protein
catabolism. There is increased oxygen extraction in the
extremities and elevated serum lactate as a result of increased
glycolysis, secondary reduced oxygen delivery and/or
increased beta-adrenoceptor activation, and reduced metabo-
lism [8].

The magnitude of the stress response is proportional to
the degree of tissue injury or extent of surgery. Significant
intracellular fluid deficit may be incurred to maintain circu-
lating volume. Sacral and extremity edema may be present,
due to increased capillary permeability. Urinary output falls
due to neurohormonal factors and reduced renal perfusion
pressure. There is intravascular dehydration secondary to
vasodilatation. During this period, patients are typically
administered resuscitation fluids to maintain blood pressure,
circulating volume, and tissue perfusion. Weight gain ensues
and tissue edema worsens. Serum albumin falls in proportion
to degree of injury and volume of fluid administered.
Depending on the composition of the resuscitation fluids
administered, patients typically develop varying levels of
hypernatremia and hyperchloremia [9].

Eventually a state of equilibrium arrives, usually day 2
postoperatively or when source control has been achieved,
when active extravascular fluid sequestration stops.
Subsequently, the patient progresses to a “diuresis” phase,
during which the patient mobilizes fluid and recovers. This is
known as “deresuscitation.” Serum albumin levels recover.
Intracellular fluid volume returns to normal, associated with
a significant inward shift of ions such as potassium, magne-
sium, and phosphate. Consequently, hypokalemia, hypomag-
nesemia, and hypophosphatemia occur at this time, and
electrolyte supplementation is usually necessary. Time to
recovery and deresucitation may be influenced by the vol-
ume of fluid administered to the patient during critical illness
and the quantity of solute (principally sodium and chloride)
that must be excreted.

Each stage of the stress response requires a thoughtful
approach to the positive and negative impact of fluid resusci-
tation. Under-resuscitation may result in tissue hypoperfu-
sion and organ injury. Over resuscitation may lead to edema
in highly perfused tissues such as the lungs and bowel,
resulting in respiratory failure, wound dehiscence, and
abdominal compartment syndrome [10, 11]. Failure to mobi-
lize resuscitation fluids and electrolytes may result in pro-
longed dependence on mechanical ventilation, failure to
mobilize, and ileus.

The critical care practitioner may encounter the shocked
patient either in the ebb or flow phase, as a result of the
patient triggering physiological limits of an early warning
system in the hospital. The patient may be symptomatic with
hypotension, tachycardia, tachypnea, altered level of con-

sciousness, hypoxemia, or oliguria. In each scenario, the
patient requires a full clinical examination, intravenous
access, noninvasive blood pressure monitoring, and labs to
include complete blood count, serum chemistry, troponin,
and a venous lactate level. A patient who has been involved
in an assault or motor vehicle collision or whom has under-
gone surgery within the previous 12 h is likely to be bleeding
and in hypovolemic shock.

If there is no obvious injury, the practitioner must distin-
guish cardiogenic from septic from obstructive shock.
Cardiogenic shock is primarily caused by acute myocardial
ischemia — there is usually a history of chest pain, dyspnea or
cardiac arrest, electrocardiographic changes, and a troponin
rise. Following cardiac surgery, bleeding, tamponade, and
right ventricular failure should be considered. If the patient
has had recent pelvic or major orthopedic surgery, acute car-
diogenic shock secondary to pulmonary embolism should be
considered.

Septic shock is usually associated with fever, leukocyto-
sis, raised inflammatory markers (such as C-reactive protein
or procalcitonin), and a source — that may or may not be
obvious. Irrespective of cause, unless the patient is already
symptomatic with fluid overload, such as pulmonary edema,
rehydration with 30 ml/kg of crystalloid is warranted [12].

If the patient does not respond to fluid and immediate
interventions, medical or surgical, to control the source of
shock, arterial cannulation and hemodynamic monitoring are
indicated. There is a strong argument for using focused car-
diac ultrasound at this stage [13]. The goal of echocardiogra-
phy is to determine whether or not the heart is under- or
overfilled, whether it is dilated on either the right or left side,
and whether or not there is outflow obstruction. It is impor-
tant to note that uncontrolled fluid bolus therapy has no role
in modern critical care [14], in particular in states where
hypotension results from vasoplegia and fluid redistribution
[15]. In addition, modern hemodynamic monitors perform
poorly in the presence of vasopressors which may camou-
flage significant volume depletion by mobilizing unstressed
blood volume [16]. Importantly, clinicians should also be
aware of misdiagnosis or the development of secondary
causes of shock, in particular abdominal compartment syn-
drome [17]. We strongly recommend routine monitoring of
intra-abdominal pressure in any patient requiring mechanical
ventilation, treated with fluid boluses and vasopressors in
ICU [18].

Measuring Hypovolemia

If a patient is bleeding profusely, or is severely hypotensive,
then the decision to volume resuscitate is clear. In cases of
more subtle volume loss, clinical examination may not
uncover hypovolemia, and decision support by way of
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Table 7.1 Predictive value of techniques used to predict fluid responsiveness [24]
Most accurate Least accurate
Pulse pressure Systolic pressure  Stroke volume LV end-diastolic area Global end-diastolic volume Central venous
variation (PPV) variation (SPV) variation (SVV)  (LVEDA) (LVEDV) pressure (CVP)
Derived from: Derived from: Derived from: Derived from: Derived from: Derived from:
Arterial line Arterial line Arterial line pulse Echocardiography Transpulmonary Central venous
waveform waveform contour analysis thermodilution (PiCCO) pressure
AUC 0.94 AUC 0.86 AUC 0.84 AUC 0.64 AUC 0.56 AUC 0.55

LV left ventricle, PiCCO pulse contour continuous cardiac output, AUC area under the receiver operating curve

hemodynamic monitors would appear helpful. The simplest
monitor is an arterial line, transduced to give invasive arterial
pressures and a waveform. Beyond this there are lots of
invasive and noninvasive hemodynamic monitoring devices
on the market, many offering elaborate and impressive color-
ful displays and large amounts of information. For the clini-
cian choosing such a device, several questions must be
answered: (1) Is my patient hypovolemic? (2) How much
fluid should I give initially? (3) When do I know enough is
enough? (4) How do I measure ongoing volume loss? (5)
Can I monitor fluid removal? Unfortunately no existing
monitor provides answers to all of these questions.

Traditional teaching on cardiovascular physiology is
based on interpretation of the Frank-Starling curve (FSC).
This describes the phenomenon by which increasing dia-
stolic blood volume in the left ventricle (LVEDV), leading in
greater stretch on myofibrils, results in increased stroke vol-
ume. By increasing preload one may increase cardiac output.
This assumes that preload dependence is an indication for
fluid resuscitation, and such therapy will benefit the patient.
As there is no easy method of measuring preload, surrogate
static methods were developed and became popular — the
central venous pressure (CVP) to measure right-sided filling
pressures and the pulmonary artery occlusion pressure
(PAOP) to measure left-sided filling pressures. To accept that
these pressures represent “preload,” several assumptions
must be made: (1) that there is a relationship between CVP/
PAOP and right and left ventricular volume, (2) that there is
little impact of transmural and transpulmonary pressure on
CVP/PAQRP, (3) that each patient has an optimal CVP/PAOP
that represents a “full” ventricle, and (4) that fluid loading to
that CVP/PAOP will optimize cardiac output. In reality,
despite decades of belief in CVP/PAOP as “preload,” none of
these assumptions are true.

Modern approaches to resuscitation require dynamic pre-
diction of “fluid/volume responsiveness.” This is an umbrella
term that refers to an improvement in cardiac output, stroke
volume, and blood pressure following a fluid bolus. Volume
responsiveness is considered evidence of efficacy of hemo-
dynamic monitors. These include esophageal Doppler mea-
surement of stroke volume, stroke volume/pulse pressure
variability monitors (SVV/PPV), pulse contour analysis, etc.
None of these monitors are ideal (Table 7.1). For example,

SVV/PPV monitors are accurate only when ideal conditions
are present: mechanical ventilation, sinus rhythm, large tidal
volumes, and the absence of vasopressors.

In this section we will explore the strengths and weak-
nesses of the various monitoring devices in current use in the
operating room and ICU.

Invasive Blood Pressure Monitoring

Peripheral arterial cannulation is the gold standard for blood
pressure monitoring in critically ill patients. The arterial line
apparatus generates a characteristic waveform. The mean
arterial pressure (MAP) is calculated by integrating the area
under the waveform and the systolic and diastolic pressures
calculated using an algorithm. This “invasive” blood pres-
sure (IBP) measurement is accurate, continuous, reproduc-
ible, and immediate. IBP facilitates early diagnosis and
treatment of hypotension. It is considered to be the particu-
larly reliable in hypotensive and vasoconstricted patients
[19, 20]. The waveform can also be analyzed by a variety of
modern devices to determine stroke volume (SV), cardiac
output (CO), and stroke volume variability (SVV).

The major problems associated with invasive blood pres-
sure monitoring are damping and resonance; these can affect
the accuracy of the blood pressure waveform and pressure
measurement. Damping, caused by kinking or occlusion
(e.g., with air bubbles), decreases the rate of signal change,
leading to low pulse pressure with low systolic and high dia-
stolic pressure reading. If the waveform is damped, the mean
pressure is accurate, but the systolic and diastolic are not. In
general, in critical care, MAP is considered the target perfu-
sion pressure of choice, since autoregulated organs such as
the bowel, kidney, and brain are MAP dependent (myocar-
dial perfusion is dependent on diastolic blood pressure). The
major problem with MAP is that, being a function of cardiac
output and peripheral resistance, it is maintained in states of
compensated shock and may not fall until up to 40 % of cir-
culating volume is lost. As blood pressure is a function of
peripheral resistance, which increases during shock, and
stroke volume, which may fall, blood pressure readings may
be misleading and falsely reassuring. Also, there is no clear
intervention for treating a low MAP — should one give fluid
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or should one administer vasopressors, or both? Although
textbooks and guidelines suggest a MAP target of 65 mmHg
in critical illness [12], there are no clear data to support this
contention [21]. Nor is there any clear method of determin-
ing the pressure level that the individual patient’s organs
autoregulate. In practical terms many ICU nurses target at
the MAP at which urine flows. Walsh and colleagues have
demonstrated that an intraoperative MAP of <55 mmHg is
associated with an increased risk of renal and myocardial
ischemic insults [22].

In summary, in early critical illness, MAP is a simple met-
ric that can assist in early decision-making for moderate fluid
resuscitation and initiation of vasopressor therapy. However,
MAP does not distinguish the mechanism of shock nor
whether cardiac output or peripheral resistance should pri-
marily be supported.

Central Venous Pressure

Central venous pressure (CVP) has been used for decades to
assess volume status and to assess volume responsiveness.
Unfortunately, it is useful for neither. The belief that CVP
could be used to infer ventricular filling is based on incorrect
interpretations of the Starling hypothesis. Although, in some
cases, a very low (less than 5 mmHg) or a very high (greater
than 20 mmHg) CVP may be helpful in guiding decisions
about volume status, in most patients, a single CVP value is
rarely helpful [23] nor indeed is the CVP trend. The accuracy
of CVP measurement at predicting volume responsiveness is
scarcely better than “flipping a coin (area under the curve
0.55 (confidence interval 0.48-0.62))” [24].

The central venous or RA pressure is the pressure within
the RA relative to atmospheric pressure. However, right ven-
tricular preload, which is best defined as right ventricular
end-diastolic volume (RVEDV), is equally dependent on the
intrathoracic pressure and right ventricular compliance, nei-
ther of which can be determined reliably at the bedside. A
variety of interventions and pathologies may impact the
extracardiac pressure — PEEP/auto-PEEP, prone positioning,
intra-abdominal hypertension, ARDS, pneumothorax, etc.

Even if CVP correlated with RVEDYV, the latter correlates
poorly with LVEDV because of discordance in ventricular
afterload and contractility. Indeed, lung disease, and the
PEEP used to treat it, increases pulmonary vascular resis-
tance and may produce right ventricular failure. Furthermore,
since the pericardium limits ventricular dilatation, ventricu-
lar interdependence further increases the disparity in LVEDV
and RVEDV when differential contractility or loading condi-
tions are present. This occurs because ventricular dilatation
displaces the septum laterally and compresses the adjacent
ventricle.

CVP has been listed as an endpoint of resuscitation in
many international guidelines, such as “Surviving Sepsis
[12].” However, there are accruing data that resuscitating
patients to high right atrial pressure levels worsens outcomes
[25]. Tt is unclear whether this negative impact occurs due to
fluid overload or loss of peripheral to central venous blood
flow. Irrespective, we recommend against using a specific
CVP level as a resuscitation goal in critically ill patients.

Pulmonary Artery Occlusion Pressure

The pulmonary artery catheter has been in use since 1974,
although its use has been declining over the past two decades.
Insertion of a PAC involves passing a long balloon-tipped
catheter through the right heart into the main pulmonary
artery and lodging it in a distal vessel — this process is known
as “wedging.” A column of blood then exists between the
catheter tip and the left atrium that can be transduced as left
atrial pressure. The PAC directly measures pulmonary artery
pressures, thermodilution cardiac output, core temperature,
true mixed venous oxygen saturation, and pulmonary capil-
lary wedge/occlusion pressure (PAOP). Interpretation of
these data may be problematic and may lead to poor decision-
making [26].

Many clinicians believe that PAOP reliably reflects pre-
load and is useful for the construction of Starling curves.
This is unlikely [27]. The pressure-volume relationship of
the left ventricle changes dynamically, depending on clinical
circumstances, and vascular pressures are altered by changes
in ventricular and atrial compliance, ventricular systolic and
diastolic function, valvular function, heart rate and rhythm,
afterload, intrathoracic pressures, and abdominal pressures.
They also change with therapeutic interventions [23, 27, 28].

PAOP pressures should not be used to guide volume resus-
citation. The PAC does provide an accurate thermodilution.
The so-called “continuous” cardiac output (CCO) monitors
use a random sequence of temperature changes generated by
a heating coil located in the right ventricle, with a thermistor
within the pulmonary artery. The data is averaged over time to
produce an accurate series of measurements. Hence there
may be a delay of several minutes before the device indicates
major hemodynamic changes. Consequently, CCO-PAC are
unhelpful for assessing volume responsiveness, as some time
may elapse before measured changes in stroke volume may
become evident. In addition, significant time may be required
to insert a PAC, calibrate it and wait for data, severely limiting
its use in acute resuscitation scenarios.

When is the PAC useful? The principal use of PA cathe-
ters is currently in states of cardiogenic shock, in particular
secondary to right ventricular dysfunction; the majority of
utilization follows myocardial infarction or cardiac surgery.
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The PAC may also be used to diagnose and treat pulmonary
hypertension. This may occur, for example, in patients with
severe acute hypoxic respiratory failure, and inhaled nitric
oxide or prostacyclin may be administered and titrated using
indices derived from the PAC.

Dynamic Measures of Fluid Responsiveness

The ability to predict volume responsiveness will ensure that
patients are adequately resuscitated by not volume overload-
ing. Excessive fluid administration has been shown to worsen
outcomes in sepsis and ARDS and increase perioperative
morbidity [10, 11]. To date, static measures of preload, such
as CVP and PCWP, have proven ineffective for plotting FSC
in critically ill patients. Dynamic estimates of fluid respon-
siveness have been developed that look for changes in car-
diac output based on heart-lung interactions or following
passive leg raising.

Esophageal Doppler

Esophageal Doppler monitoring (EDM) has been widely
used in perioperative medicine to titrate fluid therapy, par-
ticularly in the United Kingdom. The thoracic aorta is located
in close proximity to the esophagus. The device uses Doppler
ultrasound to measure aortic blood flow — the flow velocity
time — from which stroke volume and cardiac output are
derived. The EDM, while small in diameter and pliable, can-
not be inserted into nonsedated non-intubated patients or
patients with known esophageal disease. The observer needs
to be at the bedside, continuously adjusting the probe for
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optimal signal. Compared with many other noninvasive
hemodynamic monitors, there is a substantial body of data to
support the use of EDM in the operating room [29]. Insertion
is rapid, and data can be derived that are clinically useful
within seconds. However, there is a steep learning curve and
significant interobserver variability and the need for frequent
repositioning that renders the EDM of limited utility in the
emergency room and ICU.

Pulse Pressure/Stroke Volume Variability
(PPV/SVV)

During inspiration, when the patient is being mechanically
ventilated, blood pressure increases. It falls during the sub-
sequent expiration. Positive intrathoracic pressure has
multiple effects on both the right and left side of the heart.
There is increased right ventricular afterload, due to
increased pulmonary arterial resistance, reduced right
atrial filling, and impaired venous return, and right ven-
tricular dimensions are reduced. Simultaneously, there is
increased pulmonary venous return, resulting in increased
left atrial and ventricular filling, with increased LV com-
pliance due to reduced transmural pressure, reduced LV
afterload, and reduced ventricular interdependence [30].
Thus LV stroke volume (SV) and associated pulse pressure
increases during inspiration, but falls during the subse-
quent expiration (Fig. 7.1). In the hypovolemic patient, LV
is functioning on the steep portion of the FSC. Consequently,
small changes in preload, associated with respiration,
induce large changes in SV [30]. If the patient is euvolemic,
on the flat part of the FSC, the respiratory cycle has mini-
mal impact on SV [31].

.
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Early studies of heart-lung interactions during the respiratory
cycle used systolic pressure variability (SPV) (Fig. 7.1).
However, this was replaced, subsequently, by pulse pressure
variability (PPV). PPV predicts fluid responsiveness better than
SPV [32] — as pleural pressure has equal effects on systolic and
diastolic pressure, and PPV is more reflective of variations in
stroke volume. In general, the patient must be mechanically
ventilated and have a functioning arterial catheter in situ [33].
The respiratory cycle can be monitored using airway pressure or
capnography (Fig. 7.1). A 13 % fall in pulse pressure appears to
be a sensitive indicator of fluid responsiveness [32]. The greater
the degree of PPV, the more accurate the measurement and the
more fluid responsive the patient. PPV can be measured easily
using modern ICU monitors (such as the Philips IntelliVue
Monitor System), but accuracy depends on several factors: suit-
able for adults only, respiratory rates of >8 breaths per minute,
tidal volumes >8 ml/kg, and no spontaneous ventilation.

The arterial pulse pressure is proportional to the SV
(Fig. 7.2). Thus preload responsiveness may also be mea-
sured by stroke volume variability during the respiratory
cycle. A variety of tools can be used to evaluate stroke vol-
ume variability (SVV) (Fig. 7.3).

FloTrac (sensor)-Vigileo (monitor Edwards Lifesciences,
Irvine, Ca — F/V) is a hemodynamic monitoring system intro-
duced in 2006 and currently in its fourth generation of soft-

Stroke
Volume

Diastolic
Phase

Systolic
Phase

Fig.7.2 Pulse waveform divided into the systolic and diastolic compo-
nents. The stroke volume is the area under the curve of the systolic
component

ware. A single sensor is attached to an arterial line at any site.
The F/V device rapidly analyzes the arterial pressure wave-
form and uses demographic data and an evolving algorithm to
calculate cardiac output. Arterial pulsatility is directly pro-
portional to stroke volume. As changes in vascular tone and
compliance occur dynamically, the device corrects for this by
analyzing skewness and kurtosis of the arterial waveform.
These correction variables are updated every 60 s, and the
arterial waveform is analyzed and averaged over 20 s, thus
eliminating artifacts, jitter, and extrasystoles. F/V does not
require external calibration nor the presence of a central line
or specialized catheter. Cardiac output is calculated utilizing
the arterial waveform and the heart rate. These data may then
be used to calculate SVV and hence fluid responsiveness. To
date, under ideal conditions these data appear accurate [34].

Mayer and colleagues meta-analyzed studies on F/V in
2009 [35]. Earlier studies demonstrated poor correlation
between F/V and thermodilution methods; with newer soft-
ware, the correlation has improved [36]. It should be borne in
mind, however, that thermodilution methods, although con-
sidered the gold standard, are not ideal devices to compare
with F/V: measurement intervals and averaging times are
substantially longer with all thermodilution methods. Hence
it is possible that F/V is more sensitive to dynamic changes
in cardiovascular activity. F/V data is likely misleading in
patients with aortic valve disease, those with intra-aortic bal-
loon pumps in situ, those rewarming from induced hypother-
mia, and patients with intracardiac shunts.

Data to date have suggested that F/V is quite accurate at
measuring changes in cardiac output associated with volume
expansion (preload sensitivity) [37] but not with changes
associated the vasopressor use [38—40]. It is unclear whether
derived data are of any value in the non-intubated or sponta-
neously breathing patient [41]. It is likely that the accuracy
also depends on the patient having a regular cardiac rhythm
and minimal variability in tidal volume [42].
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A simplified device that uses the pulse oximeter waveform
and the pleth variability index (PVI) has been proposed and
promoted. This has the obvious advantage of being truly
noninvasive. To date, however, data have failed to demon-
strate correlation of PVI with other monitors of fluid respon-
siveness, although the accuracy of these devices is likely to
improve given the obvious commercial potential [43, 44].

Pulse Contour Cardiac Output

Systolic ejection results in the propulsion of a stoke volume
into the arterial tree. The aorta and distal arteries distend, and
the waveform is characteristic. It reflects the stroke volume and
elastic properties of the arterial wall. The shape of the pulse
waveform and the area under the curve are proportional to the
cardiac output (Fig. 7.2). However, arterial compliance is not
constant or consistent — there is tremendous inter- and intra-
patient variability. As compliance is the mathematical relation-
ship between pressure and volume, external calibration of the
pressure signal with an alternative cardiac output technique is
required. Pulse contour devices — Pulse CO LiDCO+ (lithium
dilution cardiac output, LiDCO Ltd., Cambridge, UK) and
PiCCO (pulse contour continuous cardiac output, PULSION,
Germany) — combine pulse contour analysis to calculate stroke
volume and indicator dilution or thermodilution cardiac output
measurement to calibrate the system.

In addition to calculating cardiac output, devices that ana-
lyze pulse waveforms also analyze and display pulse pres-
sure variability that can be used for dynamic preload
assessment and fluid responsiveness (in mechanically venti-
lated patients).

LiDCO

Lithium is (in low doses) a nontoxic substance that is not
metabolized. When injected, its concentration is easily mea-
sured using an ion-selective electrode. Lithium dilution car-
diac output is calculated from the area under the
concentration-time curve when injected from a central line
and measured peripherally. Injection through the antecubital
vein appears to be as accurate as a central line. Pulse CO
LiDCO (LiDCOplus) combines pulse contour analysis with
lithium dilution calibration.

The major disadvantage of LiDCOplus (LiDCO+) is the
injection of lithium and the requirement for calibration of
cardiac output at least every 8 h. In addition, in patients that
are hyponatremic or have recently received neuromuscular
blocking agents, the calibration data may be inaccurate. Data
is unreliable with aortic valve disease or with intra-aortic
balloon counterpulsation. The major advantage of LiDCO+
is that no specialized central or arterial line is needed, and

little specialized training is required. There are few data
supporting LiDCO as a decision-making tool [45].

PiCCO

PiCCOplus (PULSION Medical, Munich, Germany) calcu-
lates cardiac output continuously from pulse contour analy-
sis of the aortic waveform via an arterial cannula. This must
be placed in a large artery — femoral, brachial, or axillary.
The system also requires a central venous catheter, usually in
the internal jugular or subclavian vein. The central line is
required in order to perform transpulmonary thermodilution
cardiac output (TTCO) measurement — there is a thermistor
in the arterial catheter. TTCO is used to calibrate the system.
The principle advantage of PICCO over a PAC is that there is
no requirement to cannulate the right heart. However, two
separate lines are required, and in the majority of cases, this
involves a second arterial cannulation.

The PiCCO device measures the area under the aortic wave-
form — the systolic area is identified as that part of the wave-
form proximal to the dicrotic notch, and this is proportional to
the stroke volume (Fig. 7.2). Although beat-to-beat volumes
are measured, these are averaged over 30 s, to avoid inaccuracy
associated with anomalous waveforms, extrasystoles, and
interference. The continued accuracy of PiCCO depends on the
frequency of calibration using thermodilution, which should be
done at a minimum of eight hourly intervals [46]. By analyzing
the changes in stroke volume during the respiratory cycle,
stroke volume variability can be estimated (Table 7.1, Fig. 7.3).

In the PiCCO, the temperature differential detected using
the arterial thermistor is composed of a series of exponential
decay curves as the cold injectate passes through the various
compartments of the circulatory system. As the injectate is
administered centrally and the temperature difference is
measured in a proximal artery, the majority of the tempera-
ture change occurs in the intathoracic compartment.
Consequently, one can measure intrathoracic blood volume
and extravascular lung water, which is helpful in titrating
fluid therapy and fluid removal. Finally, in addition to stroke
volume variability, the device also purports to measure
global end-diastolic volume, hence permitting the construc-
tion of Starling curves and volume titration (Table 7.1).

To date, this particular device appears to correlate very well
with other thermodilution techniques [47-50] and is widely used
in ICU to monitor both resuscitation and “deresuscitation.”

End-Expiratory Occlusion (EEO)
During inspiration, the intrathoracic pressure rises, impeding

venous return, resulting in reduced end-diastolic volume.
Conversely, if the respiratory cycle is halted during
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Table 7.2 Targets for FoOCUS (cardiac ultrasound) examination
Volume status
BP LV size and systolic function
90 — Pericardial effusion/tamponade
Gross valvular abnormalities
60 — Gross signs of chronic heart disease
Large intracardiac masses
p RV systolic function
AW
20 —
15 y End Expiratory Occlusion lated or whether the patient is in atrial fibrillation [55], due to
ot the fact that the test exerts its effects over several cardiac and

Fig.7.4 End-expiratory occlusion test: blood pressure rises following
a 15 s expiratory occlusion test in fluid responsive patients. BP blood
pressure in mmHg, PAW airway pressure in cmH,O

expiration, for example, for 15 s or so, then there is an
increase in cardiac preload. A 5 % increase in cardiac output
or pulse pressure during occlusion predicts fluid responsive-
ness (Fig. 7.4). A number of investigators have demonstrated
the efficacy of this approach as an alternative to a fluid bolus
[51-53]. In the majority of studies, transpulmonary thermo-
dilution using PiCCO has been used to measure cardiac
output.

The use of EEO appears to be more efficacious than SVV
alone in the setting of low lung compliance and ARDS [53].
It also appears to be suitable for patients breathing spontane-
ously and those with arrhythmias, such as atrial fibrillation
as EEO exerts its effects over several cardiac cycles. The
magnitude of PEEP does not appear to influence the outcome
of the test [53]. EEO has the benefit of simplicity compared
with, for example, pulse contour analysis. Although EEO
can be performed in patients who are not paralyzed or deeply
sedated, recurrent inspiratory efforts may interrupt the occlu-
sion and invalidate the test.

Passive Leg Raising

If a patient is lying supine, raising the legs from horizontal to
vertical induces a significant translocation of blood volume
from the extremities to the central circulation. Functionally,
there is mobilization of unstressed blood volume and an
increase in right ventricular preload. This increases cardiac
output, which then falls when the legs are returned to the
horizontal position. Essentially, the patient receives a fluid
bolus without receiving exogenous fluid as a result of reloca-
tion of venous blood pooled in capacitance vessels. An
increase in cardiac output during this maneuver predicts fluid
responsiveness [54]. It does so irrespective of whether the
patient is breathing spontaneously or mechanically venti-

respiratory cycles [56]. Various measures of cardiac output
have been used, importantly only those with relatively rapid
response are effective: esophageal Doppler, pulse contour
analysis, bioimpedence, and end-tidal carbon dioxide
(etCO,) [56]. A 5% increase in etCO, predicted a 15%
increase in cardiac index in volume responders [57].
Unfortunately, arterial pulse pressure changes in PLR do not
predict volume responsiveness [57]. Passive leg raising
appears to be more efficacious than SVV alone in the setting
of low lung compliance and ARDS [51].

There is a strong argument for performing passive leg
raising (PLR) in the semirecumbent rather than the supine
position: unstressed blood is mobilized from the legs and the
splanchnic circulation, so the volume delivered to the heart is
greater and the sensitivity of the test higher [51].

Echocardiography

The Current Role of Echocardiography
in Critical Care
Echocardiography dramatically increases the intensivist’s
capability to diagnose a variety of causes of hemodynamic
instability. There is a tremendous spectrum of competence in
performance and interpretation of echocardiographic images.
However, even rudimentary knowledge of bedside echocar-
diography may provide a life-saving diagnosis in, for exam-
ple, cardiogenic shock, severe hypovolemia, and massive
pericardial effusion/tamponade [58]. This has led to the
development of “focused cardiac ultrasound (FoCUS),” a
simplified approach that aims to ascertain only the essential
information needed in critical scenarios and time-sensitive
decision-making (Table 7.2) [59]. A FoCUS examination is
brief and addresses a few clinical questions, mainly in a “yes
or no” manner: the patient is hypotensive, is this due to hypo-
volemia — yes or no? Is it due to left ventricular dysfunc-
tion — yes or no? Is it due to pericardial effusion — yes or no?
Transthoracic echocardiography (TTE) should be the first
modality in most cases of hemodynamic instability, because
of its safety, reliability, and rapidity [60]. Image quality can
be an issue, due to poor or limited acoustic windows, but new
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technology, harmonic imaging and new echo contrast prod-
ucts, have significantly improved TTE signal acquisition [61].
Transesophageal echocardiography (TEE) is indicated,
when the TTE study is inadequate, to evaluate of aortic
dissection, to diagnose endocarditis of prosthetic valves, or
to rule out intracardiac thrombus presence before semi-elec-
tive cardioversion. In early shock, TEE is limited by its inva-
siveness — it is preferable that diagnosis and management of
shock precedes intubation, which can often be avoided.
However, smaller TEE probes have been developed and in
time will be as minimally invasive as a nasogastric tube.

Ventricular Function

Left ventricular (LV) dysfunction in critically ill patients is
common and may be caused by ischemia, sepsis, or hyperad-
renergic states (such as traumatic brain injury or subarach-
noid hemorrhage). When the LV becomes dysfunctional,
end-diastolic volume increases to maintain stroke volume,
and ejection fraction (EF) falls. In addition echocardiogra-
phy may also unveil regional wall motion abnormalities,
usually associated with myocardial ischemia.

Right ventricle (RV) dysfunction is also very common in
critically ill patients. Pulmonary embolism (PE) and acute
respiratory distress syndrome (ARDS) are the most frequent
causes in medical surgical ICU [62], although RV failure not
uncommonly complicates cardiac surgery. Pulmonary hyper-
tension may be uncovered by pulmonary arterial catheteriza-
tion, but echocardiography is required to diagnose the
underlying cause.

The RV is generally small compared with the LV. In the
four-chamber view, the ratio between RV and LV end-
diastolic area is measured. A diastolic ventricular ratio >0.6
suggests moderate, and ratio >1.0 severe, dilatation [63]. An
acute rise in right ventricular (RV) afterload, for example,
consequent of profound hypoxic pulmonary vasoconstric-
tion, can cause acute cor pulmonale. The RV dilates, the LV
is small and underfilled, and the interventricular septum
bows inward into the LV (ventricular interdependence) par-
ticularly during diastole [64].

Assessments of Cardiac Output (CO)

Thermodilution of CO measurement is not always accurate
in critically ill patients. Very low or very high CO, severe
TR, rapid temperature changes, or intracardiac shunt can
result in incorrect data. In these conditions, echocardiogra-
phy can relatively reliably measure SV and thus CO [65].
The most common technique is Doppler-derived instanta-
neous blood flow measurement through a conduit (LV out-
flow tract, pulmonic or mitral valve). Stroke volume is equal
to product of cross-sectional area (CSA) of the conduit,
determined by 2D echo, and integration of instantaneous
blood flow, velocity time integral (VTI), through the
conduit. CSA=diameter of conduit (D) squaredx (pi/4).

SV=CSAxVTIL SV multiplied by heart rate (HR) gives
CO. CO=CSAxVTIxHR.

Volume Status

Echocardiography is an effective method of estimating vol-
ume status and fluid responsiveness. An empty LV, manifest
by systolic obliteration, strongly suggests inadequate pre-
load. A dilated LV, defined by an increase in diameter, may
reveal a chronically failing heart, which may respond to a
volume challenge [66].

In addition to visualizing the heart, significant informa-
tion can be gleaned from observation of the great vessels.
The collapsibility index of the superior vena cava (SVC) and
respiratory variation in inferior vena cava diameter (the dis-
tensibility index — d[VC) have been validated [67-69]. dIVC
is calculated using measurements of maximal IVC diameter
during inspiration (Dmax) and minimal diameter during
expiration (Dmin) [67].

dIVC = Dmax — Dmin / Dmin.

In ICU, this approach is limited due to the high prevalence of
IVC dilation in mechanically ventilated patients [70].

Goal-Directed Resuscitation

Shoemaker, in the late 1980s, demonstrated that by driving up
cardiac output with fluids and inotropes, perioperative out-
comes could be improved [71]. A number of studies in the
1990s and 2000s utilized dynamic flow monitoring devices
intraoperatively to hemodynamically optimize the patient.
Early studies, using esophageal Doppler, suggested improved
outcomes. Later studies were more disappointing [72]. The
largest optimization study to date, by Pearse and colleagues,
of 734 high-risk patients, undergoing gastrointestinal surgery
aged 50 and older, in 17 hospitals in the United Kingdom,
failed to demonstrate improved perioperative outcomes [73].
The authors subsequently performed a meta-analysis that
included data from previous perioperative GDT trials (38 in
total). In this analysis GDT was associated with fewer overall
complications (intervention, 488/1,548 [31.5%] vs control,
614/1,476 [41.6%]; RR, 0.77 [95% CI, 0.71-0.83]) [74].
Another meta-analysis of 22 trials that reported cardiovascu-
lar outcomes suggested that GDR was associated with
reduced total cardiovascular (CVS) complications [OR=0.54,
(0.38-0.76), P=0.0005] and arrhythmias [OR=0.54, (0.35—
0.85), P=0.007] [75]. There was no increase in the risk of
pulmonary edema or myocardial ischemia.

In critical care research involving GDT, a surrogate of oxy-
gen consumption, the mixed venous oxygen saturation (SVO,,)
has been used to estimate tissue blood flow by looking at oxy-
gen extraction. Low SVO, is indicative of excessive extraction
per unit volume, apparently suggestive of hypovolemia.
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Critical care studies of GDR in the 1980s that used SvO,
as the endpoint of fluid and inotrope therapy had disappoint-
ing outcomes [76, 77]. These studies were carried out in
established rather than impending critical illness. Rivers et al.
speculated early GDR may improve outcomes in patients pre-
senting to the emergency room with early signs of sepsis.
They randomized 263 patients to “standard” therapy versus
aggressive goal-directed therapy that included the use of an
oximetric (ScVO,) central venous pressure line [78]. This
measured SVO, in the superior vena cava distribution.
Therapy was directed at CVP (8—12 mmHg), ScVO, (>70 %),
and MAP (>65 mmHg) goals. The patients in the study group
received significantly more fluid than the control group in the
first 6 h, more red cell transfusions overall and equivalent vol-
ume of intravenous fluid over the first 72 h. There was a 16 %
decrease in a 28-day mortality (number needed to treat, 6).
The implication of this study was that early aggressive vol-
ume resuscitation restores tissue blood flow, prevents multior-
gan failure, and saves live. Once goals are met, further
resuscitation is not helpful and may be harmful.

There were many questions about this trial, not least that
it was single operator and single centered. The mortality rate
in the control group was apparently high; a number of
patients appeared to be missing from analysis, and timing of
antibiotics therapy was unclear (all refuted by Dr. Rivers).

Three follow-up studies were performed — ProCESS, ARISE,
and ProMISe [79-81]. All three trials looked at volume resusci-
tation in early sepsis, comparing the Rivers’ protocol to “usual
care” — which appeared to be aggressive volume resuscitation
without the inotropes, central line, and ScVO, monitor.
Obviously, “usual care” had been influenced by a decade of
“Surviving Sepsis” — derived mainly from the Rivers’ approach.
Nonetheless, there was no survival benefit associated with using
dobutamine, CVP, and ScVO, goals. The cost of care was greater
in the GDT groups, principally due to increased numbers of cen-
tral venous cannulations, inotrope use, and ICU admissions [82].
Higher CVP levels have been shown to increase the risk of
adverse outcomes [25], and hypervolemia is strongly associated
with abdominal compartment syndrome [83].

Taking these data together, it appears that perioperative
patients, undergoing major nonvascular surgery, may benefit
from IGDVR. Dynamic monitoring of stroke volume is more
effective than traditional monitors such as CVP, ScVO,,
mean arterial pressure, and urinary output. Patients appear to
do better if resuscitated on the day of injury or surgery.

Lactate and Lactate Clearance

Raised serum lactate (lactic acidosis) is the only widely
accepted biomarker of shocked states [1]. Lactic acidosis
occurs when the production of lactate in the body is greater
than the liver’s capacity to metabolize it: there is a problem
of overproduction or inadequate clearance.

Lactic acid is produced physiologically as a degradation
product of glucose metabolism. Its formation from pyruvate
is catalyzed by lactate dehydrogenase. Under normal condi-
tions the ratio of lactate to pyruvate ratio is less than 1:20. In
anaerobic conditions, for example, following vigorous exer-
cise, lactate levels increase dramatically. In addition, lactate
can be produced under aerobic conditions. Activation of
beta-adrenergic receptors in skeletal muscle by stress
(increased circulating catecholamines) or exogenous infu-
sion (epinephrine/norepinephrine infusions) increases the
lactate concentration resulting in aerobic glycolysis. Lactate
is converted to glucose in the liver (the Cori cycle) and sub-
sequently to CO, and H,O. Hence the lactate in Ringer’s lac-
tate solution is functionally bicarbonate.

Serum lactate and arterial pH should be measured early in
any critically ill patient. A lactate concentration >2 mmol/L
is clinically significant, and a level of 5 mmol/L in the pres-
ence of metabolic acidosis is severe [84]. Isolated hyperlac-
tatemia in the absence of acidosis is of unclear clinical
significance [85].

There are two types of lactic acidosis: type A (global inad-
equate oxygen delivery) is seen in hypovolemic/hemorrhagic
shock, while type B occurs despite normal global oxygen
delivery and tissue perfusion (usually both coexist in critical
illness). Lactic acidosis may also develop in situations where
there is significant regional hypoperfusion. Examples include
bowel ischemia, where lactate is produced in large quantity
due to glycolysis despite global oxygen delivery that is nor-
mal. Type B lactic acidosis is associated with hyperadrener-
gic states where circulating catecholamines (endogenous or
exogenous) are in excess. Examples include simple exercise
and the hyperinflammatory state of trauma or sepsis. Type B
lactic acidosis may also be seen in cyanide poisoning (associ-
ated with sodium nitroprusside), with biguanides (metfor-
min), and in hypercatebolic diseases such as lymphoma,
leukemia, AIDS, or diabetic ketoacidosis.

Lactic acidosis is a sensitive marker of disease severity
[86], and failure to clear the acidosis is a strong predictor of
adverse outcomes [87-89]. The presence of a low mixed
venous oxygen saturation (SvO,) with a high lactate is indic-
ative of type A (hypoxia associated) acidosis. Following
resuscitation, SvO, recovers rapidly and lactate slowly, due
to saturated metabolic pathways.

The presence of normal systemic indices of perfusion does
not exclude significant regional hypoperfusion or mitochon-
drial failure [90, 91]. Clinicians frequently misinterpret high
serum lactate levels indicative of global tissue hypoperfusion
and as a result may continue to administer intravenous fluid
[91, 92]. Where possible, following initial resuscitation, fluid
responsiveness should be determined by SVV or
PPV. Dynamic measurements of lactate over time are better
predictors of outcome than static measures [93]. Lactate
clearance has been proposed as an endpoint of resuscitation
in sepsis [94, 95], as lactate concentration would be expected
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to fall with adequate resuscitation [95]. Rapid clearance of
lactate has been associated with improved outcomes [96, 97].
A failure of lactate clearance in response resuscitation sug-
gests that global perfusion is not the underlying problem and
should prompt a search for a more sinister etiology.

Blood Transfusion
Current Status of Transfusion Therapy

Over the past decade, the approach to resuscitation of patients
who are bleeding has changed dramatically. No longer are
patients receiving large amount of crystalloid (or colloid)
prior to blood transfusion. The emphasis is now placed on
damage control surgery with earlier blood component ther-
apy [98]. This approach results from the realization that
coagulopathy is the major cause of mortality in the bleeding
trauma patient [99], and reversing coagulopathy, in particu-
lar with fibrinogen, has resulted in dramatically improved
outcomes [100]. Plasma and platelets are administered ear-
lier in increased volume. There has been a corresponding
decrease in the use of crystalloids, resulting in less hemodi-
lution, tissue edema, and hypoxemia [101]. The multi-
trauma-center PROMMTT trial included approximately
1,000 patients involved in major trauma, transfused at least
one unit of RCC in the first 6 h [102]. Using a multivariable
time-dependent Cox model, it was demonstrated that earlier
administration of higher ratios of red cells to plasma to plate-
lets (e.g., 1:1:1) was associated with a significant reduction
in mortality [102]. To find the optimal ratio, the PROPPR
study was conducted by the same authors — comparing
plama/platelets/RCC 1:1:1 (intervention) to 1:1:2 (control)
[103]. Six hundred and eighty patients were randomized:
338 to intervention, 342 to control. There was no difference
in 30-day mortality, but there were fewer deaths from exsan-
guination in the intervention group. For bleeding patients,
who were not involved in trauma, it is unclear at what ratio
blood components should be administered, and accumulated
data to date are unhelpful.

It is unclear how these data will translate in the periopera-
tive period, given that in low-risk patients, blood transfusion
is associated with a significant increase in perioperative mor-
bidity and mortality [104]. For the majority of patients with
moderate blood loss and anemia, transfusion is likely unnec-
essary and potentially harmful [105].

Key Points

1. Shock is a major indication for referral to critical
care services: it may be hypovolemic, cardiogenic,
vasoplegic, or obstructive. Hemodynamic monitor-
ing is used to diagnose and treat 