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Foreword

Research is fundamentally altering the daily practice of acute care surgery (Trauma,
Surgical Critical Care, and Emergency General Surgery) for the betterment of
patients around the world. Management for many diseases and conditions is radi-
cally different than it was just a few years ago. For this reason, concise up-to-date
information is required to inform busy clinicians. Therefore, since 2011 the World
Society of Emergency Surgery (WSES), in partnership with the American
Association for the Surgery of Trauma (AAST), endorses the development and pub-
lication of the “Hot Topics in Acute Care Surgery and Trauma,” realizing the need
to provide more educational tools for young in-training surgeons and for general
physicians and other surgical specialists. These new forthcoming titles have been
selected and prepared with this philosophy in mind. The books will cover the basics
of pathophysiology and clinical management, framed with the reference that recent
advances in the science of resuscitation, surgery, and critical care medicine have the
potential to profoundly alter the epidemiology and subsequent outcomes of severe
surgical illnesses and trauma.
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Preface

The specialty of Critical Care has evidenced tremendous advancements over the
past 20 years. While the field has morphed into an independent specialty, the impact
of critical care therapy has been felt across multiple disciplines. In surgery, while
many surgeons, particularly those practicing trauma, have pursued advanced train-
ing and certification in critical care, there remains a significant number of practitio-
ners worldwide who lack optimal training or experience in order to apply the most
modern and beneficial treatments to their patients. Other surgeons may simply lack
the time required to devote full attention to the critical care needs of their patients.

Accordingly, the motivation for developing the current book was born. In
essence, our goal is to provide a comprehensive overview of current critical care
principles, in order to assist the acute care surgeon in the care and treatment of their
patient. Such an overview seems essential as well in order to provide a format for
intelligent dialogue and joint decision making between the surgeon and intensive
care team.

The editors have assembled experts in various areas of intensive care, who are
also surgeons, to develop dedicated chapters of the various areas of the specialty, in
order to assist the surgeon in their efforts to provide the highest level of care to the
patient.

It is important to emphasize that the current work is not aimed to be a textbook
covering all areas of critical care, as there are many such publications already in
existence, but to serve as a format to promote improved understanding, dialogue,
and ultimately optimal patient care via active participation by the surgeon and
intensivist.

Parma, Italy Edoardo Picetti
Campinas, Sao Paulo, Brazil Bruno M. Pereira
Montreal, QC, Canada Tarek Razek
New York, NY, USA Mayur Narayan

Tel Aviv, Israel Jeffry L. Kashuk
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Admission/Discharge Criterion for Acute
Care Surgery Patients in the ICU:

A General Review of ICU Admission

and Discharge Indications

Mayur Narayan and Jeffry L. Kashuk

1.1 Introduction

Surgical patients requiring intensive care unit [ICU] care may originate from a
variety of admitting primary services: trauma, emergency general surgery [EGS],
colorectal, gastrointestinal, pancreatic, hepatobiliary, otorhinolaryngology, urology,
bariatric, obstetrics/gynecology, vascular, endocrine/oncologic, oral maxillofacial,
orthopedic, plastic, solid organ transplantation, and thoracic surgery [1]. The per-
centage of patients from these various services that will require such care will vary
considerably. Furthermore, the knowledge and experience of surgeons from the
various specialties and their knowledge of modern ICU principles will also vary
considerably. In general, however, modern training in complex surgical procedures
will tend to emphasize postoperative management and ICU principles.

Although many patients presenting to the emergency room may require urgent
or emergent operation, a smaller percentage may present with labile physiology
necessitating direct admission to the intensive ICU for resuscitation and monitor-
ing prior to definitive treatment. Others may require resuscitation and monitoring
in the postoperative period, including those who have undergone damage control
laparotomy (surgical exploration with control of hemorrhage and contamination
but leaving patients in intestinal discontinuity with an open abdomen) [2]. The
cornerstone of ICU treatment of these complicated patients focuses on restoration
of normal physiology and management of metabolic acidosis, hypothermia, and
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Fig. 1.1 The continuum of care from screening, diagnosis, and curative care, palliative care, and
end of life care

coagulopathy [2]. Patients may require critical care services at any time during
their course of illness. It is imperative that surgeons admitting their patients to the
ICU understand where the patient is in this time course to best match care with
resources available (Fig. 1.1).

1.2 Admission to the ICU

The most important initial step in the management of the critically ill patient is to
identify, as early as possible, those who will require ICU care. Surgical patients
make up a significant percentage of those admitted to the ICU. Van der Sluis et al.
[3] found that nearly 60% of patients admitted to the ICU during 1 year in the
Netherlands underwent urgent or elective surgery before or during an ICU admis-
sion. Many factors affect ICU admission decision-making, including bed and exper-
tise availability, institutional protocols, and cultural norms, as well as the obvious
determination as to whether the patients’ disease process actually warrants ICU
care. It is important to emphasize that the ICU admission process may be emo-
tionally stressful for the surgeon, the patient, and particularly the family, who may
sometimes find themselves dealing with rapid and difficult decisions that they may
not have expected. The Society of Critical Care Medicine’s [SCCM] ICU admission
guidelines from 2016 recommend ICU admissions based on a combination of the
following [4]:

e Specific patient needs that can only be addressed in an ICU, such as life-
supportive therapies

 Availability of clinical expertise not readily present elsewhere in the hospital

 Prioritization according to the patient’s condition

e Patient diagnosis

e Bed availability
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* Objective parameters such as updated vital signs
* Potential for the patient to benefit from interventions
e Prognosis

Despite attempts to categorize these criteria, there is a lack of international con-
sensus on how patients should optimally be triaged for ICU admission. Several
studies have suggested using vital signs as a marker for functional impairment war-
ranting higher priority. An example of this is the Swedish Adaptive Process Triage
[5], which uses vital signs and chief complaints to create a triage score for ICU
admission. Significant alterations of respiratory rate, oxygen saturation, systolic
blood pressure, and Glasgow Coma Scale have all been associated with increased
risk of mortality and therefore influence decision-making in assessing a potentially
critical ill patient [5]. The surgeon managing such a scenario should remember that
there is growing evidence to suggest that a distinct subset of patients may pres-
ent with normal vital signs despite the presence of severely deranged physiology.
Several studies have shown that the sensitivity and specificity of abnormal vital
signs to predict mortality or ICU admission on initial triage were between 50 and
70% [6]. A recent study by Holena et al. [7] found that trauma center vital signs
might underestimate mortality in those patients transferred from outside hospitals,
leading to incorrect estimates of mortality risk. Elderly patients, immunocompro-
mised patients, or those on steroids or with diabetes may not mount an appropriate
inflammatory response and lead to underestimation of severity of illness. These
patients, therefore, warrant a high index of suspicion for ICU admission.

1.3 Rapid Response Teams as an Aid to ICU Triage

The role of rapid response teams [RRTs] in determining which patients warrant
ICU admission has been debated for the past decade. Some institutions use these
teams as a means to minimize unnecessary resource utilization by determining a
true need for an ICU bed. Although intuitively attractive, there is no clear data as
to whether these teams actually improve outcomes [8]. Several studies have shown
reduction in hospital-wide mortality, out of ICU mortality and out of ICU cardiac
arrest with use of RRTs. Other studies found no effect on clinical outcomes but did
show minimal reduction in inpatient mortality and cardiac arrest [9]. A large cluster
randomized controlled trial, The Medical Emergency Response, Intervention, and
Therapy (MERIT) trial from Australia, involving 23 hospitals, found no differences
in the outcome from cardiac arrest, unexpected death, or unplanned admission to the
ICU between the control hospitals and in those hospitals with a rapid response team
[10]. Another potential concern for RRTs involves delays in activation, potentially
due to poor communication, lack of team efficiency, lack of experience of the staff,
and lack of resources. Surgeons should remember that a key concept of intensive
care management mandates the right patient, at the right time, at the right place.
SCCM’s slogan is even more simple, “Right Care, Right Now,” meaning the right
care is delivered at exactly the right moment to achieve optimal patient outcomes.
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Recently, Briggs et al. highlighted the importance of a surgeon’s role on RRTs
when they introduced a concept of “surgical rescue” [11, 12]. The term highlights
the surgeon’s central role in the assessment and operative emergency management
of medical patients with surgical pathology. Potential diagnoses in these patients
include bowel obstruction, intestinal ischemia, and perforation, along with biliary
disease, gastrointestinal bleeding, and several other conditions. Peitzman et al. [12]
expanded on the original role of acute care surgeons who tend to perform a combi-
nation of elective general surgery, surgical critical care, emergency general surgery,
and trauma surgery. Surgical rescue is described as the “fifth pillar” of acute care
surgery, drawing on expertise from the other four pillars of the specialty to intervene
on patients who have suffered surgical complications or have developed surgical
pathology during their hospitalization [12]. Further research will be required to bet-
ter assess the continuing role of RRT’s as a part of rescue surgery.

The Task Force of the World Federation of Societies of Intensive and Critical
Care Medicine [13] has recently developed key triage decisions for ICU admission.
These include:

e ICU triage aims to ensure optimal and equitable use of critical care resources.
ICU triage involves weighing the benefits of ICU admission against the risks
involved; many factors come into play.

e Whenever possible, intensivists should make the final decision about triage for
ICU admission, considering input from nurses, emergency medicine profession-
als, hospitalists, surgeons, and other professionals.

e Triage scoring systems (see below), algorithms, and protocols can be useful, but
they should never supplant the central role of skilled intensivists, with input from
multidisciplinary teams.

¢ Infrastructure should be organized efficiently both within individual hospitals
and at the regional level.

1.4  Frailty

Determining who needs and who gets ICU care is a complex problem [14]. Increasing
age of patients who are frail and often have more comorbidities, concepts of futility,
rationing, and rising costs of ICU care are important concepts that surgeons should
know. Frailty is a multidimensional syndrome often described when patients have
a loss of physiologic and/or cognitive reserves that confer vulnerability to adverse
outcomes. There is an increased prevalence of frailty with aging and a measureable
increase in utilization of critical care services by older individuals [15]. Fried et al.
[16] defined frailty as a clinical syndrome in which three or more of the following
criteria were present: unintentional weight loss (10 Ibs. in past year), self-reported
exhaustion, weakness (grip strength), slow walking speed, and low physical activity.

Numerous scales have been developed to assess the presence of frailty. These
include but are not limited to the frailty phenotype, the Edmonton Frail Scale, the
Rockwood Clinical Frailty Scale, and the gait speed test. The frailty index, described
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by Rockwood et al. [17], is a detailed inventory of 70 clinical deficits based on the
concept that frailty is a consequence of interacting physical, psychological, and
social factors. As deficits accumulate, the frail patient becomes increasingly vulner-
able to adverse outcomes. It has been reported that estimates of risk are strong when
a minimum of 50 items are considered, but shorter versions (as low as 20 items)
have also been explored. The frailty index is calculated as the number of deficits the
patient has, divided by the number of deficits considered. For example, in a frailty
index based on a comprehensive geriatric assessment, an individual with impair-
ments in 4 of 10 domains and with 10 of 24 possible comorbidities would have 14
of 34 possible deficits, for a frailty index of 0.4 [18]. A potential pitfall of this index
is that the 70 items of the original version are too cumbersome to administer even
in the most advanced ICUs.

Bagshaw et al. [15] conducted a prospective study in adult patients aged 50 or
older at six hospitals in Canada. They found the prevalence of frailty was nearly
33%. Not surprisingly, they noted that patients were older, of female gender, and
had more comorbidities and greater functional dependence than those who were
not frail. In-hospital mortality was higher among frail patients than among non-
frail patients and remained higher at 1 year. Frail patients were also more likely to
suffer major adverse events, become functionally dependent, require readmission,
and have significantly lower quality of life than non-frail patients. The authors con-
cluded that early diagnosis of frailty could improve prognostication and identify a
vulnerable population that might benefit from follow-up and intervention [15].

A systematic review by Lin et al. [19] aimed to examine the impact of frailty on
adverse outcomes in the “older old” and “oldest old” surgical patients, defined as
ages 75-85 and over 85 years, respectively. The authors concluded that frailty in
older-old and oldest-old surgical patients predicts postoperative mortality, compli-
cations, and prolonged length of stay. In sum, frailty assessment may be a valuable
tool in perioperative assessment as well as in helping better identify need for ICU
admission [19].

1.5 Futility vs Appropriate Care

The term “futility” is controversial in medical terminology. Brody et al. [20] strati-
fied futility into subgroups including physiologic futility (failure to produce a physi-
ologic response), quantitative futility (the likelihood of benefit to the patient falls
below a minimal threshold), and patient-centered futility (failure to produce effects
that the patient can appreciate). Schneiderman et al. [21] defined futility as “an
effort to achieve a result that is possible but that reasoning or experience suggests is
highly improbable and cannot be systematically produced.” Huynh et al. [22] evalu-
ated five ICUs at a quaternary care medical center and found that patients who were
subject to futile care prevented the care of others.

The use of the term futility has been discouraged because decision-making
should not only depend on technical medical determinations but should also involve
contested value judgments about what is appropriate treatment in patients with far
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advanced illness [23]. Accordingly, ethicists prefer using the term ‘“appropriate
care” with regard to the ICU [24]. A treatment that does not improve the patient’s
prognosis, comfort, well-being, or general state of health should be considered
inappropriate and, hence, futile.

Decisions about appropriateness of care can involve moral judgments about right
or good care [25]. Anstey et al. [26] conducted a study of over 150 ICUs in the state
of California and reported that doctors and nurse identified 1 or more patients that
were receiving inappropriate treatment on the day they completed the survey. Piers
et al. [27, 28] surveyed ICU nurses and physicians from 82 European and Israeli
ICUs and found that 439 of 1651 respondents (27%) perceived inappropriateness of
care for at least 1 of their patients on the day of study.

Vincent et al. [29] conducted a survey of critical care physicians across Western
Europe and found that 64% of physicians surveyed had admitted patients with
minimal to no chance of survival. Giannini et al. [30] conducted a survey among
ICU physicians in Italy. They reported inappropriate ICU admissions by 86% of
respondents. The reasons given were clinical doubt (33%); limited decision time
(32%); assessment error (25%); pressure from superiors (13%), referring clinician
(11%), or family (5%); threat of legal action (5%); and an economically advanta-
geous “diagnosis-related group” (1%). Studies from Japan and the United Kingdom
have also determined that very elderly patients admitted to their respective ICUs
were perceived to have little chance of survival [31-33].

A study by Sehatzadeh et al. [34] found CPR was offered to all patients, regard-
less of acquired benefits and despite a hospital policy that permitted withholding of
cardiopulmonary resuscitation when appropriate. Interestingly, although ethicists
studying care of critically ill patients have argued that CPR should not be performed
on patients who are unlikely to benefit, physicians are often unsure about what is
and is not ethically and legally permissible.

Although such documents may not be uniformly accepted clearly defined
advanced directives, describing the wishes of patients may help avoid inappropriate
care. Surgeons admitting their patients to an ICU should have knowledge of ethics
and laws in their local environment as these are the most likely factors influencing
potential liability. A recent policy statement from five large critical care societies
offered a framework to manage potentially inappropriate treatments [23].

1.6 Advanced Directives

The intensive care team should review all advanced directives on admission. One
method of stratifying patients based on priority was developed by the SCCM
(Table 1.1). This scheme uses a five-point scale where Level 1 and 2 patients are criti-
cally ill patients requiring life support for organ failure, most often multi-organ but can
be attributable to single organ. The key distinction between Level 1 and Level 2 patients
in this description is that Level 2 patients admitted to the ICU do not wish to undergo
cardiopulmonary resuscitation [CPR] should they develop cardiac arrest. Patients and
families who are undecided as to their wishes in a cardiac arrest scenario should be
reminded that in the absence of any documented advanced directives, the intensive care
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Table 1.1 Stratification of critically ill patients

Level of
care Priority Type of patient
ICU 1 Critically ill pts requiring life support for organ failure, intensive

monitoring and therapies only provided in ICU

Life support: invasive ventilation. CRRT,? invasive hemodynamic
monitoring to direct aggressive hemodynamic interventions. ECMO,*
TABP?, and other situations requiring critical care (e.g., pts w/severe
hypoxemia or in shock)

2 Pts. as above, w/significantly lower probability of recovery & who would
like to receive intensive care therapies but not CPR® in case of cardiac
arrest (e.g., pts w/metastatic cancer and respiratory failure secondary to
pneumonia or in septic shock requiring vasopressors)

IMU®© 3 Pts w/organ dysfunction who require intensive monitoring and or therapies
(e.g., noninvasive ventilation), or who in opinion of triaging physician,
could be managed at lower level of care than ICU (e.g., postop pts who
require close monitoring for risk of deterioration or require intense postop
care, pts w/respiratory insufficiency tolerating intermittent noninvasive
ventilation). These pts may need to be admitted to ICU if early
management fails to prevent deterioration or there is no IMU capability in
hospital

4 Patients, as described above but with lower probability of recovery/
survival (e.g., patients with underlying metastatic disease) who do not
want to be intubated or resuscitated. As above, if the hospital does not
have IMU capability, these patients could be considered for ICU in special

circumstances
Palliative 5 Terminal or moribund patients with no possibility of recovery: such
care patients are in general not appropriate for ICU admission (unless they are

potential organ donors)

In cases in which pts have unequivocally declined intensive care therapies
or have irreversible processes such as metastatic cancer w/no additional
chemo or radiation therapy options, palliative care should be initially
offered

Nates et al. [4] SCCM DOI: https://doi.org/10.1097/CCM.0000000000001856

*CRRT, ECMO, IABP: continuous renal replacement therapy, extracorporeal membrane oxygen-
ation, intra-aortic balloon pump

®Cardiopulmonary resuscitation

‘Intermediate Care Unit

team is obligated under law to perform lifesaving procedures including compressions,
shock, medications, etc. [35] It is important to emphasize that designating an ICU
patient, Do Not Resuscitate or Do Not Intubate [DNR/DNI] does not translate to do
not treat. These orders are to be employed only after treatment has failed. Wang et al.
[36] recently found that 50% of patients with prior DNR on ICU admission survived to
discharge, indicating that aggressive care in such situations may not be futile.

As the population ages, assessment of frailty and geriatrics care in the ICU will
become more important than ever. Being mindful that care and proposed manage-
ment are done “for someone” and not “to someone” can help optimize quality of
life and care while minimizing the chances of prolonging suffering. Tools to aid
decision-making will need to be developed to help stratify surgical risk as well
as optimize outcomes. One such tool, developed by Olson et al. [37-39], is the
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Best Case/Worst Case [BC/WC] framework designed to support in-the-moment
decision-making. This simple yet highly effective tool may assist and improve
communication by shifting the focus of decision-making from an isolated surgi-
cal problem to a discussion about treatment alternatives and outcomes (Figs. 1.2
and 1.3). As noted, the BC/WC model promotes shared decision-making and
facilitates the development of informed preferences. Patients and their families
should be encouraged to verbalize their choices and options at the outset of the

Best Case/Worst Case Tool Skills Checklist & Observation Form

Treatment Option 1 Treatment Option 2
Gave BEST CASE Gave BEST CASE
outcome

Yes O No O

outcome
Yes O No O

L— Gave MOST LIKELY

Gave MOST LIKELY outcome

outcome Yes O No O
Yes O No O :>

I~ Gave WORST CASE
outcome
YesO No O
Gave WORST CASE
outcome e
Yes O No O
Written diagram complete/ used patient-friendly terminology Iles g
o
Used narrative/ told a story when describing cases Yes O
No O
Included patient’s chronic medical conditions in discussion Yes O
No O
Used questions or phrases to encourage deliberation Yes O
No O
Made a recommendation Yes O
No O
SURGEON ID:
TOTAL SCORED POINTS: /11
ADDITIONAL COMMENTS:

Fig. 1.2 Best case/worst case scenario: a framework for difficult decision-making in surgical
patients who are critically ill
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Fig. 1.3 How the “best case/worst case” tool is used within a complete clinical decision-making
process. Kruser et al. JPSM April 2017 Volume 53, Issue 4, Pages 711-719.e. The proposed use of
“best case/worst case” builds on a conceptual model (bottom) described by Elwyn et al. that pro-
motes shared decision-making and facilitates the development of informed preferences

decision-making process, allowing them greater autonomy as well as improved
understanding of the varying treatment options.

1.7 ICU Economics

Healthcare delivery models around the world continue to grapple with escalating
costs, varying the quality of care and ethical concerns related to commercialization
of healthcare [40]. It is important to recognize that care of the critically ill patient
is even more costly. Those from resource-poor nations often struggle with access to
basic life-sustaining resources such as clean water, food, and electricity. These areas
also often lack primary medical and preventative care, creating a disproportionately
high prevalence of critically ill patients. Critical care, as practiced in more devel-
oped nations, is often not feasible in such settings. More research to improve cost-
effectiveness and implementation in these environments is vital. Worldwide, there is
substantial variation of ICU bed availability. For every 100,000 people in the coun-
try, Germany has 24.6 ICU beds, Canada 13.5 ICU beds, the United Kingdom 3.5
ICU beds, South Africa 8.9 ICU beds, Sri Lanka 1.6 ICU beds, and Uganda 0.1 ICU
bed [41]. The costs associated with care of the ICU patient in developed countries
are alarming. In 2005, ICU beds in the United States accounted for nearly 15% of all
hospital beds. The occupancy rates were estimated at 68%, and costs were roughly
$82 billion or 0.66% of the gross domestic product [42]. It is often said that neces-
sity is the mother invention. This holds especially true for those facing the challenge
of delivering critical care with fewer resources and for those who need to manage
epidemics and disasters. Alternative models have been described. A low-cost, value-
based health model that focuses on maximizing value for patients by moving away
from a physician-centered, supply-driven system to a patient-centered system has
been developed in India. The Sri Sathya Sai Institute of Higher Medical Sciences
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in Bengaluru, India, is a 333-bedded tertiary care hospital equipped with state-of-
the-art diagnostic and treatment facilities; highly skilled medical, nursing, and para-
medical professionals; and intensive care units, delivering free healthcare to all in
a compassionate and holistic manner. Since its inception in 2001, the hospital has
performed over 20,000 cardiac surgeries, 25,000 neurosurgeries, and 55,000 cardi-
ology procedures and seen over 1.2 million consultations at no charge to patients
and with respectable outcomes. More research is needed to assess whether replicat-
ing this model in low-, middle-, and high-income countries could have the potential
for changing the face of healthcare economics [40].

1.8  Scoring Systems

Clinical scoring systems have shown potential as aids in the assessment of sever-
ity of illness and in the determination of patients most likely to benefit from ICU
resources. Scoring systems are developed from data collected from multiple ICUs
in an attempt to generate a numerical score that may assist in determination of
subsequent morbidity and mortality. Most scores include several physiologic and
laboratory data along with previous and current clinical health information. ICU
scoring systems currently available are listed in Table 1.2. The Acute Physiology
and Chronic Health Evaluation (APACHE) II developed from a database of North
American ICU patients is a severity of disease classification system based on 12
routine physiologic measurements taken during the first 24 h after admission along
with age and previous health status [43]. The score is calculated from O to 71 with
higher scores related to higher severity and risk of mortality. Despite its common
use, APACHE II score has not been shown to be sufficiently sensitive or specific
to predict mortality. One major limitation of the APACHE system is that it lim-
its the impact of multiple comorbidities by allowing only one principal diagnos-
tic category. The Simplified Acute Physiology Score (SAPS) II is a severity score
and mortality estimation tool developed from a large sample of medical and surgi-
cal patients in North America and Europe [43]. The score includes 17 variables of
which are 12 physiologic variables with the others being age, admission type, and
three disease-related variables. Scoring ranges from O to 163 total points with the
probability of death being calculated using logistic regression. It should be noted

Table 1.2 ICU scoring systems

APACHE I1 Acute Physiology and Chronic Health
Evaluation

SAPS II Simplified Acute Physiology Score

MODS Multiple Organ Dysfunction Score

SOFA Sequential Organ Failure Assessment

LODS Logistic Organ Dysfunction

MPM II on admission 24 h, 48 h, 72 h Mortality Prediction Model

ODIN Organ Dysfunction and Infection System

TRIOS Three-day recalibrating ICU outcomes

GCS Glasgow Coma Scale
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that age, sex, length of ICU stay, location of patient before ICU, clinical category,
and presence of drug overdose were subsequently added as admission variables.
Although the APACHE II and SAPS II have been validated in the first 24 h of
admission, they have had limited effectiveness in predicting mortality following
the first day of admission. The Sequential Organ Failure Assessment (SOFA) was
designed to focus on organ dysfunction and morbidity with less of an emphasis on
mortality prediction. SOFA scores consist of six variables representing respiratory,
coagulation, liver, neurological, cardiovascular, and renal systems [44]. A recent
systematic review by Haniffa et al. [45] assessed the performance of ICU scoring
systems, specifically in low- and middle-income countries (LMICs). The study con-
cluded, “applicability of prognostic models are currently hampered by poor adher-
ence to reporting guidelines, especially when reporting missing value handling.”
They further suggested that mortality risk predictive models in LMIC intensive care
units are at best moderate, highlighting limitations in calibration. Further study is
required to determine the ideal score that prognosticates mortality and outcomes,
especially in LMICs [45, 46].

1.9  Organization of the ICU

The optimal location of care of the critically ill patient will depend on local factors
such as clinical capability and backup care availability [46]. Although ICU care is
a practice paradigm and not merely a location, care for these critically ill patients
usually takes place in a dedicated portion of a hospital that has equipment and per-
sonnel to provide the highest level of advanced life-supportive care (Table 1.3).
Critically ill patients should be rapidly transported from areas of the hospital
that lack specialized staff to the ICU for improved outcomes. These units can be
general, admitting patients from a variety of specialties, as is classically seen in
the general medical ICU, or specialized where they are typically organized by
body system or pathology, such as trauma, burn, neurosurgery, or cardiac. Smaller
community hospitals are more likely to have a single general ICU, whereas qua-
ternary-level university hospitals will have multiple specialty-focused units. ICUs
can be either “open” or “closed” depending on which physician-led team will take
the primary role in the management of the patient. In the open model [47], admis-
sion to the ICU can be undertaken by any of the patients’ physicians. After admis-
sion, the primary physician will write orders and guide management decisions.
Intensivists in this model are classified as consultants. In the closed model [3], the
intensivist plays the lead role in management decisions, while the primary physi-
cian serves as the consultant. The intensivist, with input from the primary team
and other consultants as required, serves as the team captain and drives clinical
decisions in the ICU. Typically, the intensivist managing a critical care unit has
received advanced ICU training. Intensivists can come from a variety of primary
specialties and will most typically be either a surgeon, a medical intensivist (pul-
monary/critical care), an anesthesiologist, or, most recently, emergency medicine
physicians with additional training in critical care medicine. Transferring primary
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Table 1.3 Levels of care model adopted from the Society of Critical Care Medicine (SCCM)

Nursing-
to-patient
Level Type of pts ratios Interventions
ICU (very high) Ciritically ill pts who need hourly  1:1 to Invasive interventions not
or level 3 and or invasive monitoring, such <1:2 provided anywhere else,
as continuous blood pressure such as CSF* drainage for
monitoring via an arterial cannula elevated ICP* management,
mechanical ventilation,
vasopressors, ECMO,*
IABP;?* LVAD,* or CRRT*
Intermediate Unstable pts who need nursing <1:3 Interventions such as
medical unit interventions, laboratory workup, noninvasive ventilation, IV
(high-medium) and or monitoring every 2—4 h infusions, or titration of
or Level 2a vasodilators or
antiarrhythmic substances
Telemetry Stable pts who need close <1:4 IV infusions and titration of
(medium-low) electrocardiographs monitoring medications such as
or level la for nonmalignaut arrhythmias or vasodilators or
laboratory work every 2—4 h. This anti-arrhythmics
type of unit or ward service is
mainly for monitoring purposes
Ward (low) or  Stable patients who need testing <1:5 IV antibiotics, IV

level O

and monitoring not more
frequently than every 4 h

chemotherapy, laboratory
and radiographic work, etc.

Nates et al. [4] SCCM DOI: https://doi.org/10.1097/CCM.0000000000001856
aCerebrospinal fluid, intracranial pressure, extracorporeal membrane oxygenation, intra-aortic bal-
loon pump, left ventricular assist device continuous renal replacement therapy

critical care to the intensivist, who has no other clinical responsibilities other than
the ICU, allows the primary surgical team to focus on other responsibilities rather
than the time-consuming needs of critical care patients. More ICUs around the
world are moving to a closed model, currently the standard in most of the United
States, Europe, and Australia. There is increasing data to suggest that mortality
of ICU patients is improved using the closed model [3, 48]. Additionally, many
trauma centers rotate their trauma/acute care surgeons in the ICU for dedicated
periods of time (typically a week at a time) providing continuity of care for their
patients. In most models, the ICU physician in this scenario is relieved of other
duties during this time, although staffing will ultimately depend on available work
force. It cannot be emphasized enough that the care of the ICU patient mandates
close attention to manage the minute-to-minute changes that can occur in these
critically ill patients. All efforts should be made to avoid staffing the ICU with
those who may have other duties in the hospital.

ICU teams have evolved in their construct and now consist of a multidisciplinary
group of health professionals working together to provide the most comprehensive
care for the critically ill patient. The team typically consists of an intensivist as
described above along with ICU nurses, respiratory therapists, nutritionists, phar-
macists, speech therapists, physical therapists and occupational therapists, social
workers, and more frequently a representative from palliative care. Occasionally,
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the team will also have dedicated infectious disease and nephrology specialists who
accompany the primary team on rounds and assist with management.

1.10 Communication Best Practices

Once a patient is admitted to the ICU, it is vital that the primary surgical team
coordinate hand-off with the anesthesia team and intensive care team to avoid
errors in patient care. Numerous hand-off tools exist (Table 1.4). Ilan et al. [49]
found that despite the existence of many hand-off tools, critical care physicians
did not prefer a particular one over others. The authors emphasized the importance
of a systematic approach to minimize breakdowns in communication, particu-
larly with information that is critical. One such tool is the Situation-Background-
Assessment-Recommendation (SBAR) developed by Leonard et al. [50] at Kaiser
Permanente of Colorado. The technique provides a framework for communica-
tion between members of the healthcare team about a patient’s condition. Panesar
et al. [51] found that an electronic SBAR was associated with more complete
and frequent documentation of communication between physicians and nurses.
More recently, Marshall et al. [52] noted that a structured SBAR demonstrated
improved handover practice when transitioning patients from the operating room
to the ICU. IPASS is another commonly used tool to facilitate hand-off of critical
information (Table 1.4). Parent et al. [53] noted that the University of Washington-
IPASS standardized handoff curriculum was perceived to improve intensive care
provider preparedness and workflow. Malekzadeh et al. [54] showed improvement
on nurses mean score on safety checklists by using a standard handover protocol.
Another model to improve communication, particularly from the OR into the ICU,
is currently under development at one of the co-author’s institutions, Weill Cornell
Medicine. This hand-off mandates the presence of the operative surgical team, the
anesthesiology team, and the intensive care unit team including the admitting house
officer, the admitting nurse, and the appropriate house staff. Patients on mechanical
ventilation undergo an initial assessment performed by a certified respiratory ther-
apist upon arrival to the ICU, to ensure a smooth transition. Mode of ventilation,
respiratory rate, tidal volume, positive end-expiratory pressure, pressure support,
and fraction of inspired oxygen are documented. The bedside nurse and charge
nurse participate in the intake of patients as well as on daily morning and evening
rounds to ensure action plans are executed. The standard use of any of these tools

Table 1.4 Optional tools for optimizing hand-offs in the ICU
I PASS THE Introduction, Patient, Assessment, Situation, Safety, THE, Background,

BATON Action, Timing, Ownership, Next

SHARQ Situation, History, Assessment, Recommendations, Questions
5Ps Patients, Precaution, Plan, Problems, Purpose

SBAR Situation, Background, Assessment, Recommendation

http://www.ncbi.nlm.nih.gov/pmc/articles/PMC4134157/ Malekzadeh 2013, 2 (3), 177-185 doi:
https://doi.org/10.5681/jcs.2013.022, http://journals.tbzmed.ac.ir/JCS
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in the ICU represents an important step forward in improving communication and
may help reduce errors and omissions.

1.11 Engaging Family

It is important to remember that the ICU can be a very intimidating place for both
patients and their families. The presence of multiple teams and personnel, machine
alarms that ring 24 h a day, and a rounding structure that may differ from week to
week all add to the potential confusing nature of the ICU [55-57]. Noise in the ICU is
one of a number of factors that may disrupt the sleep of patients on the ICU. Studies
have shown that staff conversations, routine patient evaluation, and blood draws in the
middle of the night, as well as machine alarms, are particularly disturbing and contrib-
ute to sleep deprivation and subsequent delirium in ICUs [56, 57]. Sleep disturbances
can further compound the problematic issue of development of delirium [57].

ICU teams should develop processes to orient patients and their families on
arrival. This is especially of importance when the patient is admitted for a surgical
emergency. The surgeon should make it a point to discuss management plans with
the patient (if possible), the patient’s family, and the ICU care team to avoid mis-
communication. Time spent up front, supplemented by follow-up and availability
of team members to answer questions, helps ease the transition to the ICU setting.
In addition, discussing patterns of workflow can help improve patient and family
satisfaction. Relaying whom the team members will be on a given week can help
ease anxiety of patients and their families.

Communication optimization supports family presence during ICU rounds. While
family presence in the ICU during the time of patient care is not routinely accepted,
supporters of this concept suggest that family presence may improve their understand-
ing of the level of detail and multidisciplinary input that goes into decision-making
for their loved ones. Detractors state that there is potential for families to witness pre-
sentations from junior team members subsequently changed by the attending of the
day leading to increased confusion. In addition, family presence requires additional
time for rounds in an environment already stressed due to patient volume and severity
of illness. Regardless of whether families are present during rounds or not, surgical
teams will have to keep families up-to-date to improve communication [58, 59].

Jacobowski et al. [60] found that participation in daily interdisciplinary fam-
ily rounds was associated with higher family satisfaction regarding frequency of
communication with physicians (p = 0.004) and support during decision-making.
However, this study also found that structured family rounds negatively impacted
time for critical decision-making. More recently, Seaman et al. [61] employed a
framework to improve ICU communication by using bedside/telephone conversa-
tions and family-centered rounds throughout the admission to address high infor-
mational needs, along with well-timed family meetings that attend to families’
emotions as well as patients’ values and goals.

The critically ill ICU patient often has multiple specialists providing care.
In many cases, the patient is unable to participate in their own management
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decisions due to illness. Family members or designated medical power of attor-
neys can serve as healthcare proxies to help with decision-making. It is well-
known that patients’ families express frustration when multiple teams are unable
to coordinate a concrete treatment plan. This leads to increasing dissatisfaction
and concern that care is being provided in silos instead of as a coordinated team
[60, 61].

The intensivist plays a key role in making sure patients and their families are kept
up-to-date by serving as the captain of the ship. One mechanism to help support
patients and their families in the ICU is to conduct routine multidisciplinary family
meetings. Delgado et al. [62] described a meeting format to enhance communica-
tion with families that included a pre-meeting of clinicians involved to reach con-
sensus about goals of the meeting and designating who would lead the discussion.
All meetings were initiated via an inquiry of the patient’s family to assess under-
standing of the diagnosis, prognosis, and goals of care. Accordingly, this group
noted that multidisciplinary team family meetings, especially for those who were
critically ill or at high risk of death, enhanced communication between providers
and the patient’s family to facilitate decision-making.

More research is needed to determine ways to improve transparency and satisfac-
tion of ICU patients and their families. Weber et al. found that dedicated afternoon
rounds for families twice a week did not improve family satisfaction, stating that
the ideal timing of these rounds was difficult to determine and led to dissatisfaction
when families could not participate. Huntington et al. [63] found that families who
felt communication regarding the care of their loved ones was deficient were more
likely to seek legal assistance. They also found that patients who enjoyed a positive
rapport with their physicians felt that good communication flowed from patient to
physician and physician to patient. With regular communication, the patient and
their family are more likely to feel that their physician is intimately involved in the
ICU care being rendered.

1.12 Criterion for ICU Discharge

Patients who no longer require the resources of the ICU should be considered for
de-escalation of care. The SCCM has recently provided an updated algorithm to
determine if patients meet discharge criterion. These are listed below [4]:

e Every ICU should stipulate specific discharge criteria in their operational
policy.

e Itis appropriate to discharge a patient from the ICU to a lower acuity area when
a patient’s physiologic status has stabilized and there no longer is a need for ICU
monitoring and treatment.

* Discharge parameters should be based on ICU admission criteria (see above), the
admitting criteria for the next lower level of care, institutional availability of
these resources, patient prognosis, physiologic stability, and ongoing active
interventions.
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* To improve resource utilization, discharge from the ICU is appropriate despite a
deteriorated patient’s physiological status if active interventions are no longer
planned.

e Refrain from transferring patients to lower acuity care areas based solely on
severity-of-illness scores.

As previously described, while severity-of-illness scoring systems may iden-
tify patient populations at higher risk of clinical deterioration after ICU discharge,
their value for assessing the readiness for transfer to lower acuity care has not been
evaluated. It is important to ensure communication with the patient, the patient’s
family, and the primary surgical team prior to patient transfer. Patients who have
prolonged ICU stays will likely require more detailed hand-offs compared to those
who have shorter stays. Premature discharge from the ICU can lead to increased
morbidity and mortality of patients who still require increased observation and care.
Multiple studies have shown that timing of ICU discharge may impact readmission.
For example, patients discharged at night from the ICU fare significantly worse than
those discharged during the day. Staffing resources, additional help, and fatigue
seem to be potential reasons for this finding [48]. Multidisciplinary input should
help determine if patients are truly ready for care de-escalation.

Cognet et al. [64] conducted a qualitative study in the general ward to determine
discharge practices at an Australian hospital. Their findings emphasized the impor-
tance of communication, the use of hand-off tools, and proper messaging. Patients
and their families often become accustomed to the level of care in the ICU. The
word “transfer” may lead to anxiety when dealing with the relatives of ICU patients
who often have difficulties adjusting to reduced staff, technology, and support.

Many institutions have implemented formal discharge planning rounds. At the
R Adams Cowley Shock Trauma Center in Baltimore, MD, these discharge rounds
are conducted daily at 11 am. A designated administrator, typically a surgeon who
has limited clinical responsibilities for the assigned week, makes multidisciplinary
rounds on every patient in the trauma hospital (~130 beds). Members of the pri-
mary trauma team, specialists, social workers, nurses, and physical and occupa-
tional therapists participate in rounds to provide a very brief statement on who the
patient is, why they are in the ICU/hospital, and what needs to be done to facilitate
further de-escalation of care, transfer to a rehabilitation facility, or discharge to
home [65].

Studies suggest that discharge summaries are often too long while lacking
important information [66]. The surgeon and the ICU team should jointly develop a
system that incorporates interim summaries to remove minutiae and focus on criti-
cal events of patients’ care. The summary should be able to tell a story of why the
patient was admitted, what management decisions were made by organ system,
what interventions were taken and by whom, and what the follow-up plan should be.

The most common causes for ICU readmission following discharge are respi-
ratory failure, cardiovascular failure, sepsis, or neurologic issues. Several studies
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have shown that readmission to the ICU significantly increases mortality beyond
that predicted by patient acuity alone. Knowledge of which patients are at risk for
readmission to the ICU could potentially enable the ICU team and primary service
to delay discharge when appropriate. In addition to clinical determination, input
from nursing, therapists, and primary specialists, scoring systems (described above)
may assist in determination of patients at highest risk. These patients should be
assessed to determine which transfer location best suits their needs: step-down unit,
in-patient, ward, rehabilitation facility, or home.

Step-down units (SDU) can provide an intermediate level of care that are
in fact a “step-down” from that of the ICU but higher than the level of care
provided in a general ward [67]. Several models have been described: some
incorporate step-down beds into intensive care units, while others are stand-
alone units. At Weill Cornell/ New York Presbyterian Hospital, there is a closed
ICU with 14 patient beds and 6 adjoining step-down beds that are staffed by
the same ICU intensivist but with greater care for the patient transitioned to the
primary surgical service. The University of Maryland, on the other hand, has
a freestanding surgical step-down unit, with 20 beds and a designated medical
director. A less common model is one that incorporates step-down beds into
standard wards. These units have been suggested as one possible mechanism to
improve critical care cost-effectiveness and patient flow without compromising
quality. Although appealing from a design standpoint, more research is needed
to provide evidence they make a difference based on patient outcomes, such as
length of stay and cost.

Readmissions to the ICU after initial discharge can have implications on patient
outcomes and costs. Lissauer et al. [68] found that ICU readmissions were associ-
ated with increased resource utilization. They noted that admission severity of ill-
ness was significantly higher (APACHE III score: 69.54 + 21.11 vs 54.88 + 23.48)
in the readmitted group. Interestingly, the discharge acute physiology scores were
similar between groups. Not surprisingly, readmitted ICU patients were more likely
to have been admitted to emergency surgery and more likely to have a history of
immunosuppression or higher APACHE scores compared to those who were not
readmitted. The authors concluded that patients who require ICU readmission have
a different admission profile than those who do not “bounce back.” Understanding
these differences could be a potential target for implementing different discharge
criteria.

While early discharge could lead to readmission or poor outcomes because of
a mismatch between patients requiring supportive care as compared to available
resources, late discharge is similarly a well-recognized issue defined by retaining
patients who no longer warrant the highest level of supportive care in the ICU. This
issue is most commonly due to hospital bottlenecks and non-availability of lesser
acuity beds. Unfortunately, such issues may deprive other more critically ill patients
of the care they require. Accordingly, improved advanced planning of discharge
from the ICU is paramount in order to circumvent this problem.
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1.13 Summary

Optimal use of the intensive care unit is a process that includes complex decision-
making to optimize resource utilization and may vary greatly depending upon hos-
pital resources, staffing, and location. Many tools are available to assist the clinician
in the decision-making process as to which patients require ICU admission, based
upon physiological, age, anatomic, and other factors. The cornerstone of assessment
and treatment includes a multidisciplinary approach, utilizing the combined input
of many members of the hospital and the ICU team. Designated intensivists should
coordinate the care of the critically ill patient, working closely with primary surgi-
cal teams. Similarly, ICU discharge also requires proper planning in order to effect
smooth transition to graduated reduced care according to the patient’s needs. In
sum, the ideal utilization of ICU care is a complex process which should be patient
centered, involving the surgical team, intensive care team, supportive services, and,
of increasing centrality, the patient’s family support system.
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Acute Respiratory Failure and Acute
Respiratory Distress Syndrome in ACS
Patient: What Are the Indications

for Acute Intervention?

Jacob R. Peschman and Marc de Moya

2.1 Introduction

As surgeons are more successful in managing complex diseases, we are faced with
more downstream sequelae in these recovering patients, and understanding them is
more important now than ever. Respiratory failure and postoperative pulmonary com-
plications (PPC), a term now in the literature referring to an aggregate of several poten-
tial conditions ranging from simple atelectasis to acute respiratory distress syndrome
(ARDS), in the postoperative period are among the most common that will be faced.
ARDS is one of the most severe forms of respiratory failure and therefore warrants
special attention. The following chapter will present an overview of respiratory failure
and ARDS focusing on definitions (hopefully clarifying some of the potential confu-
sion of the different terminologies seen in the medical literature), how conditions are
diagnosed, risk factor mitigation, and ultimately, basic principles of management. It
is structured in a way to answer common questions and provides practical knowledge
for the surgeon, not to make the reader an expert. The ARDS literature alone is exten-
sive, with a recent PubMed search on the topic revealing 26,315 articles (April 2018).
Additionally, though it is an important part of management of the most severe cases of
ARDS, extracorporeal membrane oxygenation (ECMO) will not be discussed. Detailed
management techniques and considerations for patients requiring or receiving ECMO
are outside the scope of this chapter. Severe ARDS potentially requiring ECMO should
be managed at a large volume ECMO center with trained specialists and is beyond the
expected scope of most surgeons in general practice. For these patients, recognizing the
syndrome, understanding its progression, and insuring appropriate initial management
will be presented, and prompt referral to an ECMO specialist is the key.
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2.2  Can You Clarify Some of the Terminology | See About
Respiratory Failure and ARDS?

Respiratory failure is dysfunction of the normal mechanisms of gas exchange [1-3].
It encompasses a broad range of physiologic changes and disease conditions in both
medical and surgical patients. Many of the common terms which surround respira-
tory dysfunction are used interchangeably when they should not be or with less
specificity than the definition was intended. Understanding the common terms and
frameworks used to describe the underlying causes of respiratory failure is needed
to help generate a differential diagnosis for your patient and to improve communi-
cation and documentation.

Respiratory distress (as opposed to ARDS) is a description of a patient show-
ing signs of difficulty breathing (nasal flaring, increased work of breathing, tachy-
pnea, etc.). The etiology is in many ways is not reflected with this term. Further
clarity can be attempted with the labels of respiratory insufficiency or respiratory
failure. These typically are used in attempts at relaying severity, but again, not eti-
ology. Commonly, failure is reserved for those require intubation >48 h or signifi-
cant (again not consistently defined) support such as noninvasive positive pressure
ventilation (NIPPV). Respiratory insufficiency is often the catch all applied to the
rest, usually less severe dysfunction. The only noteworthy point is that, although
respiratory and pulmonary are frequently used interchangeable, the CPT code for
pulmonary insufficiency is reserved for pulmonary valve insufficiency and should
be avoided for documentation purposes.

Postoperative pulmonary complication similarly has no consensus definition and
has become a catch all term for any pulmonary-related event occurring in the post-
operative period, commonly limited to the first 7 days [4]. These frequently include
pneumonia, unplanned intubation, and prolonged (>48 h) mechanical ventilation
postoperatively but can also include isolated atelectasis, postoperative respiratory
depression, and ARDS. Therefore, it falls on the reader to determine what is included
by a specific author when this term is encountered in order to determine relevance
to one’s own patient population. For the remainder of this chapter, all efforts will be
made to clearly define what is encompassed when the term PPC is used.

In terms of developing a framework to start separating out the broad condi-
tions within respiratory failure, the first distinction is acute vs chronic [1]. Chronic
respiratory failure encompasses a range of primary pulmonary and cardiac diseases
such as chronic obstructive pulmonary disorder (COPD), asthma, interstitial lung
disease, and congestive heart failure, just to name a few. The primary clinical dis-
tinction is that these conditions usually include some type of compensation to the
patient’s physiology to attempt to correct the pathology and return to a new state
of homeostasis. Due to advances in medical care, surgeons are faced with surgical
problems in patients now living longer with these diseases. A basic understanding of
these is important, but details are outside the scope of this chapter. Whenever pos-
sible, appropriate preoperative assessment and communication between the surgeon
and the patient’s primary care and specialist providers should be undertaken when
intervention is considered. Even in the setting of surgical diseases requiring more
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urgent treatment, every attempt should be made for early involvement as a way of
mitigating risk and assistance with postoperative management. Acute respiratory
failure lacks compensation and can occur independently or due to exacerbation of a
chronic condition (acute on chronic), more so than representing development over
a distinct short time frame.

Acute respiratory failure can be further broken down by the “type” of respira-
tory dysfunction that is encountered. The nomenclature includes type I respiratory
failure which denotes impaired gas exchange (hypoxemic) or type II respiratory
failure which denotes impaired carbon dioxide removal (hypercapnia) [1]. These
will be discussed in more detail when discussing diagnosis. There are often two
additional types of respiratory failure that may be encountered in the literature. Type
III respiratory failure can be used to describe perioperative respiratory failure. The
reason behind some offering this separate category is to acknowledge it as having
components of both hypoxemic and hypercapnic dysfunction. As opposed to the
term postoperative pulmonary complications, type III respiratory failure specifi-
cally looks at the specific respiratory dysfunction due to impaired gas exchange due
to atelectasis with impaired normal pulmonary mechanics. The impaired mechan-
ics inhibit ventilation and can be due to nontraumatic diaphragm dysfunction and
impaired normal respiratory muscle mechanics due to direct surgical trauma or
pain. This is most commonly described after abdominal or cardiothoracic surgery.
Whether this subset distinction is necessary is a point of debate for another time,
but familiarity with the term should be part of the surgeon’s knowledge base. Type
IV respiratory failure is the respiratory failure seen in patients in shock, especially
if it is due to a non-pulmonary etiology such as non-pulmonary sepsis. In this case,
the state of shock, inadequate tissue perfusion, requires supraphysiologic respira-
tory compensation to improve oxygen delivery to meet demands. Typically, this
becomes pathologic when the patient is unable to compensate to meet the tissue
needs and is more common with already impaired compensatory mechanisms such
as in the elderly. Treatment of this type of respiratory failure is correction of the
underlying shock state and condition causing it, with respiratory intervention being
primarily supportive until a return to more normal physiologic tissue needs.

In those patients that develop ARDS, there are additional terms to familiarize
oneself with. Since it was first described by Ashbaugh and colleagues in adults
in 1967 [5], ARDS has been appreciated as a unique clinical syndrome of hypox-
emic respiratory failure. The use of the word syndrome is itself worth pointing out.
ARDS is not a primary disease. It is the end result of an inflammatory response
triggered by another disease process. This inflammatory response causes alveolar
injury and potentially diffuse alveolar damage which cause the clinical findings of
ARDS. It should also be of significant interest to the surgeon, because, what is often
overlooked, is that of the 12 patients in the Ashbaugh series, 7 were either trauma
or surgical patients, though most research is in the medical literature. Also, 50 years
later we still are faced with inconsistencies in the definition and diagnosis of ARDS
which creates challenges in research and reporting. One basic terminology chal-
lenge is that there is still interchangeable use of the terminology acute vs adult
respiratory distress syndrome. Despite having an 11-year-old patient in his series,
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Ashbaugh’s original description used the term acute respiratory distress syndrome
in adults. The earliest use of the phrase adult respiratory distress syndrome can be
found in 1971 in a paper by Petty et al. [6] and perpetuates as recently as 2017 [7].
Though much of the literature on the topic and many of the management strate-
gies are focused on adult populations, acute respiratory distress syndrome is more
appropriate, identifying it as a rapidly progressive respiratory failure syndrome not
limited to any specific age group.

The greater challenge has been identifying a true consensus definition of ARDS
for use in clinical practice and research that accounts for the continuum of the
severity while correlating with patient outcomes. Ashbaugh’s original description
of a syndrome of “acute onset of tachypncea, hypoxamia, and loss of compliance”
perhaps remains the most true [5]. These clinical findings, combined with classic
radiographic findings of bilateral infiltrates on chest X-ray and an absence of other
pathology such as heart failure, represent the typical description of ARDS for diag-
nostic purposes. The two most commonly referenced definitions are the American-
European Consensus Conference (AECC) definition first proposed in 1994 [8] and
the more recent Berlin criteria published in 2012 [9]. The Berlin criteria were spe-
cifically designed to address some of the ambiguity created by the AECC definition
and are generally used as the current standard for description and diagnosis pur-
poses. However, given the fairly recent introduction at the time of this writing, some
familiarity is needed with the AECC definition as research done using its nomencla-
ture is still some of the highest-quality research available on the topic. The primary
terminology point about the AECC definition was that it introduced the term acute
lung injury (ALI). The original intent was to help acknowledge the spectrum of
severity seen in patients with ARDS, primarily related to the degree of hypoxemia
[8]. It was felt that the term ARDS should be reserved for “the most severe end of
this spectrum,” with ALI used for the entire syndrome. Like thumbs and fingers,
all ARDS would be ALI, but not ALI was ARDS. ALI was defined by oxygenation
criteria of a ratio of partial pressure of arterial oxygen (PaO,) to fraction of inspired
oxygen (FIO,) of <300 mmHg. A diagnosis of ARDS would require a PaO,/FIO, of
<200 mmHg, though some argued for 150 mmHg [8]. As such, the cutoff between
ALI and ARDS was acknowledged as an arbitrary distinction but one that allowed
researchers and clinicians to use nomenclature that more accurately separated out
the sickest patients with the highest expected mortality. Unfortunately, this created
some confusion. The subsequent use of ALI was more often inaccurately taken to
refer to milder forms of ARDS rather than the inclusive term for this entire syn-
drome. When the Berlin criteria were developed, due in part to this confusion, ALI
was removed. However, as with adult respiratory distress syndrome, ALI is still
commonly encountered throughout the literature and therefore requires the clinician
to take note of how the term is being used when critically appraising any article.
Following the Berlin criteria publication in 2012, the syndrome was referred to
simply as ARDS with the severity spectrum of mild, moderate, and severe based
on new PaO,/FIO, cutoffs [9] (Table 2.1). Though retrospective analysis of over
4000 patients using the Berlin criteria showed improved correlation between the
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Table 2.1 Diagnosing acute respiratory distress syndrome

Berlin criteria [7]

Timing <1 week from clinical insult or worsening respiratory symptoms
Imaging Bilateral opacities on chest X-ray or CT*
Etiology Respiratory failure not fully explained by heart failure or fluid overload®

Severity/oxygenation Mild—PaO,/FIO, < 300 mmHg with PEEP or CPAP >5 cmH,0
Moderate—Pa0O,/F10, < 200 mmHg with PEEP >5 cmH,0
Severe—Pa0,/FI10, < 100 mmHg with PEEP >5 cmH,O

CT computed tomography scan, PaO, partial pressure of arterial oxygen, FI/O, fraction of inspired
oxygen, PEEP positive end expiratory pressure, CPAP continuous positive airway pressure

“Not otherwise fully explained by effusions, lung/lobar collapse or nodules

®Objective assessment (e.g., echocardiography) to exclude hydrostatic edema if no risk factor
present

new severity classifications than the AECC definition [9], subsequent studies have
still revealed areas where it is lacking, especially as related to response to ventilator
adjustments within the first 24 h of recognition [10].

2.3 How Dol Recognize Respiratory Failure and What
Qualifies It as ARDS?

Respiratory failure can be manifested clinically in several ways depending on
the underlying etiology. Common findings of symptomatic hypoxemia, often
described as respiratory distress, will include oxygen saturation (SpO,) <90%,
tachypnea >24 breaths per minute, decreased tidal volume, or increased work of
breathing [3]. Primary hypercapnia can manifest similarly in attempts to increase
minute ventilation and blow off CO,, or hypercapnia can be the result of respira-
tory depression with decreased respiratory rate, depressed mental status, and poor
inspiratory effort often related to medications (typically narcotics). True hypox-
emia is defined as a PaO, <60 mmHg on room air and hypercapnia as a PaCO,
>50 mmHg on room air [2]. Initial work up should include a chest X-ray to look
for common causes and an ABG to qualify and quantify the degree of hypoxemia
or hypercapnia. Common causes of respiratory failure can be seen in Table 2.2.
Continuous respiratory monitoring is available. It can be especially useful to detect
signs of postoperative respiratory depression and should be considered in high-risk
and early postoperative patients. Available modalities include continuous pulse
oximetry and continuous capnography. Recent meta-analyses of these techniques
suggest that continuous pulse oximetry with nursing notification is superior in
identifying patients with postoperative respiratory depression to standard inter-
mittent checks, with possible reductions in number activations of rapid response
teams and ICU admissions [11]. Continuous capnography is even more effective
at identifying patients with respiratory depression than continuous pulse oximetry,
though without adequate evidence to comment on the effect on clinical outcomes
such as ICU admissions [11].
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Table 2.2 Common causes of acute respiratory failure in surgical patients

Hypoxemic (type I) Hypercapnic (type II)

Atelectasis Obtundation or coma

Pneumonia Medication overdose

Pulmonary contusion E.g., narcotics and benzodiazepines
Pneumothorax Respiratory muscle

Fluid overload Fatigue/dysfunction/trauma?
Aspiration Neuromuscular disorders

Abdominal compartment syndrome® COPD exacerbation

ARDS

ARDS acute respiratory distress syndrome, COPD chronic obstructive pulmonary disorder
“May have components of both hypoxemia ad hypercapnia

The diagnosis of ARDS remains a combination of clinical information, labo-
ratory, and imaging findings as defined by the Berlin criteria and summarized in
Table 2.1. Onset must be acute as defined as less than 1 week. Radiographic imag-
ing must be obtained and demonstrate bilateral infiltrates/pulmonary edema. This
radiographic finding must be present in at least two quadrants of the lung. Chest CT
or X-ray are both acceptable modalities. It is also worth noting that radiographic
evidence alone does not support or exclude the diagnosis of ARDS. Interobserver
reliability of chest X-ray interpretation to exclude of causes of bilateral infiltrates
has been marginal in prior studies of intensivists and radiologists, though interpreta-
tion skills can increase with training [12]. Additionally, bilateral infiltrates due to
ARDS can be found on CT despite being absent on chest X-ray [13].

The cause of the pulmonary infiltrates/edema and clinical status must also be
determined to be non-cardiogenic in origin and not due to pure volume overload.
Per the Berlin criteria working group, this can be assessed clinically by the treat-
ing provider if ARDS risk factors are present (see disease conditions in Table 2.3
[9, 14-16]). The overlap between ARDS due to blood transfusion must also be
distinguished from true transfusion-related acute lung injury (TRALI) which is a
similar inflammatory response process but uniquely attributable to a reaction to
donor white blood cells [17]. If ARDS risk factors are absent, an objective assess-
ment is required which may include invasive monitoring or echocardiography.
There is no specification on who must perform the echocardiogram, with recent
Society of Critical Care Medicine (SCCM) guidelines establishing that point of
care performance by trained intensivists is adequate [18]. Along those lines, the
role for bedside ultrasound assessment has continued to expand with evidence sup-
porting its use in volume status assessment independent of echocardiography and
as a potential guide for fluid management in ARDS [19, 20]. The group of ARDS
patients without a risk factor are also of particular interest as they tend to have a
higher mortality, upward of 60%, and likely warrant additional diagnostic testing
including bronchoalveolar lavage and CT (if not performed) to better identify the
inciting pathology [21].

The last component needed for ARDS diagnosis is the PaO,/FIO, ratio at a period
of time when (1) the patient’s FIO, is known (no requirement for stability of oxy-
gen needs as this represents a single point in time) and (2) the patient is receiving
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Table 2.3 Summary of risk factors for development of ARDS

Disease conditions

Patient comorbidities

Medical therapies

Perioperative
management

Non-pulmonary
Non-cardiogenic shock®
Non-pulmonary Sepsis®
Pancreatitis®
Severe burns®
Drug overdose®
Multiple transfusions®
Major trauma®
Traumatic brain injury
Multiple fractures
Alcohol abuse
Obesity (BMI >30)
Hypoalbuminemia
Active chemotherapy
Liberal fluid administration
Delay in sepsis treatment
Blood product transfusion
Surgery®
Spine
Major abdominal
Cardiac
Aortic
ASA class >3
Multiple anesthetics during
admission
Perioperative factors
Larger crystalloid volume
Blood transfusion

Pulmonary
Pneumonia®
Aspiration®
Inhalational injury®
Near drowning®
Pulmonary Vasculitis?
Trauma

Pulmonary contusion®

Asthma
Smoker

>10 mL/kg PIBW TV mechanical
ventilation

Intraoperative factors
Increased mean driving pressures
Increased FIO,

BMI body mass index, PIBW predicted ideal body weight, TV tidal volume, FIO,, fraction of

inspired oxygen
“Berlin criteria

PRisk increased if emergency

a minimum of 5 cmH,0 of PEEP (ventilated) or continuous positive airway pres-
sure (CPAP) (noninvasive ventilation). This ratio must meet the cutoff value of
<300 mmHg to qualify as ARDS. Severity is further defined based on lower PaO./
FIO, ratios in mechanically ventilated patients as having moderate (<200 mmHg)
or severe (<100 mmHg) ARDS. Use of SpO, rather than PaO, has been studied and
showed correlation but has not supplanted the ABG [22].

24  How Frequently Will | See Respiratory Failure, and How
Bad Can It Be for My Patient?

As can probably be assumed from the significant time spent on just defining respira-
tory failure and ARDS, determining the actual incidence and prevalence of them is
quite difficult. Without consensus definitions that are clear and consistently applied
over time, variation will continue to be seen in incidence and prevalence rates based
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purely on how a condition is defined by a specific study. Recent studies have quoted
rates of PPCs ranging from 6-80% though most frequently around 30%, with severe
PPCs (requiring intubation or ICU care) in less than 5% [4, 23-26]. This again
changes based not only on how PPC is defined but the operation that was performed
(higher in emergency, abdominal, and cardiothoracic populations). Atelectasis,
when included in the definition, is the most common complication, followed by
pneumonia. PPCs are typically quoted as either the most common or second most
common complications (after wound complications) following a surgical procedure
and represent a significant source of increased hospital length of say, morbidity,
cost, and mortality.

ARDS incidence is similarly difficult to determine due to inconsistently applied
definitions [27]. Several trends have borne out however. First, ARDS appears to be
diagnosed more frequently in the United States than in European countries, with the
incidence of ALI (term used due to studies being published prior to Berlin criteria)
between 30 and 78.9 per 100,000 person-years [28] with variation by region [29].
This is compared to typically five to seven cases per 100,000 person-years in multi-
ple European countries [30, 31]. The reason behind this tenfold difference is unclear
although cultural, economic, and healthcare-related issues have been proposed [32].
Conversely, trauma and surgical patients have been found to have lower incidences of
ARDS compared to most medical populations with rates closer to 7-10% in trauma
patients in the United States and Europe [7] and 6% in nontrauma surgical patients
[33]. Across all groups, however, modern in-hospital mortality rates in severe ARDS
are still upward of 20-40% [9, 34, 35]. Within this range, higher mortality is associ-
ated with pulmonary sources of infection (pneumonia) and lowest in when associ-
ated with trauma at 24% [28]. Most die within the first 3 weeks of diagnosis [30];
however, even after discharge, 2-year mortality rates among ARDS survivors have
been found to be as high as 64% [36]. These patients also have higher rates of health-
care utilization and more report significant persistent disability [37-39].

2.5 Whatis Different About the Pathophysiology of ARDS
that Makes Management Different?

While a wide range of different pathologic conditions can cause respiratory failure,
and each has unique physiologic consideration, ARDS is somewhat different. As
ARDS is not a disease in and of itself, the pathophysiology is really a description
of the development of diffuse alveolar damage. This process has classically been
described as occurring in sequential phases: an exudative phase, proliferative phase,
and finally (in some) fibrosis [40, 41]. The exudative phase begins with the insult.
Then, the resulting response by neutrophils, macrophages, platelets, and compo-
nents of the adaptive immune system leads to inflammation and breakdown of the
normal cell interfaces between the pulmonary capillary endothelium, the intersti-
tium, and the alveolar epithelium. This breakdown allows accumulation of exuda-
tive fluid in both the interstitium and the lung airspaces. This subsequently inhibits
oxygen exchange through multiple interconnected mechanisms. First, the buildup
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of fluid within the airways decreases functional surface area for gas exchange. Next,
the exudate itself decreases the function of pulmonary surfactant, further decreasing
permeability for gas exchange. The resulting cell damage to type 1 pneumocytes
further reduces surface area for gas exchange as well as loss of the ion channels
capable of generating osmotic gradients that are needed for the lung to remove
alveolar fluid. The damage to type II pneumocytes further reduces surfactant pro-
duction. Early response to these cell injuries also includes development of hyaline
membranes and alveolar collagen. This acutely further reduces gas exchange and
longer term is part of the development of fibrosis.

The damage to the vascular endothelium is equally deleterious. It results in
increased permeability causing fluid buildup, microthrombi causing pulmonary
hypertension with right heart strain, and loss of normal hypoxic vasoconstriction auto-
regulation preventing the response of shunting blood flow away from nonfunctional
lung, thereby worsening the overall ventilation-perfusion mismatch. These findings,
when seen morphologically with the hyaline membranes, represent diffuse alveolar
damage which is considered the pathognomonic finding for ARDS on either autopsy
or open lung biopsy [27]. Diffuse alveolar damage can occur in the absence of ARDS
due to other diseases. The clinical syndrome of ARDS can also be seen without dif-
fuse alveolar damage especially in mild and moderate cases on autopsy [42].

The proliferative phase is the recovery phase. As alveolar epithelium and vascular
endothelium are restored, the previous damage can be reversed with cells capable
of generating surfactant and regulating fluid helping the lung return to more normal
function. The fibrotic phase is perhaps the most poorly understood. Often referred to
as the fibroproliferative response (to acknowledge the pathologic collagen production/
fibroproliferation occurring during the exudative phase) or fibroproliferative ARDS
(to acknowledge the resulting long-term pulmonary dysfunction), it occurs as a result
of excess type I and type III collagen in the recovering lung leading to cystic changes
and decreased compliance [43]. It is hypothesized that this occurs due to breakdown
in the normal balance of profibrotic and antifibrotic regulatory mechanisms early in
recovery. Follow-up studies have found impaired pulmonary function tests in 25-50%
of survivors at 6—12 months after the initial ARDS diagnosis [39]. This can be a signif-
icant issue contributing to ongoing disability, though it is often difficult to determine
if this is truly due to the lung fibrosis or overall neuromuscular weakness as a result
of critical illness. Unfortunately, few risk factors have been identified to allow early
recognition of the patients who will go on to develop fibrosis. This leaves us without
a good way of predicting who will warrant closer follow-up monitoring or to identify
high-risk groups for investigation into targeted therapies [43].

2.6 Is My Patient at Risk for Respiratory Failure and What
Can I Do to Mitigate It as Much as Possible?

The ability to identify patients at risk for developing PPCs and ARDS has been
widely investigated in both medical and surgical populations [14-16, 23, 24,
26, 44-54]. Multiple clinical predictive models are available such as the Assess
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Respiratory Risk in Surgical Patients in Catalonia (ARISCAT) risk score for any
surgical patient [55] and the Lung Injury Prediction Score (LIPS) [14] specifically
for ARDS. The ARISCAT score can be calculated preoperatively with a score > 26
indicating increased risk [55]. The LIPS can be calculated for an individual patient
based on comorbidities, disease conditions, and physiologic data, with a score of
>4 considered higher risk equating to an ALI prevalence of 7% [14]. Additionally,
for ARDS, risk varies based on the inciting disease process, with a summary of the
pulmonary and non-pulmonary risk factors in Table 2.3.

While the use of predictive models like these does provide some information to the
clinician for risk prognosis, the primary value is for ongoing research efforts targeting
risk reduction strategies. The most widely studied is the use of lung protective ventila-
tion—the concept of using low tidal volumes (and potentially PEEP) in patients with-
out ARDS as a prevention strategy [24, 25, 55-61]. Since the seminal ARDSnet group
publication in the New England Journal in 2000 showed that use of low tidal volume
(6 mL/kg PIBW target) compared to traditional tidal volumes (10-15 mL/kg, mean
of 11.2 mL/kg in study) significantly reduced mortality to 31% from 40% in ARDS,
the approach to mechanical ventilation in all patients has changed. Ventilator-induced
lung injury (VILI) due to barotrauma (increased pressure in small airways and alve-
oli), volutrauma (excess stretch of alveoli), and atelectrauma (shear injury due to com-
plete opening and collapse of the alveolus) not only propagates but can potentially
lead to the inflammation that causes diffuse alveolar damage [62, 63]. The principle of
lung protective ventilation in patients without ARDS with lower tidal volume in many
ways made its way into practice organically. The 2016 PRoVENT trial prospectively
tried to validate the concept but could not confirm a difference between tidal volume
groups [59]. However, a major limitation was that their “high” tidal volume cohort
still had typical volumes ranging from 7-9 mL/kg PIBW. This was the lowest ever
documented control group mean tidal volume in a large study, supporting the idea
that protective low tidal volume ventilation had already been widely accepted and
implemented [59]. This leads to challenges with further investigations. Interestingly,
though most large meta-analysis that include early trials and retrospective reviews
from 12-20 years ago (before wide adoption of the 2000 ARDSnet trial results) favor
lung protective ventilation in uninjured lungs, recent prospective validation studies
have not been as favorable. In response, further research into even lower tidal volumes
(target of 4 mL/kg) is ongoing. Similar difficulty has occurred in attempts to evalu-
ate PEEP. A minimum setting of 5 cmH,O of PEEP in any ventilated patient is now
seen in most practice [60, 64, 65]. Similar lung protective ventilation strategies have
been performed to look at ventilation techniques in uninjured lungs intraoperatively.
Findings including airway pressures >20 cmH,O [52], tidal volumes >10 ml/kg PIBW
[52], increased mean driving pressures [15], and FIO, >70% [15] are among the peri-
operative factors associated with postoperative development of ARDS.

For the surgeon, additional preoperative and intraoperative ARDS risk reduction
strategies exist, primarily focused on the inciting disease, especially sepsis. Delay in
initiation of treatment of septic patients including fluid resuscitation and antibiotics,
by >3 h from presentation, has shown to increase risk of ARDS in small single-center
studies [16, 66]. No studies have been published looking for correlation between
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timing to definitive surgical source control and ARDS. However, retrospective
reviews have found delays to source control associated with increased overall mor-
tality [67]. Another is fluid management. ARDS must be distinguished from hypox-
emia due to simple volume overload or heart failure as these are treated differently,
commonly with diuresis. However, fluid in the lung airspaces and interstitium is
also a significant part of ARDS pathology. While fluid management in patients with
ARDS will be discussed in more detail, excess fluid is also a risk factor for ARDS
development. Association between the development of ARDS and larger volumes
of crystalloid fluid volumes has been shown intraoperatively (as little as 3 L vs 2 L)
[15], in non-septic patients [68], and in prehospital hemorrhaging trauma patients
(9% increased ARDS risk per additional 500 mL) [51]. Thoughtful fluid admin-
istration must be a balance between avoidance of over resuscitation and risks of
inadequate resuscitation, especially in treatment of sepsis [66, 68].

Multiple transfusions (or TRALI itself) are a defined risk factor by the Berlin crite-
ria and another area under direct oversight of the surgeon. For blood products, studies
have shown ARDS development associated with red blood cells, fresh frozen plasma,
and with platelets [15, 25, 52]. ARDS can occur with any transfusion but may have
dose-dependent increased risk as well [46]. Therefore, transfusion indications should
be strongly weighed against the risks. This is in keeping with overall movement toward
more directed and restrictive transfusion practices in all critical care anemia [69]. Like
fluid administration, however, if a bleeding patient requires blood, ARDS risk consid-
eration is in no way prohibitive. In fact on retrospective review on trauma patients in
the pragmatic randomized optimal platelet and plasma ratios (PROPPR) data, crystal-
loid volume and not blood products was more predictive of development of ARDS
[51]. Also noteworthy in the trauma and surgical population, the ratio of FFP:PRBCs
has not been shown to correlate with risk of ARDS [70], though the overall mortality
benefit is repeatedly shown in the trauma literature when ratios approach 1:1.

When the surgeon can provide preoperative counseling, several lifestyle modi-
fications can reduce the risk of respiratory failure and ARDS development in the
postoperative period. Active smoking, alcohol abuse [45, 54], and body mass index
(BMI) all represent potentially modifiable risk factors. Smoking >20 cigarettes cor-
relates with an odds ratio (OR) of ARDS development of up to 5 [45, 53, 54], and
BMI >40 increases the OR to nearly 1.8 [49]. Both BMI and smoking also appear to
increase the odds of developing PPCs and ARDS in dose-dependent fashions. These
risk factors are not new to surgical counseling as they all are also associated with
multiple other adverse surgical outcomes. An additional preoperative consideration
is inspiratory muscle training with incentive spirometry. Recent Cochrane review
supports its use in reducing rates of atelectasis, pneumonia, and length of stay in
abdominal and cardiac surgery patients, though significant heterogeneity exists in
the duration and type of training [71]. Unfortunately, the data does not support the
same degree of benefit when instituted postoperatively, which is most often when
it is started, especially for the emergency surgeon [72]. A multimodal approach
including early mobilization, education, and several different pulmonary interven-
tions including respiratory therapist involvement, cough and deep breathing, and
incentive spirometry has been shown to be more beneficial [73].
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For patients that do develop ARDS, additional modifiable and non-modifiable
risk factors have been identified that portend worse outcome. The modifiable factors
are the ones targeted by available interventions and will be discussed in the follow-
ing management sections. The non-modifiable patient and disease factors include
conditions such as increased age, neoplasm, immunosuppression, active chemother-
apy, APACHE II, and SOFA scores [35]. Persistent PaO,/FIO, ratio <200 mmHg
after 24 h from diagnosis of ARDS is also associated with increased mortality [74].
Interestingly, while increased BMI is a risk factor for the development of ARDS, in
the surgical population, it has actually been associated with a lower mortality for
those that develop ARDS postoperatively [75]. As these factors in general cannot
be altered, knowledge of their influence is most useful to aid in discussions of prog-
nosis with patients and families, especially as it relates to decisions about potential
withdrawal of life-sustaining therapies in the critically ill. Clinical prediction scoring
systems using many of these factors can aid with this and are widely available [76].

2.7 My Patient Has Developed Respiratory Failure, Now
What Can | Do?

Patients with respiratory failure are critically ill, and until their trajectory has been
determined, even mild cases warrant close monitoring, potentially in an ICU set-
ting. At that point, care will be provided by an interdisciplinary care team including
the surgical team, intensivists, low ratio nursing care, respiratory therapists, physi-
cal and occupational therapists, nutritionists, and any other ancillary consulting
services as warranted by the underlying disease process and sequelae. Initial man-
agement will depend on the underlying etiology. Remaining true to that form, the
remainder of this chapter will be dedicated to the management aspects of respira-
tory failure with specific highlights on ARDS in a format similar to a systems-based
approach used in many ICU rounds to provide a head to toe practical framework.
A basic algorithm proposed by the authors for management is also available in
Fig. 2.1. Several organizations have published more comprehensive ARDS man-
agement protocols, such as the University of Michigan which is available in its
original form on their website and through links from the American Association for
the Surgery of Trauma (AAST) [2]. The development of a protocol based on the
experience and capabilities of a hospital’s own ICU should strongly be considered.
A summary of key management principles for ARDS can also be seen in Table 2.4.

2.7.1 Neurologic

Patients with respiratory failure due to obtundation or altered mental status require
immediate evaluation and airway protection. Narcotic use for postoperative pain
control represents a significant potential risk. Monitoring for this condition is key, as
discussed previously, with continuous pulse oximetry or more favorably capnogra-
phy. Due to the low side effect profile, administration of reversal agents such as nal-
oxone for narcotics and flumazenil for benzodiazepines should be considered early
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Table 2.4 Summary of ARDS management

System Intervention

Neurologic Maintain light sedation for mechanically ventilated patients, ideally with
non-benzodiazepine sedatives
Perform daily sedation holidays
Objective monitoring (e.g., BIS) should be utilized for patients receiving
neuromuscular blockade
48 h of neuromuscular blockade can improve mortality

Cardiovascular ~ The routine use of pulmonary artery catheters is discouraged

Respiratory Trial of noninvasive positive pressure ventilation or high-flow nasal cannula
is appropriate in mild ARDS
Utilize low tidal volume ventilation of 4-8 mL/kg PIBW with plateau
pressure <30 cmH,O
Utilize higher compared to lower levels of PEEP in moderate to severe
ARDS
There is no role for routine use of high-frequency ventilatory oscillation
Utilize >12 h/day of prone positioning in severe ARDS
There is no role for the routine use of inhaled surfactant, statins, beta-2
agonists, or inhaled nitric oxide

FENGI Utilize conservative over liberal fluid management strategiesInitiate early
enteral nutrition with an anti-inflammatory lipid profile and antioxidants
without excess caloric loadConsider stress ulcer prophylaxis

Renal There is no role for the routine use of veno-venous hemofiltration outside of
management of renal failure
Hematologic There is no role for the routine use of intravenous unfractionated heparin or

inhaled activated protein C
Utilize standard venous thromboembolism prophylaxis with unfractionated
or low molecular weight heparin

Endocrine There is no consensus for the routine use of corticosteroids in ARDS
Corticosteroids should not be initiated after 14 days from diagnosis

Infectious There is no role for prophylactic antibiotics or antifungals

disease

Musculoskeletal Utilize early mobilization practices

ARDS acute respiratory distress syndrome, PIBW predicted ideal body weight, PEEP positive end
expiratory pressure

and with a low threshold. Naloxone has been found to reverse respiratory depression
in over 80% of patients when administered for respiratory depression in hospitalized
patients [77]. When administered, continuous patient monitoring is needed though as
reversal agent half-lives are typically shorter than the inciting agent. Repeat dosing
or continuous infusion may be needed to prevent recurrence of the condition [78].

Sedation principles put forth in the SCCM Clinical Practice Guidelines should be
followed for intubated and non-intubated patients admitted to the ICU [79]. These
include assessment and treatment of pain, maintaining light levels of sedation with
non-benzodiazepine sedatives, utilization of objective monitors for sedation level
for patients receiving neuromuscular blockade (e.g., bispectral index), and daily
sedation holidays when clinically appropriate [79]. No specific guidelines or large
trials have evaluated sedation strategies in ARDS [80]. Subgroup analysis of the
ARDSnet tidal volume trial data did not show differences in sedation needs between
conventional and low tidal volume groups [81].
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Neuromuscular blockade has been shown to improve oxygenation, reduce ven-
tilator days, and decrease 90-day mortality for severe ARDS in multiple random-
ized trials [82, 83]. Benefits exist with 48 h of neuromuscular blockade early in the
course. The primary benefit is felt to be improvement of respiratory mechanics for
those patients who remain hypoxemic due to dyssynchrony with the ventilator. With
newer modes of ventilation considered more comfortable to the patient, and appro-
priate pain and sedation management strategies, the use of neuromuscular blockade
is frequently reserved for the most refractory patients. Routine paralysis is not rec-
ommended by the few societies with published guidelines [84].

2.7.2 Cardiovascular

Cardiovascular considerations specific to ARDS are related to two primary top-
ics, use of invasive monitors and hypotension. As with the general trend in critical
care, pulmonary artery catheters (PAC) have not been shown to improve outcomes
and have increased cost and risk of complications [85, 86]. Therefore, their rou-
tine use is discouraged. Hypotension is predictive of development of ARDS and
of worsened outcomes in those who develop ARDS. Hypotension is usually due to
the underlying disease process and other medical interventions, not due to ARDS
itself. Therefore, management is directed at the underlying disease, with no specific
ARDS considerations. The only specific consideration in those mechanically ven-
tilated, however, is hypotension induced by high levels of PEEP [87]. This occurs
due to increasing intrathoracic pressure which decreases venous return and ulti-
mately left ventricular filling volume and output. Though typically transient, with
application of PEEP to levels at or above 20 cm H,0, it can become a consideration.
Additional fluid volume can overcome this but must be weighed against volume
overload considerations.

2.7.3 Respiratory

This is clearly the topic of most importance in management of respiratory fail-
ure and ARDS. The threshold to act for surgical patients showing signs of respira-
tory failure is low. Specific physiologic cutoffs and indications for intubation and
mechanical ventilation can be institution specific and also at the clinical discretion
of the provider. In general common indications include apnea, significantly low or
high respiratory rates (>30 breaths per minute), hypoxia, hypercapnia, increased
minute ventilation >10 L/min, or markedly impaired vital capacity (<30% pre-
dicted) [2]. Initial management will involve provision of conventional supplemental
oxygen, high-flow nasal cannula (HFNC), and noninvasive positive pressure venti-
lation (NIPPV), either continuous positive airway pressure (CPAP) or bilevel posi-
tive airway pressure (BiPAP). There may be a role for NIPPV specifically following
extubation in patients undergoing abdominal operations. Small studies suggest ben-
efit for preventing all cause reintubation (relative risk 0.25), though again based on
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low-quality data [88]. It is also a first-line support therapy for patient with COPD
exacerbations, having been widely shown to reduce both morbidity and mortality.
The role of noninvasive support as definitive therapy remains limited to manage-
ment of some mild ARDS or as a bridge to intubation in a more controlled setting.
Small studies have showed possible decreases in intubation rates with NIPPV, but
meta-analyses have not supported significant benefit with rates of eventual intuba-
tion typically of 50% [89, 90]. Additionally, no clear time frame has been delineated
for how long a trial of NIPPV should before declaring failure and proceeding with
intubation. Therefore, any NIPPV trial should occur in a monitored setting in case
symptoms of increased work of breathing, tachypnea, or persistent hypoxemia are
noted warranting intubation. The role for HFNC in postoperative management and
ARDS is also gaining traction. Recent meta-analyses have shown at the very least
non-inferiority to traditional NIPPV and improvement over standard oxygen ther-
apy in ARDS [91] while providing better patient comfort and perhaps suggesting
reduced rates of postoperative reintubation [92].

Patients with progressive respiratory failure and more severe ARDS require
intubation. The nuts and bolts of ventilator management is the subject of a future
chapter. The American Thoracic Society (ATS), European Society of Intensive Care
Medicine (ESICM), and the SCCM recently published consensus guidelines for
mechanical ventilation management in ARDS [93]. The highlights of these include
strong support for the use of low tidal volume ventilation defined as 4-8 mL/kg
PIBW with plateau pressures <30 cmH,0O, moderate support for the use of higher
levels of PEEP compared to lower PEEP (15 cmH,0 vs 9 cmH,0) and recruitment
maneuvers in moderate to severe ARDS, and strongly against the routine use of
high-frequency oscillatory ventilation, though use in selected refractory patients
with specific disease processes remains in many clinical protocols at experienced
centers. The guidelines specifically did not make recommendations on therapies
other than mechanical ventilation, ECMO, or to the use of advanced modes of ven-
tilation such as airway pressure release ventilation (APRV) though may address
these in future publications. APRV of note has gained significant interest in critical
care as a mode of open lung ventilation that utilizes long periods of high pressure to
maintain lung recruitment while allowing spontaneous patient breathing throughout
the cycle, decreasing dyssynchrony [94]. There is particular interest in this mode
of ventilation in the trauma literature [95], with the primary hindrance of adoption
being the unique ventilator settings and adjustment that require familiarity by the
entire ICU care team. Optimizing PEEP with esophageal pressure monitoring is
also a strategy currently being explored; however, no specific recommendations for
or against its use currently exist. Hypercapnia may develop as a result of these respi-
ratory strategies and is tolerated, known as permissive hypercapnia, when balanced
against the need to improve oxygenation (goal >88%) and maintain plateau pressure
<30 cmH,0. Medical management of resultant respiratory acidosis may be needed
to counteract this strategy, and special attention of the risks needs to be considered
in patients with traumatic brain injury in whom acidosis is known to be detrimental.

The ATS/ESICM/SCCM guidelines also gave strong support for the use of
prone positioning for >12 h/day for those with severe ARDS. Prone positioning has
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been studied significantly in ARDS with earliest studies going back to 1988 [96].
The idea behind prone positioning is based on improving the ventilation/perfusion
match within the injured lung as originally described by West et al. in 1964 [97].
By placing the patient in a prone position, the typically better aerated anterior por-
tions of the lung become better perfused, improving overall arterial oxygenation.
Additional benefits may exist related to shifting to the interstitial and airspace fluid
buildup, prompting removal in areas of intact type 1 pneumocytes. The data support-
ing prone positioning had always been somewhat limited by technique (designed
rotational bed vs nursing care turning), concern for increased need for sedation or
paralysis, safety concerns about access to the patient, and limitations in movement
due to injuries or recent surgery, though most of these have been dispelled [98—101].
The duration of prone positioning had also been part of the inconsistency in its use,
though some clarity came with the results of the PROSEVA showing duration of
16 h resulting in lower 28- and 90-day mortality in a well-controlled randomized
trial [102]. Guidelines recommending longer durations are coming forth, and indi-
vidual ICU centers are (and should be) developing protocols to increase its applica-
tion in a safe manner.

The final respiratory consideration worth briefly discussing is some of the phar-
macologic therapies that have been attempted. Though basic science concepts
would indicate roles for surfactant replacement, statins (anti-inflammatory proper-
ties) [103], and the use of beta-agonists (improve aeration and remove fluid) [104]
and inhaled nitric oxide (improve ventilation-perfusion matching) [105], the routine
use of all of these therapies has been more or less disproven with several large-
scale trials being stopped due to futility. Additional promising research is occurring
in several immune-modulating therapies in animal models, such as valproic acid
[106], though no significant human trials have been performed to recommend for or
against their addition to practice at this time.

2.7.4 Fluids, Electrolytes, Nutrition, Gastrointestinal (FENGI)

Fluid management is a broad ranging topic. As discussed previously in several points
in this chapter, liberal administration of fluids has been shown to increase risk of
ARDS development in multiple populations [12, 47, 65]. In patients with ARDS,
fluid management strategies have been studied multiple times, with the large-scale
randomized controlled trial by the ARDSnet group in 2006 comparing a liberal
vs conservative fluid strategy (defined based on MAP and CVP and protocolized
fluid management responses) considered the gold standard by many [107]. Over
the 7-day study period, the conservative group was found to be essentially net fluid
even compared to 7 L positive in the liberal group. Though no mortality difference
was found, decreased ventilator days and better oxygenation were seen in the con-
servative group, essentially adding further evidence of the shift toward conservative
fluid therapies. Several limitations with the study exist, however, including the use
of central venous pressure monitoring to guide fluid administration (and PAC in
some patients) which since that trial has been largely discarded in ICU practice.
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Additionally, cognitive outcomes were actually found to potentially be worse in
the conservative groups at 1 year [108]. These limitations have continued further
investigations regarding fluid status monitoring including the use of ultrasound
[109]. Use of colloids +/— diuretics as a means of decreasing total fluid volume has
also been investigated in ARDS patients, as well as sepsis and trauma, with general
consensus in the trauma community and current ESICM guidelines recommending
against their routine use [110, 111].

Nutritional support is paramount to any critically ill surgical patient. Early enteral
nutrition has a myriad of benefits. ARDS specific considerations have prompted research
into immune-modulating formulations and feeding protocols designed to limit potenti-
ating hypercapnia [112]. Excess caloric intake, more so than fat-carbohydrate ratio, is
associated with acidosis and worsening hypercapnia and should be avoided [113]. Early
initiation of enteral nutrition is recommended for all ICU and surgical patients, defined
as within 24 h with increase to goal within 48-72 h [113, 114]. For ARDS specifi-
cally, though no large-scale randomized trial has overwhelmingly shown benefit in the
use of specific formulations or addition of macronutrients, moderate-quality evidence is
favorable and enough to support SCCM recommendations for ARDS formulas “char-
acterized by an anti-inflammatory lipid profile (i.e., omega-3 fish oils, borage oil) and
antioxidants” [113]. Additionally, phosphorus should be supplemented as renal func-
tion tolerates [113]. The need for stress ulcer prophylaxis in ARDS patients is also not
clearly defined and remains a controversial topic. Risks and benefits will need to be
weighed based on underlying disease condition, duration of mechanical ventilation, and
provision of enteral nutrition as with any other critically ill patient [115].

2.7.5 Renal

As fluid management has been discussed, the remaining renal discussion is the role
of hemodialysis therapies. For patients with renal failure, appropriate management
should be determined by the care team and nephrologists. The application of veno-
venous hemofiltration for inflammatory states and sepsis, either early in the course
of renal failure or independent of it, is an area of current interest in critical care
research. The principle is based on observations during other trials and the basic sci-
ence concept of removing inflammatory mediators from the blood stream as a mode
of reducing the overall inflammatory burden and shortening its course. Smaller-
scale trials have shown potential survival benefit in ARDS on meta-analysis [116]
with hemofiltration specifically for removal of inflammatory mediators; however, it
is not widely adopted in practice. Cochrane reviews have not shown risk nor benefit,
and further research is needed [117].

2.7.6 Hematologic
Transfusion practices have previously been discussed. There is no specific role for

leukocyte-reduced PRBCs for ARDS. As part of the pathophysiology of diffuse alve-
olar damage which involves microthrombi leading to destruction of the pulmonary
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vasculature, interest in the role of anticoagulation has persisted in ARDS research.
The Unfractionated Heparin for Treatment of Sepsis (HETRASE) trial looking at
anticoagulation in sepsis raised questions about benefits to the subgroup of ARDS
patients primarily in faster lung recovery [118] but was not supported by later retro-
spective review [119]. Additionally, aerosolized activated protein C had been shown
in small trials to potentially speed lung recovery due to coagulopathic changes in
ARDS, though no subsequent studies have supported routine use [120-122]. Venous
thromboembolism prophylaxis with standard low molecular weight heparin or unfrac-
tionated heparin is recommended in ARDS patients, with choice and dosage based on
the underlying disease in accordance with CHEST guidelines [123-125].

2.7.7 Endocrine

The use of corticosteroids is yet another controversial topic in ARDS care. The
early research, including Ashbaugh’s 1967 series, suggested improvements in out-
comes due to anti-inflammatory effect [5]. Since that time, significant investiga-
tion has been performed into the role of steroids for the early amelioration of the
inflammatory cycle as well as the long-term fibrosis seen in fibroproliferative ARDS
[126-129]. The primary issue at present both clinically and in research is patient
selection. It remains unclear how to risk stratify those patients that may benefit
from steroids, and avoid administration in patients who would not, to avoid poten-
tial harm. Additionally, a mortality benefit has been inconsistently demonstrated in
single-center studies and meta-analyses and even shown risk of increased mortal-
ity in those who received steroids after 14 days in the largest ARDSnet trial on the
subject [126, 130]. Currently, the international groups that have published ARDS
management guidelines have been split for [84] or against [131] routine use, though
general consensus is consistently against of late initiation after 14 days [27].

2.7.8 Infectious Disease

Respiratory failure due to pneumonia is common and can incite ARDS. Broad-
spectrum antibiotic treatment for healthcare-associated pneumonia (HCAP) or
ventilator-associated pneumonia (VAP) should be initiated earl, ideally after obtain-
ing respiratory cultures, and tailored accordingly based on results [132]. When the
diagnosis is unclear, clinical predictive models such as the clinical pulmonary infec-
tion score can help determine if treatment is needed, though its reliability in surgical
and trauma patients is questioned [133, 134]. For patients with suspected aspira-
tion, routine antibiotics are not routinely recommended though early bronchoscopy
(within 24 h) may be considered based on low-quality evidence in reduction of
subsequent pneumonia development [135]. There is no current role for prophylac-
tic antibiotic or antifungal treatment in patients with ARDS. Early research into
the role of the lung microbiome has shown links to development, and the clinical
course, of ARDS in trauma patients who smoke, though the clinical application of
this is unclear at present [136].
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2.7.9 Musculoskeletal

Early mobilization is broadly supported in the care of ICU, trauma, and surgical
patients. Ventilated patients are a group that can significantly benefit as mobility while
on the ventilator can be performed safely and has been shown to reduce sedation
needs, decrease delirium, and decrease ICU and hospital length of stay [137, 138].

2.8 Conclusion

Respiratory failure and acute respiratory distress syndrome are important for the
emergency surgeon to understand. Further research into specific aspects of ARDS
care is needed and ongoing. Prevention strategies exist and should be applied pre-
operatively, intraoperatively, and postoperatively whenever possible. For those that
develop ARDS, early recognition and initiation of appropriate respiratory support
including low tidal volume lung protective ventilation and general supportive care
are paramount to reducing patient mortality.
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Nuts and Bolts of Ventilator
Management: When Is Invasive

or Noninvasive Mechanical Ventilation
Appropriate for Your Patient?

Michael C. Smith and Addison K. May

3.1 Introduction

Respiratory failure is among the most common reasons for ICU admission for the
patient who undergoes emergency surgery. Over the past several decades, noninva-
sive ventilation has emerged as a useful tool in the management of the patient with
respiratory failure [1-4]. There are a variety of options available to the intensivist to
ameliorate this problem, and there is no “one-size-fits-all approach.” A thorough
understanding of the pathophysiology of the patient’s respiratory failure, as well as
the mechanisms of the different modalities of respiratory support, is essential to
selecting the appropriate mode of support for a particular patient. Particularly
important to understand is that all of these strategies are simply a means of support,
rather than a cure for the underlying condition. To facilitate understanding of the
optimal ventilation support strategy for an emergency surgical patient, in this chap-
ter we outline the different modes of ventilation, the mechanics of the function of
each, and the pitfalls of these various strategies. We then describe the approach to
the patient with respiratory failure, to help guide the approach to either invasive or
noninvasive ventilation.
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3.2 Modes of Ventilatory Support
3.2.1 Invasive Mechanical Ventilation

The classic treatment for respiratory failure is invasive mechanical ventilation.
Since the introduction of mechanical ventilation in 1952 [5], positive pressure ven-
tilation has been utilized in the intensive care unit for a variety of conditions. To
accomplish this, the airway must be secured, either via intubation (orotracheal or
nasotracheal), or undergo a surgical airway procedure (tracheostomy or cricothy-
roidotomy). The patient is then connected to the ventilator circuit. From here, the
intensivist and respiratory therapist may utilize a variety of modes to exert different
amounts of control over various aspects of oxygenation and ventilation.

One advantage of invasive ventilation is that it offers maximal control of respira-
tory function. Clinicians can tailor the ventilator settings to the particular support
that their patient needs, so as to allow for correction of the underlying pathophysi-
ologic problem [6-9]. As patient recovery happens, this support can be modulated
to facilitate liberation from the ventilator. The patient does not have to put forth any
respiratory effort, though such effort can be utilized and accommodated by the ven-
tilator. Additionally, the patient’s airway is protected, so procedures such as bron-
choscopy can be performed, and enteral nutrition can be delivered safely.

Invasive mechanical ventilation also has its disadvantages. Endotracheal intuba-
tion via an orotracheal or nasotracheal tube is quite uncomfortable for patients who
are awake, and most require sedation. Patients have no ability to cough against a
closed glottis while intubated, so management of secretions must be done via suc-
tion. These patients are at risk for ventilator-associated pneumonia, which itself
carries a mortality of 13% [10]. Patients may also be at risk of acute dislodgement
of the endotracheal tube if agitated or during turning or movements. This risk fre-
quently limits the mobility of patients, despite an emphasis on mobility in all ICU
patients, resulting in deconditioning and risk for decubitus ulcers [11].

3.2.2 Noninvasive Mechanical Ventilation

Various forms of noninvasive ventilation exist to support the patient in respiratory
failure. In general, all these modalities require a patient who can protect his or her
own airway and provide some respiratory effort. The commonly utilized modes of
noninvasive ventilation are high-flow nasal cannula (HFNC), continuous positive
airway pressure (CPAP), and bi-level positive airway pressure (BiPAP). Below, we
describe each mode, its mechanics, and its advantages and disadvantages. These
various modes of noninvasive ventilation can be successful in supporting the patient
through the episode of respiratory failure until the underlying condition is corrected,
and thus the respiratory failure resolves, which can in turn eliminate the risks related
to endotracheal intubation and invasive mechanical ventilation [12, 13].
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3.2.3 High-Flow Nasal Cannula

Supplemental oxygen is the most commonly utilized mode of respiratory support. A
high-flow nasal cannula (HFNC) is an aptly named device, which delivers oxygen
to patients at up to 60 1/min. Supplemental oxygen delivered to patients through
standard nasal cannulas and masks is typically limited to 15 I/min. The device has
an air/oxygen blender and a humidifier, which passes through heated tubing and is
delivered to the patient via nasal prongs, much like a standard nasal cannula. The
fraction of inspired oxygen (FIO,) can be manipulated from 21% to 100%. At high
flows, this system can generate a positive end expiratory pressure (PEEP) of 3—5 cm
H,O [14-18].

HENC delivers a reliable FIO, via the most comfortable system of any of the
modes of noninvasive ventilation, with low rates of intolerance [19]. It is particularly
useful for patients who cannot tolerate a mask, either due to anatomic concerns or
injuries or claustrophobia. It is an easier device to apply than mask-based modes of
noninvasive ventilation. The patient may eat, drink, and speak using his or her mouth
if there is no contraindication. Finally, HFNC, in not having an enclosed mask, does
not add dead space ventilation due to the rebreathing of carbon dioxide [20].

The main disadvantage of HFNC is that it does not apply positive pressure.
Though at high flow it may generate a low level of PEEP, this is likely negated when
the mouth is opened. Additionally, it does not contribute to augmentation of tidal
volume or minute ventilation. Thus, if the patient’s minute ventilation is low, it is
unlikely that HFNC will be an effective modality in treating respiratory failure.

3.2.4 Continuous Positive Airway Pressure

Continuous positive airway pressure (CPAP) is a mode of noninvasive ventilation
which provides a constant positive pressure throughout the respiratory cycle, with-
out any increase during inspiration. It is commonly administered via a mask, which
can be nasal or oral. CPAP may be used to increase functional residual capacity and
may counteract intrinsic PEEP. However, the most common use of CPAP in emer-
gency surgical patients is in those who have a diagnosis of obstructive sleep apnea
(OSA) already on CPAP at home [1, 12, 21].

3.2.5 Bi-level Positive Airway Pressure

Bi-level positive airway pressure (BiPAP) is similar to CPAP, in that positive pres-
sure is transmitted from a ventilator to the patient. The difference between the two is
that in BiPAP, there is an inspiratory and an expiratory pressure, rather than a con-
tinuous, unchanged positive pressure. Like CPAP, BiPAP is delivered via a mask
which can fit over the nose or over the nose and mouth [12, 22]. There is also a
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helmet which may be utilized for BiPAP [12, 23]. Most machines are equipped with
a flow sensor to detect the patient’s respiratory cycle and synchronize the delivery of
positive pressure with the patient’s inspiratory effort. The goal of BiPAP is to combat
atelectasis, improve gas exchange, and reduce dyspnea and work of breathing.

The advantages of BiPAP are related to its provision of positive pressure ventila-
tion. The patient’s work of breathing is somewhat offset by the pressure delivery of
the machine, his or her gas exchange improved, and thus dyspnea decreased.
Additionally, patients on BiPAP do not require any sedation. The success of BiPAP
in the setting of chronic obstructive pulmonary disease (COPD) exacerbation is
well-documented, and it is standard therapy for this condition [24-27].

The disadvantages of BiPAP are related to its delivery through a mask. Regardless
of the interface used (nasal, oronasal, or helmet), patients can experience discomfort
or claustrophobia, with difficulties managing secretions [28]. The masks also must
be fitted optimally to the patient, as leaks can interfere with effective achievement
of positive pressure [29]. Conversely, if the mask is too tight, or the therapy is con-
tinued for too long, then pressure ulcers may develop [30]. Given that inspiration
and expiration happen through the mask, rebreathing of carbon dioxide can contrib-
ute to hypercapnia [23, 29, 31]. Provision of nutrition can prove difficult during
BiPAP, as either the patient would need to remove the mask to eat or would need
placement of a naso-enteric tube, which itself could cause difficulty obtaining a
seal. Finally, patients must have the ability to remove the masks themselves in the
event of emesis.

3.3  Choice of Approach

When caring for the patient in respiratory failure, the intensivist has multiple tools
with which to treat the patient. Though some may make it seem like an instanta-
neous decision, there are several things to consider when deciding to utilize invasive
or noninvasive ventilation. First, there are several contraindications for noninvasive
ventilation. Furthermore, to best make a decision, one must have a firm understand-
ing of the underlying pathophysiology of the patient’s respiratory failure. While it
may seem advantageous to “avoid intubation” for a patient, so doing may be harm-
ful or fatal. It cannot be understated that decision to intubate a patient is not a failure
on the part of the treatment team; rather it is a prudent decision that may be lifesav-
ing, and no guilt or regret should be felt when making that decision.

As noninvasive ventilation is delivered via a mask through an unsecured airway,
there are important contraindications to consider when deciding between noninva-
sive and invasive ventilation:

e Poor neurologic status (i.e., delirium, coma)
* Inability to protect the airway

e Upper airway obstruction

e Upper gastrointestinal bleeding
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e Recent facial surgery or anatomic abnormalities which preclude proper mask
fitting
e Vomiting

For these patients, the prudent decision is to proceed with intubation sooner
rather than later, as noninvasive ventilation will not only be unsuccessful but also
dangerous [12, 13, 32, 33].

Additional factors to consider, though not contraindications to a trial of noninva-
sive ventilation, include [12, 13, 29, 34-36]:

* Greater severity of illness (i.e., higher APACHE II or SAPS II score)
e Time required for the underlying pathophysiology to resolve
 Inability to seal the face mask

e Older age

e Acute respiratory distress syndrome

¢ Need for vasopressors

¢ Need for renal replacement therapy

Under these conditions clinical judgment plays a greater role. If one decides to
pursue noninvasive ventilation, he or she must pay close attention to the patient,
with a low threshold to proceed with endotracheal intubation and invasive mechani-
cal ventilation.

With this in mind, we outline several considerations when approaching the emer-
gency surgical patient with respiratory failure. First, one must consider the urgency
of the situation. In the immediate, life-threatening condition, the patient should be
intubated without any further thought of noninvasive ventilation. The intensivist
should ensure control of the airway and mechanical ventilation and then pursue
treatment of the other life-threatening conditions.

Next, one must consider the anticipated time course of the illness. If the condi-
tion is imminently reversible and a short time course is anticipated, then it is prudent
to proceed with noninvasive ventilation. We are far more eager to give a trial of
noninvasive ventilation in a patient who is fluid overloaded (and thus correctable in
a short time), as opposed to the patient with abdominal sepsis who will require at
least one procedure aimed at source control plus several days of antibiotics to ame-
liorate his or her condition. Though this requires some degree of prognostication,
such should be considered in the acute period.

As with any treatment strategy, one must consider the risks of the particular
mode of respiratory support. Endotracheal intubation carries with it the risks of
subglottic stenosis and ventilator-associated pneumonia [37, 38]. Noninvasive ven-
tilation can mitigate those, but itself has risks of pressure ulcers from the mask [30].
Additionally, the nutritional risk of utilizing noninvasive ventilation for a prolonged
time is significant, especially in the patient who undergoes emergency surgery. As
well, the risk of aspiration by the patient on noninvasive ventilation should be
considered.
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Logistically, if one chooses to pursue noninvasive ventilation for the treatment of
respiratory failure, this should be done in a monitored setting. Moreover, this must
be a unit where urgent intubation can be undertaken. It should have fully stocked
airway carts or bags, laryngoscopes, video laryngoscopes, and equipment to per-
form emergent surgical airways. Along with this, the unit should have standard pro-
cedures for intubations (i.e., checklists) and round-the-clock personnel to perform
these should the need arise. As such patients may decompensate quickly, this con-
sideration is of utmost importance.

Finally, with all these in mind, certain patients will still pose uncertainty for the
intensivist. The judgment of an experienced clinician, while hard to measure, can-
not be understated. The patient who you “just don’t have a good feeling about” or
the one who “just seems to keep heading in a poor direction” should be intubated.
As stated previously, this is a sign of strength, and not a decision to feel bad about.

34 Conclusion

The patient in respiratory failure presents an interesting clinical dilemma, as there
are several treatment modalities in the armamentarium of the intensivist. An atten-
tion to the underlying pathophysiology, which yields information about urgency,
time course, and overall trajectory of illness, can shed light on proper decision-
making. As with any decision, this must be continually reevaluated and the course
changed when it seems ineffective. It cannot be understated that endotracheal intu-
bation and mechanical ventilation do not represent a treatment failure and weakness
on the part of the team; rather they are a sign of clinical strength, prudent decision-
making, and often the most important decision one must make for a patient.
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Principles of Weaning from Ventilatory
Support: When and Why to Wean
and When to Consider a Tracheostomy

G. Pizzilli, E. Brogi, V. Agnoletti, L. Ansaloni, and F. Coccolini

4.1 Introduction

A third of patients admitted in intensive care units (ICUs) worldwide are mechani-
cally ventilated [1], and up to 34% of patients ventilated for more than 48 h receive
a tracheostomy [2]. Weaning and tracheostomy are two high-priority topics in inten-
sive care. Risks linked with prolonged ventilation and extubation failure motivated
physicians to try to define the best method for discontinuing mechanical ventila-
tion. Expected need for prolonged mechanical ventilation and failure to wean from
mechanical ventilation are two main indications for tracheostomy. We found arti-
cles about weaning from the 1970s with first randomized controlled trials (RCTs)
performed in the 1990s [3], and tracheostomy is used extensively in ICUs by the
polio epidemic [4], but for both weaning and tracheostomy, still there are no clinical
guidelines or gold standards to suggest the best practice, and many controversies are
still evinced by literature. One of the reasons behind the lack of evidence relates to
heterogeneity in individual characteristics and severity of disease of patient popula-
tions subjected to mechanical ventilation and reported in RCTs. This makes more
complicated to take the right decision for the right patient and often experience
besides knowledge guides decision-making. In this chapter we address general
issues regarding weaning process and its stages and main controversies about indi-
cations, technique, and timing of tracheostomy.
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4.2  Weaning: Definition and Relevance

The term weaning is used to describe the process of gradual reduction in the level
of ventilatory support from a patient to enable spontaneous ventilation. Some
authors use other terms, withdrawal, discontinuation, or liberation, since it implies
rapid removal of a burden that is no longer necessary [5]. As soon as the imbalance
between ventilatory capability and demand begins to resolve, weaning should start
because both, prolonged mechanical ventilation and premature extubation, expose
patients to risks. Mechanical ventilation increases the likelihood of complications
such as pneumonia, ventilator-induced lung injury, and oversedation [6]. On the
other hand, failed extubation is linked with mortality in several studies. In a recent
review, failure of planned extubation is reported to be between 2% and 25% and
is associated with increased ICU mortality with a merged odds ratio of 6.79 (95%
CI = 3.88-11.87) [7]. Furthermore it may directly cause clinical deterioration with
augmented SOFA score [8]. Thus it is crucial to screen systematically each day
patient’s readiness to allow prompt weaning [9]; this is also an independent predic-
tor of successful extubation and survival [10].

4.3 Classification of the Difficult-to-Wean Patients

Categorization of weaning situations provides a better comprehension of the problem
and its association with prognosis. In 2007 during the Sixth International Consensus
Conference on Intensive Care Medicine, a task force proposed to classify patients
according to the difficulty and the length of weaning process [11]. They identified
three groups: simple weaning group for patients who proceed from initiation of wean-
ing to successful extubation on the first attempt; difficult weaning group for patients
who require up to three spontaneous breathing trials (SBTs) or as long as 7 days from
the first SBT to achieve successful weaning; and prolonged weaning group for patients
who fail at least three weaning attempts or require >7 days of weaning after the first
SBT. In 2017 Bédenau et al. in a multinational prospective multicenter observa-
tional study propose a new classification [12]. Unlike the previous one, they included
patients not weaned with SBTs and those not weaned successfully. They considered
a 7-day delay without mechanical ventilation as successful extubation whether non-
invasive ventilation was used or not. Three groups were identified excluding patients
transferred or died before any separation attempt. They identified:

* Short weaning group: success within 24 h by first separation attempt (75% of
patients).

 Difficult weaning group: weaning terminated after more than 1 day but in less
than 1 week after the first separation attempt (13.3% of patients).

* Prolonged weaning group: weaning was still not terminated 7 days after the first
separation attempt (11.4% of patients).
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Mortality differs in the three groups and was, respectively, 5.8% in the short
weaning, 16.5% in the difficult weaning, and 29.8% in the prolonged weaning.
Categorizing patients is fundamental to understand the prognosis. This stresses the
concept that risk of dying increases every day after the first separation attempt.

4.4 The Weaning Process

Deciding the time to discontinue mechanical ventilation is often an arbitrary clini-
cal decision influenced by judgment and experience rather than data [3], but cli-
nicians’ ability to predict short-term weaning has low sensitivity and specificity
[13]. Even if the use of local protocols for discontinuation may reduce the duration
of mechanical ventilation [14], still we don’t have unique formula for weaning
process because its outcome is influenced by a wide spectrum of reason related to
the underlying illness which determined the need of intubation and by patients’
individual characteristics.

Tobin and Jubran described weaning in seven stages [15]: (1) preweaning, till
the causes determining the need of mechanical ventilation are resolved; (2) suspi-
cion, when a physician begins to think that the patient might be ready to come off
the ventilator; (3) measuring and interpreting weaning predictors, when the clini-
cian screens the possibility to perform a weaning trial obtaining physiological
measures; (4) perform weaning trial as a confirmatory test, decreasing ventilator
support by a spontaneous breathing trial (SBT); (5) extubation or reinstitution of
mechanical ventilation depending on SBT success/failure; (6) use of noninvasive
ventilation after extubation; and (7) reintubation. Even if this description is not
widely used, many authors agree that most important stages are the suspicion
(stage 2) and assessing readiness to wean (stage 3) because these are common
cause of delayed weaning [5, 11]. An exemplification of weaning process’ key
points is described in Fig. 4.1.

Assessing | Assessing Extubation
readiness to | readiness for | |(early NIV if indicated)
. wean: extubation:
Resolution of
the problem . * Physiologic | * SBT
wich required | Suspicion | | o ies * Ability to
mechanical  Screening protect
ventilation test airways Reinstitution of
mechanical
ventilation

Fig. 4.1 Key points of a weaning process
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4,5 Assessing the Readiness to Wean

Assessing readiness to weaning by daily screening of the respiratory function fol-
lowed by trials of spontaneous breathing should be initiated as soon as the prob-
lem that caused the patient to require ventilation is resolved. Ely et al. showed that
screening patients daily to identify those who can breathe spontaneously and per-
form a trial of spontaneous breathing successfully promotes the earlier discontinu-
ation of mechanical ventilation [9] which, his turn, is an independent predictor of
successful extubation and survival [10]. Physiologic variables and screening tests,
termed weaning predictors, are the tools used for screening readiness for wean-
ing trial. Many weaning predictors have been proposed [16, 17]. An international
consensus conference emphasized that the first weaning trial must be performed as
soon as the patient meets the following criteria [12]: cardiovascular stability with no
need or minimal vasopressors, no continuous sedation, and adequate oxygenation
defined as paO,/FiO, of at least 150 mmHg with positive end-expiratory pressure
(PEEP) up to 8 cm H20. These criteria should be viewed as considerations for
probable weaning rather than as strict criteria that must all be met simultaneously.
One of the most used screening tests is the rapid shallow breathing index (RSBI)
(respiratory frequency/VT) [16, 18] obtained with the patient connected to a Wright
spirometer or to the ventilator in the “flow by”” mode with no pressure support (PS)
zero PEEP over a minute or till the respiratory pattern achieves equilibrium [15].
RSBI was used in many different studies with values <100-105 breaths min=! L™
showing an average high sensitivity of 0.87. RSBI, as all predictor test, should be
performed when the prior (pretest) probability is very low (ideally <20%) [19] so it
should not be performed for patients in whom the clinical probability of successful
weaning is high. If the variables predict a reasonable likelihood of weaning success,
clinicians progress to the next step.

4.6 Assessing Readiness for Extubation Attempt

“At the point of extubation, a clinician needs to ask him or her- self two ques-
tions: (1) will the patient be able to sustain spontaneous ventilation following tube
removal? and (2) will the patient be able to protect his or her airway after extuba-
tion?” [20]. The ability to sustain spontaneous ventilation is assessed by perform-
ing a spontaneous breathing trial (SBT); the ability to protect airways is related to
cough, amount of secretions, and mentation. SBT is a safe test to assess the ability
of the patient to sustain spontaneous breathing and should consider a confirma-
tory test of screening tests performed in the previous phase [19]. It consists in
patient spontaneously breathing through the endotracheal tube (ETT) either with-
out any ventilator support or with minimal ventilator support. Only 13% of patients
who successfully passed the SBT and were extubated required reintubation [21,
22]. The duration of a SBT should be between 30 min and 2 h [23]. During SBT
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physiological parameters should be strictly monitored, and trial should be stopped
in the presence of a respiratory frequency of more than 35 breaths/min, SaO, below
90%, HR above 140 beats/min or a sustained increase or decrease in the HR of
more than 20%, systolic blood pressure above 200 mmHg or below 80 mmHg,
and agitation, diaphoresis, or anxiety [12]. Several different techniques to perform
SBT have been evaluated, T-piece, low level of PSV, ATC, or CPAP, and still no
single method showed to be superior to other [21, 22, 24-26] even if SBT with
low levels of PSV (inspiratory pressure augmentation) is recommended in recent
clinical practice guidelines with moderate quality of evidence [27]. Some physi-
cians prefer to apply pressure support of 5-8 cm/H,O with the rational of over-
coming resistance by endotracheal tube. Nevertheless if it’s been demonstrated
that the tube resistance is similar to the glottic and supraglottic resistance [28]
and the addition of PS produces large reductions in inspiratory work of breathing
and respiratory effort [29-31], hence some authors argued that applying any level
of pressure support causes physicians to underestimate the patient’s respiratory
resistance after extubation [20]. One of the most common causes of SBT fail-
ure is weaning-induced cardiac dysfunction triggered by increased left ventricular
afterload, the increase in the work of breathing, and the increase in sympathetic
tone created by the emotional stress and potentially by hypercapnia and hypoxia
[32]. Sudden increase in pulmonary artery occlusion pressure (Ppao) measured
by a pulmonary artery catheter (PAC) during unsuccessful weaning attempts has
been documented till 1988 by Lemaire et al. [33, 34]. Echocardiographic indices
(E/A, E/Ea ratio) allow accurate detection of pulmonary occlusion artery pres-
sure elevation during SBT [35]. Increase in arterial pressure and heart rate during
unsuccessful weaning is also a weak but suggestive index of weaning failure of
cardiac origin [36]. B-type natriuretic has been used as a predictor tool for wean-
ing failure as well as diagnostic of unsuccessful SBT due to heart failure [37]. In
a recent remarkable review, those parameters have been proposed as diagnostic
tools (together with hemoconcentration and volumetric hemodynamic monitor-
ing of extravascular lung water) for weaning-induced cardiac failure, and a treat-
ment based on fluid removal and antihypertensive drugs administration has been
proposed [32]. Diaphragm weakness due to prolonged mechanical ventilation is
another key and underestimated factor in SBT outcome; it’s associated with long
duration of weaning and increased mortality [x]. Evaluation of diaphragm func-
tion by ultrasound is a reliable technique in prediction of SBT failure; Grosu et al.
assessing diaphragmatic thickness revealed that diaphragm thinning occurs within
48 h after the initiation of mechanical ventilation [38].

Airway protection affects as well extubation outcome: cough strength, amount
of secretions, and sedation should be carefully evaluated before extubation [39,
40]. Girard et al. performed a RCT comparing a daily interruption of sedatives
with daily SBT with usual care with SBT; patients in the intervention group were
discharged earlier from intensive care and from hospital and were 32% less likely
to die [41].
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4.7 Does Post-Extubation Noninvasive Positive-Pressure
Ventilation Prevent Reintubation?

Noninvasive positive-pressure ventilation (NIPPV) for patients who develop respi-
ratory distress within 48 h after extubation does not prevent reintubation [42, 43]. In
RCT Esteban et al. observed an increase mortality in NIPPV group possibly due to
treatments aimed at reducing the need for reintubation. On the contrary other stud-
ies showed that NIPPV reduced rate of reintubation when applied immediately after
extubation on patients with risk of failure or without [44]. Preemptive use of NIPPV
in patients is found to be effective rather than applying it when post-extubation
respiratory distress develops specially in hypercapnic patients [45].

4.8 The Role of Tracheostomy in Difficult-to-Wean Patients

Anticipated need for prolonged mechanical ventilation (MV) and failure to wean
from mechanical ventilation are two main indications for tracheostomy [46, 47].
However, the capability to accurately predict the need for protracted mechanical
ventilation is still challenging. Tracheostomy facilitates weaning by decreasing
the work of breathing in patients with limited reserve. Several studies showed that
tracheotomy could substantially reduce the mechanical workload by reducing the
resistive and elastic pulmonary work (transpulmonary pressure measurements) and
by improving synchrony with the ventilator [48, 49]. Furthermore, the use of tra-
cheotomy cannula allows a reduction in the resistive work in comparison to endotra-
cheal tube (ETT) due to the inner diameter and the major length of ETT. However,
the effect on dead space ventilation is irrelevant [48]. Even more, tracheostomy
reduces the need for sedation, improves patient comfort, and ameliorates the man-
agement of airway secretions, all factors that can play a vital role during the wean-
ing process. Still more, tracheostomy patients presented a reduction in the risk of
ventilator-acquired pneumonia (VAP) and fewer accidental extubation episodes in
comparison with patients with orotracheal tubes [50-52]. Consequently tracheos-
tomy may offer a more secure airway than a ETT [53]. However, the effects and
role of tracheostomy on weaning, hospital stay, and mortality are still controversial
[47, 54]. Regardless of the abovementioned advantages of tracheostomy, there is no
evidence that this results in reducing the weaning time or in improving the weaning
process [55].

4.9 Tracheostomy: Definition and Relevance

Tracheostomy refers to an operative procedure that creates a surgical airway in the
cervical trachea. This procedure creates an opening into the trachea through the
neck to allow the passage of air. A tracheostomy tube is a curved tube that is inserted
into a tracheostomy stoma. There are different types of tracheostomy tubes that vary
in certain features for different purposes.
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As abovementioned, the main indication is prolonged mechanical ventilation fol-
lowed by difficult weaning and neurocritical diseases. Tracheostomy has become
a progressively common intervention in critically ill patients [56] especially after
the introduction of percutaneous techniques. In fact, the number of tracheostomy
procedure almost doubles in the last year with more than half of tracheostomies
(57%) being percutaneous, performed by the intensivists or by a dedicated team at
the bedside [57-60]. The majority of the tracheostomies were performed during the
second week of ventilation (7-15 days) [58, 61-63], and, essentially, the percutane-
ous procedures were performed under bronchoscopic control (98%) [61, 63]. Data
on hospital stay, duration of mechanical ventilation, and length of stay in tracheos-
tomy patients diverges widely in different studies [47, 54, 58, 64, 65].

Basically, tracheostomy in the ICU provides a stable and safer access to patient
airway for prolonged mechanical ventilation. In fact, protracted endotracheal intu-
bation increases the risk of VAP by deactivating the laryngeal mechanisms, reduc-
ing the effectiveness of cough, decreasing the mucociliary function, and promoting
oropharyngeal contamination [46, 66]. As a consequence, the risk of nosocomial
pneumonia increases with the length of endotracheal intubation [66]. In addition,
prolonged endotracheal intubation is associated with the development of sinus-
itis and may cause severe airway damage. In the absence of contraindications to
tracheostomy, in a difficult-to-wean patient, tracheostomy has been encouraged
because it decreases the work of breathing [46, 47], improves respiratory mechan-
ics and airway management [67], improves patient comfort [59], reduces sedative
drug consumption [68], decreases oropharyngeal trauma [66], improves earlier
patient mobilization and earlier transition to oral feeding, and allows prevention of
ventilator-acquired pneumonia [53, 65].

The ideal timing (early vs. late) and techniques (percutaneous techniques vs.
open surgical) for tracheostomy have been issues of significant debate. Significant
international discrepancy in regard to present practice for tracheostomy exists,
advocating a necessity for greater standardization for tracheostomy in ICU [61, 62].

4.10 Indications, Contraindications, Complications,
and Mortality After Discharge

As aforementioned stated, the most common indications for tracheostomy are
acute respiratory failure requiring prolonged mechanical ventilation and traumatic
or neurologic impairment with the expected need for airway management through
mechanical ventilation [69]. Above all, tracheostomy is performed primarily in crit-
ically ill patients in whom multiple attempts to wean from mechanical ventilation
have been unsuccessful and in whom prolonged mechanical ventilation are highly
probable. Consequently, the timing of tracheostomy in patients likely to benefit this
procedure is strictly connected to accurately predict the need for protracted mechan-
ical ventilation [46].

The decision to perform percutaneous tracheostomy in this group of patients
should be individualized [70] and should take into account, above all, the expertise



64 G. Pizzilli et al.

of the performing physician. Morbid obesity, the inability to extend the neck,
enlarged thyroid gland, repeated tracheostomy, severe coagulopathy, and unusual
neck anatomy are considered as relative contraindications to percutaneous trache-
ostomy [71, 72]. In such case, if complications occurred during the percutane-
ous tracheostomy, the practitioner must be ready to convert to the open surgical
technique.

Tracheostomy complications can be considered in three time frames: immediate,
early, and late [67, 72]. Immediate complications may occur during the tracheos-
tomy procedure and include pneumothorax, bleeding, pneumomediastinum, sub-
cutaneous emphysema, vocal cord dysfunction (recurrent laryngeal nerve injury),
posterior tracheal perforation, and tube obstruction. Early complications may arise
while the tracheostomy tube is in place and include accidental decannulation, infec-
tion around the tracheostomy stoma and stoma scar, and tracheoinnominate artery
fistulas. Late complications may result after longer-term presence of a tracheostomy
and include tracheomalacia, tracheoesophageal fistula, stomal granulation, stenosis,
and delayed closure of tracheostomy.

Tracheal stenosis can occur at the stoma site, subglottic, at the level of the cuff
[69, 72]. Most stenoses tend to be asymptomatic unless they reduce the tracheal
lumen by more than 50%. Stomal stenosis develops secondary to infection and local
inflammation, whereas stenosis at the cuff site is related to ischemia due to high-
pressure cuffs. The introduction of high-volume, low-pressure cuffs has decreased
the incidence by stenosis [73]. Substantial stenosis can be treated either surgically
or endoscopically. Tracheoinnominate fistula is a life-threatening condition that
occurs in less than 1-2% of tracheostomies; treatment consists of immediate sur-
gery [69, 72]. Fistulas between other major arteries (e.g., the inferior thyroid artery,
an anomalous carotid artery) have also been observed [72].

Complications specific to percutaneous tracheostomy include tracheal cartilage
fracture (cartilage protruding into the tracheal lumen), paratracheal placement of
the cannula, and postoperative decannulation with an inability to recannulate the
trachea due to the absence of a well-formed tract [67].

High-risk groups of patients present a greater probability of tracheostomy com-
plications: children (especially newborns and infants), smokers, alcohol abusers,
diabetics, immunocompromised patients, therapy with steroids, and patients with
chronic diseases or respiratory infections.

Long-term survival is incompletely understood [74]. In a recent review article,
Damuth et al. [75] showed that almost 50% of patients tracheostomized are not
liberated from ventilation in the hospital and only less than 15% of patients are
discharged home from the hospital mostly because only half were liberated from
mechanical ventilation. Finally the overall mortality for mechanically ventilated
tracheostomized patients at 1 year was 59%; furthermore tracheostomized patients
with percutaneous technique because of respiratory disease showed to have, in a
recent paper [76], a higher ICU mortality (50%) compared to those with neuro-
logical disease (13.6%) but better quality of life when compared with all other
subgroups.
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4.11 Early vs. Late Tracheostomy

The optimal timing of tracheostomy in critically ill patients with acute respiratory
failure is controversial [77]. The real challenge in deciding when to perform trache-
ostomy is the competency to correctly foresee the need for prolonged mechanical
ventilation. If prediction of protracted ventilation is not correct, then some patients
underwent tracheostomy unnecessarily, whereas late tracheostomy strategy will
result in prolonged and pointless exposure to translaryngeal endotracheal tube.
However, no objective data exist that give an adequate direction on the best timing
to switch from an ENT to a tracheostomy [46]. The standard of care has varied sub-
stantially over the last years, and the current trend seems to be that the most frequent
timing of PDT was between 7 and 15 days [60—62]. In particular situation, such in
the case of permanent airway management loss, the decision is straightforward.
However, such situations represent the minority of the case, and, therefore, when to
perform tracheostomy on a patient with an ENT is a matter of discussion, and the
decision on “when” to perform tracheostomy is left in the hand of the practitioner
and local protocol.

Evaluating the literature, there is little evidence to guide optimal timing due to
a paucity and the methodological diversity of RCTs comparing the effectiveness
of early (defined as <10 days) versus late (>10 days) tracheostomies [78-80].
Regardless of the potential benefits to early tracheostomy (e.g., improved respi-
ratory physiology, reduction in sedative consumption), recent RCTs have failed
to show short- or long-term mortality benefits. Rumbak et al. [78], in a 2004
prospective randomized study, evaluated the effect of early versus late percutane-
ous tracheostomy in critically ill patients. Time in the intensive care unit and on
mechanical ventilation and the cumulative frequency of pneumonia, mortality,
and accidental extubation were evaluated. Early group showed significantly less
mortality (31.7% vs. 61.7%), pneumonia (5% vs. 25%), accidental extubation
episodes, and inferior intensive care unit stay and mechanical ventilation time
when compared with the late group. The author concluded that the advantages of
early tracheotomy balance the risks of protracted ENT. A 2012 Cochrane system-
atic review and meta-analysis evaluated the effects of early (<10 days) versus late
(>10 days) tracheostomy in terms of mortality in critically ill patients [77]. Even
if the patients receiving early tracheostomy had lower risk of mortality in compar-
ison with patients to late tracheostomy, the authors concluded that the available
evidence should be regarded with caution and should be considered as inconclu-
sive. A 2015 systematic review and meta-analysis of RCTs was conducted on the
comparison of early versus late tracheostomy as regards mortality, duration of
mechanical ventilation, sedation, and intensive care stay [81]. Early tracheostomy
was not associated with any difference in mortality [risk ratio (RR): 0.93 (0.83—
1.05)], in duration of mechanical ventilation [-0.19 days (—1.13-0.75)], in inten-
sive care stay [—0.83 days (—2.05-0.40)], or in incidence of VAP. The authors
stated that they did not find evidence of reduced mortality, duration of mechanical
ventilation, intensive care stay, or VAP in early tracheostomy group; consequently,
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an early tracheostomy strategy leads to more procedures and a shorter duration of
sedation. In selected patients, such as with severe maxillofacial and neck trauma,
burns, and neurological injuries, early tracheostomy is mandatory. In this group
of patients, tracheostomy could be effective to reduce the duration of mechani-
cal ventilation, in intensive care stay and cost [82, 83]. On the other hand, late
tracheostomy is indicated in case of prolonged respiratory support. Consequently,
the decision on the timing should be personalized on the base of patients’ char-
acteristics [82]. In conclusion, there is no advantage to early tracheostomy in the
majority of ICU patients with acute respiratory failure. In this case, waiting until
10 days of intubation and mechanical ventilation is recommended in order to
better evaluate the necessity of prolonged respiratory support and consequently
of tracheostomy; on the other hand, special patient populations may benefit from
early tracheostomy (trauma and burns of neck and facial). Therefore, the cur-
rent strategy is to apply an individualized approach taking into consideration the
patient underlying comorbidities, reason for mechanical ventilation (MV), poten-
tial complications of the procedure, and life expectancy.

4.12 Percutaneous Versus Surgical

Percutaneous tracheostomy is increasingly utilized as an alternative to conventional
surgical tracheostomy. National and international survey showed that the major-
ity of tracheostomy procedures in critically ill patients were performed by a dedi-
cated team using the percutaneous approach at the bedside [57, 60] and that the
percutaneous procedures were performed under bronchoscopic control (98%) [61,
63]. A 2000 meta-analysis demonstrated a lower incidence of peristomal bleeding
and postoperative infection when percutaneous are compared with surgical proce-
dure [84]. A 2006 meta-analysis including 17 RCTs with a total of 1212 patients
demonstrated that percutaneous reduces the overall incidence of wound infection,
relevant bleeding, and mortality when compared with surgical tracheostomy (2.3%
compared from 10.7%). The authors concluded that percutaneous tracheostomy,
performed in the ICU, should be considered the procedure of choice in critically
ill adult patients [82]. Similar findings were also reported in a meta-analysis con-
ducted by Higgins and Punthakee [83]. Furthermore, percutaneous tracheostomy is
cost-effective due to the fact that the procedure is performed in the ICU rather than
consuming operating room facilities and personnel [55, 85]. Currently, percutane-
ous procedure is considered the procedure of choice in critically ill patients.
Multiple- or single-step dilatation, guidewire dilating forceps, rotational dila-
tation, and retrograde tracheostomy were all performed at bedside in the ICU. A
detailed description of the aforementioned technique is illustrated elsewhere [46].
The single-step dilatation technique was associated with fewer failures and com-
plications in comparison to rotational dilation and guidewire dilating forceps. The
single-step dilatation technique represents the most reliable in terms of safety and
success rate and represents the most common percutaneous technique performed
in ICU [79]. The translaryngeal technique is technically more demanding, because
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require two intubation, however, it is indicated in patient with active at high risk of
bleeding. This technique is associated with more severe complications and more
frequent need of conversion to other techniques compared with guidewire dilating
forceps and single-step dilatation techniques and is contraindicated in patients with
difficult intubation [46, 82]. It is however worth keeping in mind that in specific
situation and when complications occur, the practitioner must be ready to convert to
the open surgical technique [59].

4.13 Ultrasound

The use of ultrasound (US) during or prior to the tracheostomy procedure allows
the direct visualization of entry site into the trachea and the determination of the
tracheal ring. The US scan has been increasingly used in recent times to estimate
the distance from skin to the trachea to ensure the accurate placement of the intro-
ducer needle into the trachea and midline punctures [67]. This feature is particu-
larly useful in patients with difficult surface anatomy, severe obesity, and previous
tracheostomy. Even more, US scan of the trachea permits the identification and the
avoidance of vascular structures in the anterior neck (e.g., the midline thyroid veins)
or of an enlarged thyroid isthmus [46, 67]. US represents a new safety adjunct tool
to increase the efficacy of PDT [86]. Above all, real-time ultrasound should be con-
sidered especially in obese patients with difficult surface landmarks and in patients
with altered cervical anatomy and with repeated tracheostomy.
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in the ACS Patient: What Are the Optimal
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5.1 Introduction

Acute care surgery encompasses the care of some of the sickest patients in the hos-
pital. Expedient diagnosis and management literally determines life and death in
many of these patients. Circulatory collapse is often associated with shock but the
reverse is not necessarily true. Shock is defined as a dysfunction in cellular respira-
tion manifested in nearly every organ system. Circulatory collapse can be described
as the manifestation of hypotension and the compensatory physiologic mechanisms
to address hypoperfusion. It can be classified into one of four types: distributive,
cardiogenic, hypovolemic, or obstructive.

The physical exam can vary widely depending upon patient factors and shock
classification but will consistently reflect poor organ perfusion. Often, the history
helps refine the approach to managing patients with confusing or unreliable exam
findings. Treatment of the specific cause of shock is the most effective management
option. Patients benefit from early identification and appropriate preoperative resus-
citation and optimization. Significant comorbidities especially cardiovascular and
pulmonary diseases can complicate resuscitation and require careful consideration
in order to avoid exacerbating a fragile physiologic state. In this chapter, we will
discuss (a) the pathophysiology of shock and how this should affect treatment, (b)
current methods of assessing circulatory failure, (c) development of an organized
management plan to the patient in need of circulatory support, (d) assessment of the
efficacy of resuscitation, and (e) management options for the patient in refractory
shock and persistent circulatory failure.
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5.2  Pathophysiology of Circulatory Collapse

Regardless of the cause of circulatory failure, shock is the most common clinical
result. Shock is defined as cellular hypoxia and a cessation of cellular aerobic respira-
tion. The sequelae of cellular hypoxia involve a disequilibrium of membrane poten-
tials, intracellular edema, and leakage of intracellular contents [1, 2]. These events
lead to some degree of an inflammatory response. The severity of inflammation is
related to many patient and pathologic factors including duration of hypoperfusion,
the extent of tissue damage, host-pathogen interactions, and ischemia-reperfusion
injury. Rapid control of shock may result in minimal perturbation of the inflam-
matory cascade. In contrast, significant tissue injury or prolonged hypoperfusion
can produce an overwhelming systemic inflammatory response that may require an
active, ongoing, and dynamic resuscitative approach. Pro-inflammatory mediators
activate the endothelium and leukocytes. There is accumulating evidence that shock
severity corresponds to structural and genomic changes contributing to individual
susceptibility to shock and major injury [3-5].

The clinical manifestation of shock is the result of an overwhelming derangement
of biochemical processes. The production of nitric oxide by inducible nitric oxide
synthase or metabolites from the arachidonic acid pathway contributes to inappro-
priate vasodilation as seen in distributive shock. Activated leukocytes upregulate
cellular adhesion molecules that cause an accumulation of additional activated leu-
kocytes to pulmonary and systemic capillaries. Chemotactic cytokines further con-
tribute to the recruitment of cells into multiple organ sites. Many of these activated
cells produce oxygen-free radical species that lead to further tissue damage [6].
Severe shock can also result in massive parenchymal apoptosis in addition to necro-
sis, leading to further organ dysfunction and release of damage-associated molecu-
lar patterns (DAMPs) which further activate leukocytes [5]. As these imbalances
proceed unchecked, the process will evolve into a multi-organ dysfunction syn-
drome. From here, patient outcomes can range from recovery to a chronic inflam-
matory response or death [3]. The inflammatory response typically can last days to
weeks, underscoring the paramount importance of supportive care. Currently, we
have no therapeutic intervention to attenuate the inflammatory response, but there is
evidence to suggest that the adaptive immune system contributes to the downregula-
tion of inflammation and a return to homeostasis [7].

Shock represents a continuum. It can be explained in terms of early, middle, and
late physiology [8]. The early stage includes the physiologic compensation for cel-
lular injury or decreased tissue perfusion. An example of this includes the patient
in Class 1 hemorrhagic shock. Often, this patient has no significant derangement
in vital signs except for possibly an increased pulse pressure or slight anxiety. The
young and healthy may have hyperdynamic compensatory mechanisms and lack
any substantial vital sign abnormality until they have progressed into severe shock.

Middle shock represents what can be thought of as circulatory failure as it is
commonly understood clinically [8, 9]. The compensatory mechanisms are over-
whelmed, and the patient acquires the physical exam and physiologic derangements
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associated with hypoperfusion including hypotension, tachycardia, tachypnea, agi-
tation, etc. In hypovolemic shock this usually corresponds with a loss of >20% of
blood volume and in cardiogenic shock a decrease in cardiac index of <2.2 L/min/
m? [10].

Finally, the late shock continuum corresponds with multi-organ failure (MOF).
This is the result of progressive hypoperfusion and irreversible organ injury. In this
setting, shock can be refractory to management and death becomes highly probable.
Clinically, these patients will require maximum intensive care interventions and are
at risk of developing refractory shock.

5.3  Circulatory Assessment

The physical examination is vital in the initial assessment of circulation. Altered
mental status can range from anxiety, agitation, and lethargy to obtundation.
Tachypnea, tachycardia, diaphoresis, and decreased urinary output can signal hypo-
perfusion. Hypotension is the hallmark of circulatory collapse and shock and is the
most common manifestation of hypoperfusion. However, even this vital sign can
be misleading in special populations especially the young, the athlete, and those
with excessive sympathetic tone. Patients with heightened sympathetic tone are
especially perilous as sedation can precipitate a dramatic decrease blood pressure.
Measuring blood pressure reliably with a cuff can be challenging in patients with
severe hypotension and in the obese. The physical exam can quickly provide some
rough estimates, while a more reliable mechanism is established. The conventional
teaching states that a palpable peripheral pulse (radial or pedal) correlates with a
systolic blood pressure of >80 mm Hg, a palpable femoral pulse correlates with a
systolic blood pressure 70—-80 mm Hg, and, if only the carotid pulse is palpable, the
systolic blood pressure is between 60 and 70 mm Hg. However, there is evidence
that this may grossly overestimate the degree of hypotension and should not be
considered sufficient or accurate for comprehensive clinical decision-making [11].

The cause of shock associated with circulatory collapse should be expeditiously
determined to mitigate the systemic inflammatory response and reduce organ injury.

In the clinical environment, the physiologic parameters used to characterize
shock severity are cardiac output (CO) and systemic vascular resistance (SVR).
CO is determined by heart rate and stroke volume. Stroke volume is influenced by
preload, myocardial contractility, and afterload. SVR is regulated by vessel length,
blood viscosity, and vessel tone. Initial interventions for shock usually begin with
dealing with one of these factors depending on the underlying cause of shock. To
address these factors, clinicians most often will attempt to give volume intrave-
nously and/or manipulate vessel tone with vasoactive agents. The classification of
shock has characteristically been described by their hemodynamic profiles in terms
of their effects on CO and SVR with the aid of pulmonary artery catheterization
(Table 5.1). There is plenty of overlap among groups. In extreme cases or in mixed
or combined shock, the rules may not always apply [12].
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Table 5.1 Shock classification

Preload Mixed venous oxyhemoglobin
Shock classification (PCWP) co® SVR saturation®
Cardiogenic 1 l 1 <65%
Distributive < (early)or | for] | >65%
(late) (sometimes)
Hypovolemic < (early)or | < (early)or| 1 >65% (early) or <65% (late)
(late) (late)
Obstructive
PE, PH, tension < (early)or | <« (early)or] 1 >65%
PTX (late) (late)
Tamponade 1 ! 1 >65%

PCWP pulmonary capillary wedge pressure, CO cardiac output, SVR systemic vascular resistance,
PE pulmonary embolus, PH pulmonary hypertension, P7X pneumothorax

*Cardiac output can be measured by using cardiac index or by assessment by echo or cardiac
ultrasound

"Mixed venous oxyhemoglobin saturation cutoff is 65% by pulmonary artery catheter and 70% by
central venous catheter

5.3.1 Ultrasound in Shock Assessment

Ultrasound has several advantages. It is portable, quick, and repeatable. It exposes the
patient to little or no risks of ionizing radiation. In the late 1990s, ultrasound was inte-
grated into the Advanced Trauma Life Support (ATLS) protocol in place of the diag-
nostic peritoneal lavage. Known as FAST or focused assessment with sonography in
trauma, it has become the preferred method of exonerating hemodynamically significant
hemorrhage in blunt trauma. The practice consists of assessing four abdominal views
which make up the perihepatic, perisplenic, pelvic, and pericardial views [13]. The typi-
cal FAST exam has now evolved into extended FAST or eFAST [14, 15]. This includes
assessment of the lung and pleura and is extremely sensitive at identifying pneumotho-
rax but can quickly recognize significant pleural effusions or hemothorax [15].

Ultrasound has since been incorporated more than ever into the initial assess-
ment of patients with circulatory failure and is repeatedly used during resuscita-
tion. In addition to ruling out intracavitary hemorrhage, it provides information on
preload, detects ventricular dysfunction and valvular abnormalities, and indicates
hemodynamically significant pulmonary embolism and tamponade. Ultrasound
is also proving essential in guiding the resuscitation process by detecting preload
independence and intrinsic cardiac dysfunction [16].

Limitations do exist as ultrasound is very operator-dependent, and there is a
learning curve. Challenges to optimum views involve body habitus, bandages, and
conditions that cause air to track through tissues such as subcutaneous emphysema,
pneumomediastinum, large wounds, or other tissue defects.

5.3.2 Lactate and Base Deficit

Lactate has long been considered an important marker of hypoperfusion. It now
appears that this substrate has more of a nuanced connotation. While it is produced
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during times of stress, lactate itself does not necessarily reflect anoxia or the severity
of hypoperfusion. Canine studies have shown that with moderate-intensity exercise
and readily available oxygen supply, lactate is still produced [17]. Many stimuli that
cause the release of catecholamines appear to increase lactate production regardless
of the oxygen tension. Lactate clearance is heavily dependent on hepatic clearance.
In acute or chronic liver dysfunction, the accumulation of lactate can and should be
expected. Lactate in the background of shock appears to signal physiologic stress,
but not necessarily the severity of hypoperfusion [18].

Base deficit often correlates with serum lactate and is frequently used in guiding
resuscitation. Base deficit usually refers to the amount of bicarbonate expressed in
mEq/L within whole blood titrating toward the standardized normal human blood
pH of 7.40. By the early 1990s, a base deficit of —8 was found to correlate with a
25% mortality when excluding adults over 55 years and no significant head trauma
[19]. Several studies continue to support base deficit as critical in prognostication
especially at admission [20].

One of the disadvantages of using base deficit is the effect of saline resuscita-
tion fluids. Large volume saline resuscitation and especially hypertonic saline can
contribute to a nongap acidosis.

Once the diagnosis of shock has been ascertained, the cause of shock should
be identified. Each type shock has unique features and requires distinct treatment
plans. Often the phase of care should be quickly transitioned into a setting that
provides close monitoring and treatment of the underlying cause. Most likely these
patients will be optimally managed in the intensive care setting or the operating
theater.

5.4 Types of Shock
5.4.1 Hypovolemic

Hypovolemic shock is further characterized as hemorrhagic and nonhemorrhagic.
Both are the result of reduced intravascular volume, i.e., preload. The heart rate
attempts to compensate for reduced stroke volume which leaves the cardiac output
relatively unchanged in the early phase. There is a critical threshold after ongoing
and uncontrolled volume loss that results in reduce cardiac output.

Hemorrhagic shock can be differentiated into four classes which correspond to
physical exam findings. The class of shock correlates to the percent of blood loss
(Table 5.2). The validity of this table is questionable in several clinical scenarios
and special populations. This includes young children, the elderly, patients with
traumatic brain injury, and those who are intoxicated. Special populations such as
children can compensate for very large amount of losses until they decompensate
precipitously. The elderly has little capacity to compensate for losses, and the clini-
cian should have a lower threshold to resuscitate [21]. Permissive hypotension or
hypotensive resuscitation in the setting of traumatic hemorrhagic shock has been
shown to decrease transfusion requirements, coagulopathy, and death [22, 23]. For
hemorrhagic shock due to trauma, the goal is to provide damage control resuscitation
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Table 5.2 Classes of hemorrhagic shock

I I I v
Blood loss (mL) <750 750-1500 1500-2000 > 2000
Blood loss (%) <15 15-30 30-40 >40
Pulse rate (bpm) <100 100-120 120-140 >140
Blood pressure Normal Normal Decreased Decreased
Respiratory rate 14-20 20-30 30-40 >35
Urine output (mL/h) >30 20-30 5-15 Anuria
Mental status Slight anxiety Mild anxiety Anxious, confused Lethargy, obtundation

(DCR). The primary objective is rapid control of hemorrhage. Crystalloids should
be minimized, and blood products should be provided to maintain a MAP of
55-60 until hemorrhage is controlled. Additional adjuncts such as the early use of
tranexamic acid continue to gather support and should be strongly considered early
in any patient suspected of hemorrhagic shock [24-26].

Common causes of nonhemorrhagic hypovolemic shock that confront the
ACS surgeon include severe gastrointestinal, skin, and third-space fluid losses.
Gastrointestinal losses include diarrhea, vomiting, and high ileostomy outputs.
Typical skin losses occur in major burns, Stevens-Johnson syndrome, and toxic
epidermal necrolysis. Third-space fluid losses can be seen after the postoperative
period, intestinal obstructions, or pancreatitis. Management involves appropriate
crystalloid resuscitation and electrolyte replacement.

5.4.2 Distributive

Inappropriate peripheral vasodilation is synonymous with distributive shock. There
are several forms each with a unique pathophysiology. The most commonly encoun-
tered for surgeons include septic shock, systemic inflammatory response syndrome,
and neurogenic shock. Less frequent causes include anaphylaxis, drug and/or toxin
induced, and Addisonian crisis.

5.4.2.1 Septic Shock

Septic shock is the most common form of distributive shock and is associated with
mortality of upwards of 40% [27]. Since Rivers and colleagues landmark paper, the
principles of early goal-directed therapy were introduced as standard of care for
management of septic shock [28]. Since that time, three multicenter, randomized
controlled trials have questioned the centrality of protocolization for sepsis [29].
However, the core tenets seem intact. Early patient identification, fluid resuscita-
tion, timely antibiotic administration, and source control remain consistent themes.
Serum lactate appears very important in prognostication regardless of the severity
of hypotension. If the patient remains refractory to fluid resuscitation, vasopressors
are indicated. Norepinephrine remains the first-line choice. Epinephrine can be used
as an additional agent if the patient remains refractory. Vasopressin can be added
to reduce the norepinephrine requirement but should never be the first-line agent.
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It is typically not titrated but started as an infusion at 0.03—-0.04 unit/min. Cardiac
abnormalities can be dynamic and can comprise systolic and diastolic dysfunction.
Normal or low cardiac output can result in septic shock, and these patients have
worse outcomes. When septic shock is associated with low cardiac output, dobuta-
mine is associated with a survival advantage although studies comparing epineph-
rine are lacking [30].

5.4.2.2 SIRS-Related Shock

A variety of other conditions can result in a systemic inflammatory response syn-
drome (SIRS) in conjunction with shock physiology. SIRS-related shock results in
a clinical picture that can range between hypovolemia and a septic-like appearance.
Common causes of SIRS-related shock include severe pancreatitis, burns, global
hypoperfusion states as seen after trauma, significant blunt or crush injuries, amni-
otic fluid syndrome, air embolism, fat embolism, idiopathic systemic capillary leak
syndrome, and return of spontaneous circulation (ROSC) after effective cardiopul-
monary resuscitation (CPR) [12].

5.4.2.3 Neurogenic Shock

Neurogenic shock is a form of distributive shock. It can often be difficult to discern
in the multiply injured patient. The patient exhibits hypotension with bradycardia
due to disruption of the autonomic nervous system with subsequent sympathetic
denervation [31]. Neurogenic shock may present at admission or several weeks
later. Lesions that give rise to neurogenic shock are at or above the sixth thoracic
vertebrae [31]. Hypotension exacerbates spinal cord ischemia and leads to second-
ary injury. Fluid resuscitation is first-line therapy. If hypotension remains refrac-
tory, then vasopressors should be used to maintain a MAP goal of 85-90 mm Hg.
The first-line choice of vasopressor depends upon the clinical situation. If brady-
cardia and hypotension are concurrent, then dopamine or norepinephrine should be
considered. If the patient is refractory to these medications, then epinephrine may
prove beneficial. Phenylephrine is not a useful agent in these situations since it is
associated with reflexive bradycardia. Before phenylephrine is added as an agent,
B-agonism should be established. Vasopressin has no established role and may even
worsen spinal cord injury [32].

5.4.3 Cardiogenic

Cardiogenic shock is the outcome of pump failure and reduced cardiac output. This
is defined by low cardiac output in spite of normal or high preload or right atrial
pressure. Hypovolemia and cardiogenic shock may both have decreased cardiac
output. Exam findings to aid in discrimination may include peripheral edema and
elevated jugular venous distension (JVD). Chest exam may reveal crackles or new
murmur with chest radiography demonstrating evidence of pulmonary edema or an
enlarged heart. Cardiac ultrasound can also be especially helpful in differentiating
between these forms of shock. Sonography can evaluate chamber sizes, wall motion
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abnormalities, presence of intracardiac masses, inferior vena cava (IVC) character-
istics, and evidence of effusion or tamponade [33]. Pulmonary artery catheterization
can prove valuable in these cases. A cardiac index less than 2.2 L/m? is associated
with cardiogenic shock especially when the pulmonary artery wedge pressure is
>18 mm Hg. A mixed venous oxygen saturation less than 70% is also indicative of a
cardiogenic origin of shock. Management of cardiogenic shock requires addressing
the cause.

Cardiogenic shock encompasses a range of cardiac or extracardiac causes. This
can include left ventricular failure, right ventricular failure, valvular dysfunction,
and cardiac arrhythmias. Right ventricular failure is frequently associated with
obstructive shock, and this will be discussed later in further detail.

Left ventricular failure is the most common form of cardiogenic shock and is fre-
quently associated with acute myocardial infarction or ischemia. Patients will either
demonstrate systolic or diastolic dysfunction. Decreased contractility characterizes
systolic dysfunction, whereas chamber stiffness is a hallmark of diastolic dysfunc-
tion. Myocardial ischemia, ventricular hypertrophy, and cardiac tamponade all are
important causes of diastolic failure. Evaluation with echocardiography is critical to
distinguish between them [34].

Valvular disease more often will complicate shock of other causes, but in the
acute setting, new valvular abnormalities can yield a profoundly unstable patient.
Papillary muscle or chordae tendinae rupture is usually the result of complicated
myocardial infarction. Retrograde dissection of the ascending aorta can result in
an acute aortic valve rupture with ensuing tamponade [35]. Echocardiography is
essential in establishing the diagnosis, and usually the patient will require revascu-
larization, operative repair/replacement, or both.

Arrhythmias can complicate other forms of shock. Ventricular arrhythmias fre-
quently accompany cardiogenic shock. The underlying cause should be sought and
can comprise of myocardial ischemia, pain, withdrawal or intoxication, and sev-
eral others. Symptomatic arrhythmias should follow advanced cardiac life support
(ACLS) recommendations. Rhythms associated with cardiogenic shock commonly
involve sustained ventricular tachycardia or complete heart block. Unstable ven-
tricular arrhythmias may require cardioversion followed by commencement of anti-
arrhythmics. Bradyarrhythmias associated with circulatory collapse even without
formal heart block regularly benefit from pacing [12].

5.4.4 Obstructive

Obstructive shock is most often a manifestation of an extracardiac cause of pump
failure. Like cardiogenic shock, patients present with low cardiac output and
elevated venous return or preload. Early identification is imperative because
resuscitation strategies should reflect judicious fluid administration and vaso-
pressor choice. Maintaining preload is important, but volume overload can prove
antagonistic. Common extracardiac etiologies include pulmonary embolism, car-
diac tamponade, tension pneumothorax, constrictive pericarditis, and restrictive
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cardiomyopathy. Patients with a history of pulmonary hypertension and right
ventricular dysfunction are exceptionally challenging to manage especially in
the setting of another form of shock. If no extracardiac cause can be confirmed,
then it can be assumed that the patient has an isolated right ventricular failure
that deserves further work-up. The differential should include left heart fail-
ure, acute right ventricular infarction, or worsening pulmonary hypertension.
Echocardiography is required to establish the diagnosis, so a high index of sus-
picion is valuable [34].

5.5 Management of Shock

The initial management of circulatory collapse should begin with an organized
resuscitation approach beginning with the assessment of the airway, breathing,
and circulation (ABCs). Hypoxemia should be addressed aggressively with a low
threshold to obtain a secure airway. Once the airway has been secured, the mechan-
ics of breathing with positive-pressure ventilation should be mitigated to optimize
venous return. In general, low tidal volumes diminish the effects of intrathoracic
pressures and are considered lung protective.

Once a plan of action has been established for airway and breathing, the next
consideration is access. In addressing circulatory shock, access should allow large
volumes. For peripheral access, the largest gauge with the shortest catheter length
should be used. Two large bore IV catheters, especially 18 gauge or higher, can pro-
vide flow rates equivalent or greater than a large gauge central venous catheter such
a sheath introducer or multi-lumen access catheter (Table 5.3) [36, 37].

5.5.1 Invasive Monitoring
After the diagnosis of shock has been determined, that patient’s care should be

transitioned to close monitoring within the operating room or intensive care unit.
Placement of catheters is often indicated and allows for precise therapy and titration

Table 5.3 Catheter sizes affect flow rates

Rate of flow with gravity (mL/ Rate of flow with pressure (mL/

Intravenous catheter min) min)
14 g 5 cm cannula 236 384
16 g 5 cm cannula 155 334
18 g 4.5 cm cannula 98 153
16 g distal port triple lumen 69 116
cvl

Sheath introducer (8 g) 200 333
Intraosseous (tibia) 83 154
MAC? 483

Adapted from Reddick et al. [37]
*MAC multi-lumen access catheter
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of medications. Hemodynamic monitoring is standard in most intensive care set-
tings. Most clinicians will utilize at least one or a combination of devices to validate
clinical findings.

Arterial catheters provide continuous arterial pressure and access for repeated
blood sampling. Indications for invasive arterial monitoring consist of hypotension,
clinically significant hypertension, or therapies requiring vasoactive medications.
Arterial catheters can guide fluid responsiveness. Variations in arterial pressure
during positive-pressure ventilation correspond with venous return. Pulse pressure
variation is the difference between systolic and diastolic arterial blood pressure.
Ventricular filling fluctuates in states of decreased preload. Thereby, the pulse pres-
sure variation during the respiratory cycle conveys the likelihood of cardiac output
augmentation by volume replacement. The caveat is that this is only useful in the
mechanically ventilated patient with tidal volumes >8 mm/L with a normal cardiac
rhythm. Thus, this may not be ideal in tenuous patients requiring lung protective
ventilation. Pulse contour analysis functions as an approximation of cardiac output
as it takes into account stroke volume and the compliance of vessels. This may offer
an alternative to pulmonary artery catheters (PAC), but it does not provide a direct
measurement [38].

Central venous catheterization (CVC) facilitates large volume resuscitation and
offers reliable access for vasopressor administration. The CVC can measure central
venous pressure (CVP), which can be obtained from the jugular, subclavian, or
femoral vein [39]. CVP gauges right atrial pressure which can function as a surro-
gate for preload assessment. However, cardiac dysfunction or pulmonary hyperten-
sion also increases CVP. In the absence of pulmonary or cardiac dysfunction, a CVP
of less than 10 mm Hg may suggest fluid responsiveness. Multiple measurements
should be obtained, and there is more value in trends. The CVC also serves as a site
for central venous blood sampling. Central venous oxygenation (ScvO,) can serve
as a proxy for oxygen delivery, consumption, and cardiac output [39]. Trends have
more utility for individual patients, and corroboration with other modalities such as
cardiac ultrasound is encouraged.

Although the utility of PAC in patient outcomes has been challenged, it can
be helpful in the appropriate patient population [40, 41]. PAC supplies informa-
tion on right atrial, pulmonary artery, and pulmonary artery occlusive pressure or
wedge pressure (PAWP). The PAWP should reflect the left atrial pressure. There
are a number of limitations for PAC especially in the background of respiratory
failure. Elevated PEEP can falsely elevate PAWP. PAWP can also be affected by
valvular abnormalities and arrhythmias. The PAC enables measurement of cardiac
output through thermodilution and can allow for direct assessment of mixed venous
oxygen saturation (SvO,). ScvO,, obtained from the CVC, is an approximation of
SvO,. SvO, is generally higher than ScvO, in healthy patients but is lower in the
critically ill. The myocardium is an important site of oxygen extraction and this is
not reflected in ScvO,
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5.6  Refractory Shock

Despite aggressive efforts, 7% of critically ill patients will fail to respond to maxi-
mum therapy [42]. Refractory shock is defined as failure to achieve a blood pres-
sure goal despite vasopressor therapy, need for rescue therapy, or need for high
vasopressor doses [43]. In managing these patients, all causes of shock should be
reconsidered and exonerated. Shock classification will guide therapeutic options.

5.6.1 Adjuncts to Resuscitation

Circulatory collapse affects delivery and pharmacokinetics of drugs delivered, mak-
ing delivery options limited. Subcutaneous and even peripheral venous administra-
tions can be unpredictable. Despite central venous delivery, acidemia will render
vasopressors ineffective. Severe organ dysfunction especially renal and liver hypo-
perfusion can disrupt drug clearance.

Bicarbonate infusion is frequently employed to counteract severe metabolic aci-
dosis. Unfortunately, bicarbonate has some untoward consequences, namely, hypo-
calcemia and worsening intracellular acidosis by the diffusion of CO, through cell
membranes. Both of these effects result in reduced myocardial contractility [44].
The administration of sodium bicarbonate requires the elimination of the excess
CO, via minute ventilation which can exacerbate acute shock and respiratory failure.

Tris(hydroxymethyl)aminomethane or THAM is a biologically inert amino alco-
hol and proton acceptor [45]. It is considered an alternative to sodium bicarbonate
infusion. THAM is excreted by the kidney as an ammonia by-product. This has the
theoretic advantage in the setting of ARDS or severe respiratory failure. THAM
does not affect serum potassium, but this can be particularly hazardous in the set-
ting of acute kidney injury or massive transfusion which is often accompanied with
hyperkalemia [46].

Refractory distributive shock results from an impaired vascular response to
catecholamines. If sepsis is a consideration, empiric antibiotics should be broad-
ened, and an active investigation for an uncontrolled source should be entertained.
First- and second-line vasopressors should be optimized. There is much evi-
dence supporting vasopressin as an effective agent with norepinephrine in sepsis.
There is equipoise to titrating vasopressin if the patient remains refractory [47].
Glucocorticoids should also be considered [48]. Other potential therapeutic agents
include calcium chloride, methylene blue, hydroxocobalamin, ascorbic acid, thia-
mine, and angiotensin II [42].

In patients with refractory cardiogenic shock, veno-arterial extracorporeal mem-
brane oxygenation (VA ECMO) is the most frequently employed option in manage-
ment. Refractory cardiogenic shock describes the patient with progressive organ
dysfunction as the result of insufficient cardiac output despite maximized inotropic
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support [49]. While ECMO is effective in the treatment of severe acute respiratory
distress syndrome (ARDS) defined as PaO,:FiO, ratio <100, respiratory failure need
not be present for consideration of VA ECMO for refractory cardiogenic shock. VA
ECMO should be used in the context of specific goals. Ideally, it should serve as a
bridge to recovery, transplantation, or destination therapy such as LVAD implanta-
tion. Extracorporeal cardiopulmonary resuscitation or ECPR provides VA ECMO to
patients who have cardiac arrest that is initially refractory to resuscitation. The cause
of cardiac arrest must be potentially reversible. Patients must be carefully selected
and expectations must be clearly delineated. A proposed criteria for ECPR suggests
that patients have a witnessed arrest with bystander CPR. Patients should be less
than 75 years and no ROSC before 10 min or after 1 h [50]. In the background of
dysfunction of multiple organ systems, ECMO may not be considered practical, and
outcomes are disappointing. Additionally, patients who have required prolonged
mechanical intubation (>10 days) by the time of cannulation do not appear to ben-
efit significantly [51]. Other relative contraindications include contraindications to
anticoagulation, severe aortic regurgitation, or aortic dissection.

5.7 Conclusion

Management of circulatory failure is complex. Early identification affects outcomes
and prevents organ dysfunction. It is imperative to determine the cause of shock
as this drastically affects management options. Treatment should be organized and
tailored to each specific patient keeping in mind their age and significant comorbidi-
ties. Resuscitation should be guided by the surgeon, but active communication with
colleagues and specialists is often necessary. Refractory shock is a dreaded outcome
in the patient with circulatory failure, but familiarity with additional adjuncts can
provide time to discover a reversible cause. ECMO and ECPR are only indicated
in very specific patients, and its role in resuscitation remains under investigation.
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6.1 Introduction

Traumatic brain injury (TBI), defined as a disruption in the normal function of the
brain that can be caused by a bump, blow, or jolt to the head, or penetrating head
injury (https://www.cdc.gov/traumaticbraininjury/index.html), is a leading cause
of mortality and disability worldwide [1, 2]. In recent years, the epidemiology of
TBI has been changing [2, 3]. In high-income countries, we observe an increase
in the number of elderly people with TBI, mainly after falls. This category of
patients, generally with preexisting diseases, is frequently taking antiplatelet
and/or anticoagulation drugs. In low-income and middle-income countries, we
observe an increase in the number of young individuals with TBI, mainly related
to road traffic incidents. In polytrauma patients, TBI is frequently associated with
extracranial injuries [4]. For this reason, every emergency-trauma surgeon should
have a basic knowledge about TBI. With this in mind, the objective of this chapter
is to provide concise and practical information about TBI pathophysiology, moni-
toring, and management. Furthermore, given its importance, a brief discussion
about the brain death determination and management of the potential organ donor
will be provided.
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6.2 Pathophysiology

The brain is protected from direct blows to the head by the presence of the layered
barrier of the scalp, skull, and meninges. The elasticity of the cerebral tissue and
the space provided by a thin layer of cerebrospinal fluid (CSF) allow the brain to
also withstand shear forces and sudden displacements caused by accelerations and
decelerations. A mechanical force applied to the head that exceeds these protective
properties will result in a TBI. In blunt trauma, accelerations and decelerations can
stretch and compress the cerebral tissue beyond its elastic properties. In penetrat-
ing trauma, brain tissue is directly disrupted by a foreign object. Its kinetic energy
can also propagate through the brain as a centrifuge wave causing further damage.
Shock waves created by an explosion can similarly propagate and disrupt brain tis-
sue in a similar way. The overall result is a sudden loss of the integrity of vascular
and neural cells leading to hemorrhages and parenchymal injuries and known as
primary brain injury. This triggers a multitude of molecular cascades that evolve
independently and long after the initial insult. The complicated interplay of inflam-
mation, parenchymal edema, ischemia, and many other processes unfolding over
many hours and ultimately leading to further brain tissue loss is known as second-
ary brain injury [5-9]. Brain injuries can be also be classified as localized or dif-
fuse. In clinical practice, both types coexist [10-13].

Localized primary injuries can involve any single anatomical entity, but—espe-
cially in moderate or severe TBI—rarely occur in isolation. There are known inflam-
matory, metabolic, and circulatory repercussions involving adjacent areas that make
them prone to develop further tissue loss [5, 14—16].

Skull fractures can be linear or depressed. Linear fractures don’t cause any direct
injury to the underlying meninges and brain but should raise the suspicion of an
underlying parenchymal or vascular injury. Careful examination of the CT scan is
needed to distinguish a nondisplaced linear fracture from normal suture lines and
vessel grooves. With depressed fractures, the disrupted bone margin or its fragments
can directly lacerate the underlying vessels, meninges, and brain tissue. The pres-
ence of facial and orbital fractures should be suspected when instability of the facial
bones or an orbital rim step-off is appreciated on palpation of the face. Upper facial
injuries are more often associated with an underlying brain injury [17]. The pres-
ence of ecchymosis in the periorbital area (raccoon’s eyes) or mastoid area (Battle’s
sign) can be evidence of a basal skull fracture. This should also be suspected in
the case of CSF otorrhea, hemotympanum, and CSF rhinorrhea [6]. During blunt
trauma the surface of the brain can impact the bony prominences and ridges of the
cranial cavity. This leads to the development of small ill-defined “ecchymosis”™—
focal cortical contusions—at the site of impact (coup) and/or on the opposite side
of the brain (countercoup). Although the extravasated blood is the most prominent
feature visible on CT scan, it is important to keep in mind that an equivalent but
less visible neuronal damage is taking place at the same site and in surrounding
areas in the form of both a primary and secondary injury. Cortical contusions can be
relatively small and scattered along a portion of the cortical surface or coalesce to
form a lesion extending deeper under the cortex [5—13]. Larger collections of blood
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(>2 cm) located deeper in the brain are termed deep intracerebral hemorrhages
(ICH). The amount of energy causing these lesions is high, and an associated diffuse
injury should be suspected as well as the development of significant secondary brain
injury. These blood collections also tend to increase in size and can, in up to 10%
of severe TBI patients, extend to the ventricles. The presence of an intraventricular
hemorrhage implies a more severe injury and is associated with a poor outcome
[5-13]. Clinicians should also be aware of the possible development of delayed
traumatic intracerebral hemorrhages (DTICH). As the name implies, these are not
visible on initial imaging and only appear on follow-up scans [18].

An epidural hematoma (EDH) is formed when blood accumulates between the
dura mater and the inner table of the skull. This is most typically caused by a trauma
to the temporal area of the skull causing a tear of the middle meningeal artery. The
initial trauma can be asymptomatic or cause only a brief loss of consciousness fol-
lowed by temporary resolution of symptoms. This period between the initial injury
and the sudden subsequent deterioration is termed “lucid interval.” The brisk arte-
rial bleeding in fact causes a rapid expanding hematoma with severe mass effect, a
sudden increase in intracranial pressure (ICP), and rapid neurological deterioration.
On imaging, they appear as biconvex collections of blood located between the bone
and the brain and associated with a skull fracture in around 75% of cases. Being
located outside of the dura, they are not limited by the presence of venous sinuses
or dural structures like the falx and tentorium but do not cross the sutures. Epidural
hematomas can also be occasionally due to the damage to a dural venous sinus in
the occipital posterior or anterior middle cranial fossa or at the vertex [5—13].

Blood can also collect in the subdural space, between the dura and arachnoid
mater, giving rise to a subdural hematoma (SDH). This is thought to be caused by
an injury of the bridging veins that cross the subdural space carrying blood from the
brain to a dural venous sinus. Older individuals are especially prone to developing
such injuries. This is likely due to the fact that an aging brain gradually decreases in
size, progressively stretching the bridging veins and making them more vulnerable
to shearing forces. SDH can develop after a minor trauma and can be very indolent
(chronic or subacute SDH). It can also be arterial in origin and recurrent (acute on
chronic). The fluid collection is often a mixture of blood and CSF leaked from the
arachnoid. On CT, it typically appears as a large high-density (when new) or low-
density (when old) crescent-shaped lesion [5-13].

Traumatic subarachnoid hemorrhages (tSAH) occur when blood collects in the
subarachnoid space. On CT scan, these appear as thin high-density collections cov-
ering the surface of the gyri and filling the sulci and basal cisterns. Some degree
of cerebral vasospasm has been described in patients with tSAH using surveillance
transcranial Doppler ultrasonography or angiography. This tends to develop by day
2, peak at around day 7, and resolve by day 14. Less than one in five patients who
develop vasospasm has some evidence of a corresponding clinical deficit [5-13, 19].

An example of diffuse primary injury is a widespread disruption of the long
axons that traverse and constitute the white matter. These typically occur in the set-
ting of severe blunt trauma from motor vehicle collisions, falls, or explosions as a
result of shear forces from a rotational acceleration. Although the resulting damage



92 E. Picetti et al.

evolves over many hours after the initial event, this diffuse axonal injury (DAI) is tra-
ditionally classified as a primary injury. There is now evidence that axonal damage
is not the immediate result of the mechanical rupture of axons but is instead a more
complicated process that takes up to 48 h to fully unfold. The stretching of axons
disrupts the cytoskeleton and cell membrane causing an unregulated influx of cal-
cium at the nodes of Ranvier. The rise in intracellular calcium activates proteolytic
enzymes that further digest the already compromised cytoskeleton. The result is an
interruption of axonal transport and an eventual axotomy, apoptosis, and Wallerian
degeneration. The areas of the brain that are most vulnerable to this type of injury
are also rich in critical neural circuits: the white matter connecting the cortex to
the rest of the brain, the corpus callosum which connects the two hemispheres,
the brainstem, the basal ganglia, and the thalamus. Diffuse damage to these struc-
tures can lead to devastating consequences [5—13, 20, 21]. These types of injury can
lead to dense coma and a poor neurological outcome [1]. DAI can be deceptively
inconspicuous on the initial CT scan, but its occurrence can be suggested by the
presence of its vascular counterpart: petechial white matter hemorrhages. These are
punctiform blood extravasations, the result of injury to multiple small blood vessels
within the white matter. The endothelial damage that causes them is thought to be
analogous to the cellular membrane damage that occurs in DAI [5-13, 22].

Trauma patients can suffer a diffuse brain injury even in the absence of a TBI
as a result of a traumatic cardiac arrest. The central nervous system is notoriously
vulnerable to ischemic insults. Without perfusion, local reserves of ATP only last
only 5 min, and oxygen is depleted in about 20 s. The result is anoxic brain injury.
This appears on CT as a loss of definition of white/gray matter on CT. It is associ-
ated with a poor prognosis [23].

Primary brain injuries can potentially be prevented, but—because of their instan-
taneous occurrence—they are for the most part out of the reach of any current medi-
cal treatment. What needs to be appreciated is that the original injury initiates a
multitude of pathological cascades threatening the surviving brain. Secondary brain
injury is the result of all these subsequent events and the main focus of TBI manage-
ment. It starts immediately following the injury as a result of the disruption of cel-
lular structures and evolves independently from the original injury unfolding over
many hours and days. While some neurons might have been irreversibly lost as part
of the primary injury, many more are threatened by the development of secondary
injuries and are potentially salvageable. The responsibility of every healthcare pro-
vider involved in the care of TBI patients is to be cognizant of this evolving process
and to take every possible step to limit it or—at the very least—not to aggravate it.
This means following some basic principles consistently at all times from the field
to the emergency department and the intensive care unit. Maintaining an adequate
cerebral perfusion pressure (CPP) and oxygenation are two well-established exam-
ples of how salvageable brain tissue can be preserved.

The pathophysiological pathways involved in the development and evolution of
secondary brain injuries are complicated and interrelated: inflammation, ischemia,
loss of autoregulation, vasospasm, edema, necrosis, apoptosis, meningitis, and sei-
zures are only few examples of the numerous processes involved.
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Secondary brain injury can be described as happening on many levels. While at
the core of a severe traumatic lesion, severe ischemia and necrosis prevail, while
other mechanisms are at play in the surrounding tissue and the rest of the brain. At
a cellular level, the membrane disruption causes an influx of calcium with activa-
tion of the calpain system. The calpain system is responsible for an unregulated
intracellular proteolysis and also for triggering apoptosis. Damage to the mitochon-
dria decreases the cellular energy production and exacerbates the oxidative stress
accelerating the molecular pathways leading to apoptosis. The traumatic impact can
also cause a massive depolarization with cellular influx of potassium and release
of glutamate. Glutamate is also released by damaged neurons. This phenomenon
is known as excitotoxicity. The resulting overactivation of NMDA receptors trig-
gers a cellular inflow of calcium and sodium with a subsequent depletion of ATP in
an effort to reestablish the electrolyte balance and an additional decrease in mito-
chondrial function. An increase in the pentose phosphate pathway and a decrease
in pyruvate and ATP production compound this “energy crisis” and lead to further
cellular loss [5, 24, 25].

At a macroscopic level, recruitment of inflammatory cells with production of oxy-
gen radicals and further cell loss can be observed. Impaired autoregulation of the
vascular system leads to relative ischemia. In addition to inflammation and impaired
perfusion, it is the development of brain edema and the resulting increase in ICP
that are major determinants in the evolution of the injury and the main focus of
clinical management. Brain edema near the core of the traumatic lesion is generally
vasogenic and cytotoxic in nature, occurring mainly as a consequence of the BBB
disruption and cell death. The extracellular potassium released from the damaged
cells is taken up by astrocytes located in the periphery of the lesion. Water, driven
by the osmotic gradient, enters these cells, leading to what is known as ionic edema.
While the presence of the rigid skull provides protection from a primary brain injury,
it also does not allow for the brain to swell without a corresponding increase in ICP.
The consequence is a compartment syndrome leading to ischemia and brain tissue
herniation with compression of critical structures in the brain stem [26].

The Monro-Kellie hypothesis illustrates the dynamic relationship between
the space occupied by the brain tissue (1.4 L), the CSF (150 mL), and the blood
(150 mL). Since the intracranial space is constant, an increase in one of these com-
ponents will lead to a decrease in the others. The increase in brain volume deter-
mined by the development of brain edema or an intracranial blood collection initially
leads to a decrease in CSF and venous blood. Once the limit of these compensating
mechanisms has been reached, the ICP starts to rise. The increase in ICP eventually
prevents arterial blood to reach the cranial cavity and also causes displacement of
brain tissue. The CPP is the difference between the mean arterial blood pressure
(MAP) and the ICP (CPP = MAP — ICP). The CPP is the gradient that drives the
perfusion of the brain. A decrease in MAP and an increase in ICP can both result in
a fall in the CPP. A certain level of CPP is needed to maintain cerebral blood flow
(CBF). If the CPP falls below 60-70 mmHg, the compensatory mechanisms of the
cerebral circulation, which may already be impaired as the result of the brain injury
itself, become ineffective and tissue ischemia ensues [5-9].
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Further local pathological events threatening the recovery from a TBI include
the development of seizures, hydrocephalus, meningitis, and vascular complica-
tions such as carotid or vertebral artery dissection, the development of a carotid-
cavernous fistula, fat embolism, and dural sinus thrombosis. The clinician needs to
maintain a high index of suspicion for the development of any of these local compli-
cations, especially in the event of a sudden clinical deterioration [5-9].

One last key aspect to keep in mind when caring for a severe TBI patient is that
up to 60% of them have an associated injury to some other body region. This can
influence the evolution of the secondary brain injury. One of the many examples is
the development of acute respiratory distress syndrome (ARDS) following severe
lung contusion leading to hypoxemia. At the same time, a brain injury can by itself
trigger complications involving other organ systems. Some examples are neuro-
genic pulmonary edema, cardiac dysrhythmias, systemic coagulopathy from leak-
age of brain tissue factor (thromboplastin), and diabetes insipidus from pituitary
failure. Many more of such complications have been described, and they can all
threaten the recovery from a TBI [5-9].

6.3  Neuromonitoring

In the setting of TBI, particular attention should be paid to avoidance of second-
ary insults such as hypoxia and hypotension, as these are known to be associated
with increased mortality and worse neurological outcomes [27]. Additionally, care
should be taken to maintain motion restriction of the cervical spine as cervical spine
injuries are commonly associated to TBI [5, 6, 28].

Assessing and monitoring the neurological system is carried out once the initial
resuscitation is complete and all life-threatening processes have been or are being
addressed. The initial and repeated neurologic examination remains the basic tool for
assessing and following the progression of any neurological injury. The stratification
of a TBI is based on the results of the physical examination and CT scan findings
[10, 29]. In particular, the Glasgow Coma Scale (GCS) should be calculated as soon
as this is feasible and prior to sedating or intubating the patient if this is safe and pos-
sible [30]. Assessing the GCS will also help in determining if the patient should be
intubated and—while eliciting the motor component of the GCS in all limbs—allows
for a brief spinal cord injury assessment. The initial neurological exam should also
include the assessment of the pupillary reflexes bilaterally. All these findings should
be clearly documented and communicated by the pre-hospital team to the receiv-
ing hospital staff and then again thereafter every time patient care is passed on to a
new provider and at regular time intervals [5, 6, 28]. On arrival to the hospital, after
completion of the primary survey and after the patient has been sufficiently resusci-
tated, a more detailed neurological examination should be carried out as part of the
secondary survey, and a non-contrast CT scan of the brain and the cervical spine is
generally obtained as soon as this is feasible and safe. The initial neurological exam
and CT scan findings will inform the trauma team on the need for any immediate
surgical intervention [6]. Repeat neurological examinations should then be carried
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out at regular intervals and at least hourly or sooner if a deterioration is suspected.
The head CT is also repeated at least once after a few hours (generally 6 h) or sooner
if needed and thereafter as clinically indicated in patients with significant intracra-
nial findings on initial imaging. Other diagnostic tests such as electroencephalogram
(EEG) and magnetic resonance imaging (MRI) may also be valuable under certain
circumstances but are rarely needed acutely following TBI.

Once the patient is admitted to the intensive care unit (ICU), the focus shifts toward
preventing and managing the development of secondary brain injury. Many systemic
and local factors contribute to this such as hypoxemia, hypotension, fever, etc. (sec-
ondary insults). Standard ICU monitoring, including pulse oximetry and continuous
arterial blood pressure measurement via an intra-arterial catheter, should be utilized.
A Foley catheter should also be inserted to monitor the urinary output [31].

The development of tissue edema is the common consequence of most secondary
brain injury pathways and leads to intracranial hypertension (IH). I[H counteracts the
systemic arterial pressure attempting to perfuse the brain, and this is quantified by
measuring the CPP (MAP-ICP). In a severely injured brain, cerebral hypoperfusion
may be compounded by an already compromised cerebral vascular autoregulation.
IH also causes the brain to herniate leading to compression and the catastrophic
loss of function of critical structures such as the brainstem. Even short periods of
intracranial hypertension and cerebral hypoperfusion, when repeated in time, lead
to a progressive worsening outcome. For these reasons monitoring and management
of ICP has become central to the ICU care [26, 31-34]. Although there are a grow-
ing number of reports on noninvasive techniques, invasive monitoring remains the
current standard of care. There is no good quality evidence to support any specific
indications for the placement of an ICP monitor, and this remains a highly debated
topic. A recent multicenter randomized clinical trial failed to show any advantage
in ICP monitoring in the management of severe TBI [35]. A neurosurgeon should
always be involved early in the care of a patient with a severe TBI, and ICP monitor-
ing is still recommended in potentially salvageable patients with an abnormal CT
scan and a GCS of 8 or less after resuscitation [36].

Patients presenting with brain contusion in which sedation interruption for neu-
rological assessment may be detrimental and patients who undergo a decompressive
craniectomy may benefit from ICP monitoring [37, 38].

Careful consideration should also be given to ICP monitoring in hypotensive
patients, those with clinical signs of increased ICP including anisocoria and uni-
lateral or bilateral posturing, and those whose clinical deterioration is likely due to
intracranial hypertension. The ultimate decision to place an ICP monitor should be
taken in concert with the neurosurgeon and the neurointensivist and tailored to the
specific clinical scenario [36].

The two commonly employed devices to monitor the ICP are placed either in
the brain parenchyma [intraparenchymal monitor (IPM)] or in one of the lateral
ventricles [external ventricular drain (EVD)]. The former modality is diagnostic
only, while the latter, allowing for the drainage of CSF, is therapeutic as well. A
tiered approach to ICP-lowering therapies is recommended and should be driven by
institutional guidelines [37].
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Complications of invasive ICP monitoring include track hemorrhage, meningi-
tis, and malposition. There does not appear to be an increase in infections when
ICP monitors are placed in the ICU compared to the OR. The risk for infection
does increase with duration of monitoring, at least during the first week. The use
of prophylactic antibiotics reduces this risk, but it is not clear if these should be
only administered peri-procedurally or for as long as the device is in place [39].
The incidence of clinically significant hemorrhage varies across the literature but
seems to be low (<0.5%) for patients with IPM. It is common practice to correct any
coagulopathy prior to insertion of an ICP monitor. There is no consensus of when it
is safe to start pharmacological deep vein thrombosis (DVT) prophylaxis, and this
needs to be based on an individualized benefit-risk assessment. If not contraindi-
cated, pharmacological DVT prophylaxis should probably be started within the first
72 h after insertion of the device [39-41].

In the TBI setting, an ICP of more than 20 mmHg is considered abnormal, and a
sustained value of more than 22 should prompt some type of intervention [36]. The
development, duration, and magnitude of IH are independent predictors of a worse
outcome [42—-45]. In patients with contusions close to the midbrain, a lower thresh-
old may need to be considered [46].

Besides displaying the ICP level as an isolated absolute value expressed in
mmHg, continuous monitoring allows the visualization of the ICP waveform which
offers useful information about brain compliance. When the ICP is transduced, the
waveform has a few distinguishable components. The normal ICP waveform has
physiological variations that can be distinguished based on their frequency. Pulse
waveforms have the same frequency as the patient’s heart rate and an amplitude of
about 1-4 mmHg. They display a steep systolic upstroke and a slower downstroke
with three discrete peaks of decreasing height. The first and highest peak—P1—is
the result of the arterial pressure being transmitted by the choroid plexus to the
ventricular CSF and is called “percussive wave.” Its height is related to the systemic
arterial blood pressure. The second peak—P2—is called “tidal wave,” and its size
is thought to be inversely related to cerebral compliance: a prominent P2 should
raise the suspicion for a decreased compliance of the brain as would be seen in the
setting of elevated ICP. The last peak—P3 or “dicrotic wave”—is due to the slight
increase in systemic arterial pressure caused by the closure of the aortic valve and
being transmitted to the intracranial space. The other physiological variations of
ICP are synchronous with the patient’s breathing, and they have an amplitude of
2-10 mmHg [42].

When analyzing the ICP trend over a period of many minutes, it is possible
to identify other pathological patterns. The best known example is A waves, also
known as plateau waves. These are sustained increases in the ICP lasting up to
20 min and reaching an amplitude of more than 50 mmHg. When they resolve, the
ICP does not decrease to its previous level and resets to a new higher baseline. Such
sustained increases in the ICP are signs of a greatly compromised vascular auto-
regulation and can lead to severe drops in the CPP and to herniation [47].

Cerebral autoregulation is the ability of the cerebral arterioles to change
their muscular tone and diameter in order to guarantee an adequate blood flow
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despite changes in the systemic blood pressure and metabolic demands of the
brain tissue. The cerebral circulation is able to maintain a constant blood flow of
40-50 mL/100 g/min despite changes in the MAP in the range of 50-150 mmHg.
Hypertension causes arteriolar vasoconstriction, while hypotension causes arterio-
lar vasodilatation. A decrease in tissue pH, as can be seen in the case of ischemia,
causes cerebral vasodilatation and an increase in blood flow. On the contrary, the
alkalemia caused by hyperventilation causes vasoconstriction, a decrease in blood
supply to the brain with the transient potential advantage of decreasing the intracra-
nial blood volume and therefore the ICP [48, 49]. The preservation of an effective
cerebral autoregulation can be approximated by the measurement of the pressure-
reactivity index (PRx) which expresses the dynamic relationship of changes in the
ICP in response to variations in the arterial blood pressure over a period of many
minutes [42].

Weaning from the ICP monitor can be done once the ICP and clinical status have
been consistently stable for a number of days. If the patient has an EVD, the drain
is closed after a period of increasing drain height. A repeat CT is typically obtained
the following day. If this shows the presence of a hydrocephalus or if the ICP rises
above 20 mmHg for more than 5 min or if there is a clinical deterioration, the drain
is reopened [5, 6, 39].

The development of new unprovoked seizures is common following severe TBIs
with a reported incidence of 22%; nonconvulsive seizures are slightly more frequent
than convulsive ones [50]. Risk factors are the presence of a subdural hematoma, a
skull fracture, a history of loss of consciousness or amnesia lasting more than 24 h,
and age over 65 [51]. Electroencephalography (EEG) is the gold standard for detect-
ing the presence of seizures and helpful in titrating antiepileptic medications. It can
be performed as a “spot” exam or as a continuous recording. Besides being helpful
in detecting the presence of seizure activity, it can also aid in the prognostication
process [34].

The interstitial biochemical environment can be directly sampled through the
use of cerebral microdialysis. A catheter is inserted in the brain parenchyma, and
a solution, similar in composition to cerebrospinal fluid, is circulated inside the
catheter. A semipermeable membrane separates this solution from the interstitial
space. This prevents the solution from spilling into the brain tissue but allows
solutes, such as glucose, glutamate, lactic acid, pyruvate, and cytokines, to move
from the interstitial space into the lumen of the catheter and be collected. The
solution is then retrieved and analyzed. An increase in the lactate to pyruvate
ratio (LPR)—for example—can indicate the shift toward anaerobic metabolism
dictated by the presence of ischemia or by a maladaptive dysfunction of the gly-
colytic pathway as seen following TBI. In TBI this is also associated to increased
mortality [52].

As mentioned above, the brain is very sensitive to drops in oxygen delivery. The
brain tissue oxygen (BtO2) tension can be measured directly using probes inserted
into the parenchyma. The frontal lobe on the side of the most severe injury is gen-
erally chosen. If there is a diffuse injury, the nondominant side is chosen instead.
The measurement obtained is a regional one and does not necessarily reflect the
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oxygenation of other areas or of most of the brain. Following severe TBI brain
hypoxemia, defined as a BtO2 tension of <10 mmHg for more than 15 min, corre-
lates with worse outcomes (OR 4.0; 95% CI 1.9-8.2) and increased mortality (OR
4.6; 95% CI 2.2-9.6) [53]. Strategies aimed at improving oxygen delivery by aug-
menting the CPP with the use of norepinephrine have been shown to significantly
increase the BtO2 tension [54].

Global cerebral oxygen utilization can also be measured by jugular bulb oxim-
etry in which an oximetry probe is placed in the jugular vein. The normal jugular
vein saturation of oxygen (SjVO2) is above 60%. The presence and duration of epi-
sodes of desaturation, defined as a SjVO2 of <50% for 10 min, has been associated
with a worse outcome [55].

Occasionally a clinician may be interested in assessing for the development of
reactive cerebral vasospasm leading to brain hypoperfusion. This can be achieved
by performing a transcranial Doppler ultrasonography (TCD) and measuring the
cerebral blood flow velocity. Vasospasm is a well-documented complication of
spontaneous aneurysmal subarachnoid hemorrhages (SAH) but can also happen fol-
lowing traumatic brain injuries, especially if a tSAH is present. In this case the onset
tends to be earlier and the duration shorter when compared to vasospasm associated
to spontaneous SAH [19].

6.4 Management

This section is focused on the management of post-traumatic IH. Elevated ICP is
associated with worse outcome [56, 57], and for this reason it must be quickly rec-
ognized and treated.

Regarding the management of severe salvageable TBI patients, three points
should be kept in mind:

1. In the case of intracranial hematomas requiring urgent surgical evacuation (to
prevent/treat brain shift, compression, and herniation), early neurosurgical con-
sultation is mandatory. Trying to treat an emergent surgical problem with medi-
cal therapy can be very harmful for the patient. For surgical therapy, please refer
to “Guidelines for the Surgical Management of TBI” edited by the Brain Trauma
Foundation (BTF) [58] [available at: www.braintrauma.org/guidelines/
guidelines-for-the-surgical-management-of-tbi#/].

2. Any therapy for ICP control has pros and cons that every provider should keep
in mind [37, 59, 60].

3. In addition to treatment of elevated ICP, the CPP should be optimized to main-
tain an adequate CBF considering patient’s age and comorbidities (i.e., arterial
hypertension) [36].

A stepwise approach to the treatment of IH is recommended [37], where the
level of therapy in patients with elevated ICP is increased step by step, reserving
more aggressive interventions which are generally associated with greater risks/
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Management of the Patient with Traumatic Brain Injury
This is a general guideline only. All patient care should be individualized based on the practitioner’s best judgement
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* Maintain SBP >90 mmHg
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Fig.6.1 The R Adams Cowley Shock Trauma Center algorithm for management of patients with
severe TBI
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| Continued from Page 1
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Fig. 6.1 (continued)

adverse effects when no response is observed (Fig. 6.1; Table 6.1). The availabil-
ity of advanced multimodal neuromonitoring (i.e., brain tissue oxygen monitoring,
cerebral microdialysis, etc.), providing a more comprehensive understanding of the
injured brain, might better optimize individualized treatment decisions, but outcome

studies are lacking

[2,61].
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Table 6.1 Approach to intracranial hypertension (Parma ICU protocol)

0O—Basic
— Head position At least 30° from horizontal plain
— Neck position Midline
— Sedation/analgesia
— Normothermia BT <375 °C
— PaO2 80-100 mmHg
— PaCO2 35-40 mmHg
[—First-tier therapies
— CSF withdrawal If EVD available for ICP monitoring
— Osmotherapy Mannitol, hypertonic saline

Serum osmolarity <320 mOsm/L
Serum Na < 150-155 mEq/L
— Increase sedation

— PaCO2 30-35 mmHg
2—Second-tier therapies
— PaCO2 25-30 mmHg
— Hypothermia BT 35-36 °C
— Barbiturate coma
— Decompressive In the case of frontotemporoparietal DC (not <12 x 15 cm or
craniectomy 15 cm diameter)

BT body temperature, EVD external ventricular drain, /CP intracranial pressure, Na sodium, DC

decompressive craniectomy, PaO2 arterial partial pressure of oxygen, PaCO?2 arterial partial pres-

sure of carbon dioxide

Note:

— ICP goal: <20 mmHg

— In some cases neuromuscular blocking agents might be added to sedation

— Cerebral perfusion pressure (CPP) [mean arterial pressure—intracranial pressure] should be
maintained between 60 and 70 mmHg

6.4.1 Sedation/Analgesia

In the ICU, sedative and analgesic drugs are routinely utilized for the control
of (1) pain, (2) anxiety, (3) agitation, and (4) patient-ventilator interaction [62].
Moreover, sedatives exert specific cerebral protective effects [63, 64]. Sedative
agents reduce in a dose-dependent manner the cerebral metabolic rate of oxygen
(CMRO?2) and consequently the CBF with a parallel decrease in cerebral blood
volume (CBV). The CBV reduction is associated with a decrease in ICP. In addi-
tion, an appropriate sedative and analgesic strategy decreases pain and agitation
which may exacerbate IH. Sedation also may reduce the occurrence of seizures.
Characteristics of some sedatives and analgesic drugs frequently utilized in neuro-
ICU (NICU) are reported in Table 6.2. Sedation/analgesia could be individualized
considering potential benefits (in correlation with the severity of brain injury and
the difficulty in ICP control) and risks and side effect profile. Excessive sedation,
prolonging ICU stay, is associated with increase morbidity and mortality [62]. The
BTF currently recommends the use of propofol as a level IIb recommendation for
the control of ICP, despite no demonstrated improvement in mortality or 6-month
outcomes [36].
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Table 6.2 Sedatives and analgesics characteristics

Sedatives

Midazolam
BD IV: 0.05-0.2 mg/kg
CIIV: 1-4 mcg/kg/min

Lorazepam
BD IV: 0.05-0.15 mg/kg
CIIV: 0.01-0.1 mg/kg/hr

Propofol
BD IV: 0.5-1 mg/kg
CIIV: 1-3 mg/kg/hr

Characteristics

GABA-R agonist

Rapid onset

Modest decrease in MAP

Accumulation (slow recovery) in the case of:
1. Kidney failure

2. Prolonged infusion without interruption

1 ICU delirium

GABA-R agonist

Slow onset/slow recovery

Modest decrease in MAP

Cost-effective in the case of long-term sedation without the
necessity to perform a reliable neurol. exam
GABA-R agonist

Rapid onset/fast recovery

Marked decrease in MAP (esp. hypovolemia)

¢ 1 TG and calories (1 mL propofol = 1 kcal)
e Don’t exceed 4 mg/kg/h for 48 h for the risk of propofol
infusion syndrome”

Analgesics Characteristics
Fentanyl e p-R agonist
BD IV: 1-2 mcg/kg * Rapid onset
CI IV: 50-100 mcg/hr ¢ Modest decrease in MAP
¢ Accumulation (slow recovery) in the case of:
1. Hepatic failure
2. Prolonged infusion
Morphine ¢ p-R agonist
BD IV: 0.1 mg/kg * Onset velocity < fentanyl/slow recovery

CI IV: 20-40 mcg/kg/hr ¢ Modest decrease in MAP
¢ Accumulation in the case of:
1. Hepatic failure
2. Renal failure
 Histamine release
Remifentanil  p-R agonist
BD IV: not recommended ¢ Rapid onset/fast recovery
CIIV: 0.05-0.2 mcg/kg/min ¢ Marked decrease in MAP (no bolus)
* Hyperalgesia at the end of infusion

Abbreviations: BD bolus dose, [V intravenous, CI continuous infusion, R receptor, MAP mean
arterial pressure, /CU intensive care unit, 7G triglycerides

“Low heart rate, metabolic acidosis, high serum lactate, high creatine phosphokinase (CPK), heart
failure

6.4.2 Cerebrospinal Fluid (CSF) Drainage

CSF drainage is a simple and effective approach in the management of intracranial
hypertension especially when an EVD is already present for ICP monitoring [37].
When an EVD catheter is utilized for CSF drainage, some points should be consid-
ered [39, 65-67]:
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1. Excessive drainage may expose patients to an increased risk of intracranial
hemorrhage.

2. During CSF drainage, it’s not possible to monitor ICP, unless a double reading
catheter (fluid coupled + fiberoptic) is used; undetected episodes of intracranial
hypertension have been described during continuous drainage of CSF.

3. In the case of a diffuse swollen brain, the ventricles may collapse, limiting the
usefulness of EVD (see Point 2).

4. EVDs, especially if maintained for more than 2 weeks, are associated with an
increased risk of central nervous system (CNS) infection.

6.4.3 Osmotherapy

Hyperosmolar agents, such as mannitol and hypertonic saline, are generally effec-
tive in ICP reduction through several mechanisms [68]:

— Reduction in blood viscosity through volume expansion (immediately after the
start of infusion, short lived); this leads to a cerebral vasoconstriction with an
associated decrease in CBV.

— Increase in plasma osmolarity. In this way, a gradient across the intact BBB is
created and water removed from the normal brain tissue. The efficacy of hyper-
osmolar agents depends on the integrity of BBB. This effect lasts for several
hours and ends once the osmotic equilibrium is restored.

Hypertonic saline is available in a variety of formulations, with 3% being the
most commonly used. Mannitol is associated with a significant rebound effect, typi-
cally when high repeated doses are used. Characteristics of mannitol and hypertonic
saline are reported in Table 6.3. Until now, high-quality trials showing the superior-
ity of an agent with respect to another have not been published, but a few series and
meta-analyses have demonstrated that hypertonic saline may be superior [69].

Table 6.3 Characteristics of hyperosmolar agents®

Mannitol 18% Hypertonic saline (HS) 3%
Modality of Bolus Bolus/CI
administration
Dosage 0.25-1 g/kg every 4-8 h 100-250 mL every 4-8 h
Generally 100-250 mL
In the case of herniation 500 mL
Osmolarity 1098 mOsm/It 1027 mOsm/It
Adverse effects Hypovolemia Hypernatremia
Kidney failure
Clinical practice Good option in the case of Good option in the case of
hypervolemia (diuretic effect) hypovolemia

CI continuous infusion
an terms of effects, it’s generally important to compare agents with the same osmolarity (e.g.,
mannitol 18% vs. HS 3%)
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6.4.4 Hyperventilation and Induced Hypocapnia

Hypocapnia induced by hyperventilation (increase in minute ventilation with
mechanical ventilation) reduces ICP [70, 71]. Precisely, low arterial carbon dioxide
levels (PaCO2) result in CSF alkalosis; this increase in CSF pH induces a cerebral
vasoconstriction with concurrent reduction in CBF and CBV. Over time (generally
within 24 h), CSF pH and CBF gradually return to normal level; therefore the effect
of hyperventilation is temporary. The reduction in ICP linked with hyperventilation
is associated with the risk of development of cerebral ischemia [70-72]. In this
regard, if utilizing hyperventilation, it is advisable to have additional monitoring
for the detection of cerebral ischemia (i.e., jugular venous oximetry, brain tissue
oxygenation, etc.). Empiric hyperventilation is not recommended [36]. Profound
hypocapnia (PaCO2 25 mmHg) could be utilized transiently (temporary measure
associated with other therapies), facing with a patient with brain herniation waiting
an emergency neurosurgical procedure (i.e., subdural hematoma evacuation) [71].

6.4.5 Hypothermia

Mild hypothermia (32-35 °C) has been utilized in clinical trials for ICP control
(long-term hypothermia) and for neuroprotection (short-term hypothermia; dura-
tion <48 h) [73]. Some mechanisms of action and potential side effects of mild
hypothermia are reported in Table 6.4 [74, 75]. Despite its effectiveness on ICP con-
trol, hypothermia was associated with worse neurologic outcome in clinical trials
[76]. Hypothermia must be considered an “extreme” therapy in the management of
refractory IH. It has been utilized in selected centers, able to adequately recognize
and treat its side effect. Prevention and aggressive treatment of fever, however, are
recommended due to the association of hyperthermia and poor outcomes [77].

6.4.6 Barbiturate Coma

Barbiturates act by reducing cerebral metabolism and, accordingly, CBF [37, 64].
In this way, a proportional decrease in CBV is obtained with reduction in ICP [37,
64]. Considering their serious side effects (Table 6.5), barbiturate coma is generally
reserved for refractory IH after the failure of other therapies [37, 64]. Doses, moni-
toring, and potential side effects related to barbiturate coma are reported in Table 6.5.
If barbiturates are to be used, monitoring with continuous EEG may be useful.

6.4.7 Decompressive Craniectomy

Decompressive craniectomy (DC) is a surgical procedure that, by removing of a part
of the skull and opening the dura mater (generally by duraplasty), increases cranial
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Table 6.4 Some mechanisms of action and side effects of mild hypothermia

Mechanisms of action

— | Cerebral metabolism (| CBF and CBV with associated | ICP)

— | BBB permeability

— | Free radical production

— | Excitoxic substances and pro-inflammatory cytokine production
— Apoptosis prevention

— | Epileptic activity and cortical depolarization (anti-seizures effect)

Side effects Comment
* Hypovolemia (cold diuresis) Hemodynamic monitoring
¢ Electrolytes disturbances Check electrolytes (every 4—6 h during IND. and
IND.: | K, Mg, P, and Ca REW.)
REW.: 1 K
 Coagulation abnormalities (impairment ~ Check coagulation and PLTs’ function (especially
of PLTs’ function and coagulation in patients with cerebral hematomas/contusions)
cascade) Consider POCT, if available
 Shivering Check the body/skin of the patient and eventually
administer sedatives and/or analgesics and/or
NMBAs, etc.
* 1 Infection risk Loss of fever as sign of infection
1 Infection surveillance
* Hyperglycemia (insulin resistance) Check serum glucose (every 2—4 h)
 Pressure ulcers (cutaneous 1 Cutaneous surveillance
vasoconstriction, etc.)
* | Drugs clearance Consider in the case of:

— Neurologic ex.
— Delayed awakening
— Prognostication

Notes: During REW. pay attention to intracranial hypertension (rebound phenomenon); REW. rate
0.1-0.2 °C/h

CBF cerebral blood flow, CBV cerebral blood volume, /CP intracranial pressure, K potassium, Mg
magnesium, P phosphorus, Ca calcium, IND. induction, REW. rewarming, h hour, PLT platelet,
POCT point-of-care testing, NMBA neuromuscular blocking agent, ex. examination
“Thromboelastometry (ROTEM) and thromboelastography (TEG)

volume to accommodate brain swelling [78, 79]. In this way, the skull is converted
from a closed box (with finite volume) to an open box [78, 79]. DC is very effective
in ICP reduction, but recent trials [80, 81] have shown differences in neurological
outcome. In the DECRA trial [80], DC (bifrontal, diffuse brain injury, utilized for
modest ICP increase) decreased ICP and ICU stay but was associated with more
unfavorable outcomes. In the RESCUE-ICP trial [81], DC (mainly monolateral,
utilized for refractory severe IH) resulted in lower mortality but higher rates of veg-
etative state, lower severe disability, and upper severe disability. A better profile was
observed in patients aged <40 years. DC is associated with several complications
such as central nervous system and wound infections, cerebral hematomas, CSF
disturbances (e.g., hydrocephalus), etc. [82]. As other “extreme” therapies (hypo-
thermia, barbiturate coma), primary DC should be reserved for selected patients
with refractory IH.
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Table 6.5 Barbiturate coma: doses, monitoring, and side effects

Barbiturates Doses
Pentobarbital — Loading dose: 3040 mg/kg over
4h
— Maintenance: 2-3.5 mg/kg/h
Thiopental® — Loading dose: 3 mg/kg bolus

followed by 10-20 mg/kg over 1 h
— Maintenance: 3—5 mg/kg/h
Side effects Monitoring
— Arterial hypotension Consider S-G catheter,
echocardiography, etc.
Hypokalemia (induction), hyperkalemia (weaning)  Serum K monitoring every 4—6 h

— Increase risk of infections 1 surveillance
— Impaired gastrointestinal motility, bowel ischemia 1 surveillance
— Adrenal insufficiency Serum cortisol monitoring, ACTH

stimulation test
During barbiturate coma:
— Pupillary light reflex can disappear
— Nutrition requirements can be reduced
— EEG/BIS monitoring can be performed to monitor cerebral electrical activity/depth of
anesthesia but generally barbiturate dosage should be titrated to ICP control

h hour, ICP intracranial pressure, S-G Swan-Ganz, K potassium, ACTH adrenocorticotropic hor-
mone, EEG electroencephalogram, BIS bispectral index™

*Weaning after 24—48 h of ICP control, initially consider reduction of 500 mg/12 h and after, look-
ing at the ICP, more rapid (dosage halved every 12 h)

6.5 Determination of Brain Death and Management
of the Potential Organ Donor

The irreversible complete loss of all brain activities, including the ones controlled
by the brain stem, is termed neurologic death (previously known as brain death).
Neurologic determination of death implies cessation of life equivalent to the one
seen in terminal cardiorespiratory arrest. This has clearly important ethical and
clinical implications, and practitioners should be familiar with the local pertinent
legislation on this topic [83].

In the typical scenario, after sustaining a severe TBI, a patient presents with
coma and radiologic findings of severe injury. Despite appropriate medical and sur-
gical interventions, there is a progressive cessation of all discernible neurological
responses. The loss of central nervous reflexes, such as pupillary constriction in
response to light, spontaneous breathing, or coughing during suction, indicates the
involvement of the brainstem and an imminent evolution toward neurologic death.

Since most of the organs currently transplanted come from patients with neuro-
logic death, it is important that the local organ procurement organization (OPO) is
informed early in the process. It is also critical that a clear distinction is maintained
between the team caring for the patient and the OPO at all times. It is generally not
appropriate for the clinician caring for the patient to discuss organ donation as this
may be perceived as a conflict of interest [83, 84]. A scrupulous approach is needed
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in order to determine neurological death, and clinicians should be familiar with
the local guidelines, as local institutional policies in the United States dictate the
appropriate procedures to determine death by neurological criteria. There are also
differences in recommendations for pediatric patients based on age of which the
provider should be aware.

The process starts with methodically ruling out any other possible factor con-
tributing to the loss of neurological function. The radiologic imaging should clearly
substantiate the clinical picture. The presence of any significant physiologic, met-
abolic, or endocrine derangements should be ruled out and corrected. Examples
are hypotension, adrenal insufficiency, myxedema coma, hypothermia, and hypo-
natremia. A toxicological exam should rule the presence of any neuro-depressive
substance.

Once all these issues have been addressed, the formal exam revolves around
determining the loss of all cortical and brain stem function. The loss of cortical
function is confirmed by the presence of a GCS of 3. The loss of brainstem func-
tion is determined by checking for the presence of the pupillary, oculocephalic,
oculovestibular, corneal, gag, and cough reflexes. The last step of the examination
consists in performing an “apnea test.” The rationale of this exam is to verify the
presence or absence of spontaneous breathing in response to a rise in the blood
CO2. The loss of this very primitive reflex is considered a proof of a severe wide-
spread damage of the brain stem. In practice, the patient is first preoxygenated with
100% oxygen for at least 10 min. An initial (“baseline”) arterial blood gas (ABG)
is then obtained. The patient is then disconnected from the ventilator, and passive
oxygenation is achieved by placing a plastic cannula into the endotracheal tube to
deliver 100% oxygen at 6 L/min. At this point the patient’s chest needs to be closely
observed for any respiratory effort. If there is any clinical decompensation, such as
hypotension or hypoxemia, this should be immediately addressed, and the apnea test
should be abandoned. If the patient’s vitals remain stable, after 8—10 min another
ABG is drawn, the test is terminated, and the patient is connected back to the ven-
tilator. Neurologic death is confirmed if during the apnea test, there is no evidence
of any respiratory efforts despite a rise in arterial PCO2 to 60 mmHg or 20 mmHg
above the baseline as documented by the two ABGs. Alternatively, carbogen test-
ing has also become standard in some centers, in which the patient remains on low
minute ventilation and mechanical ventilation and exogenous CO2 is administered.
As stated in the 2010 update of the American Academy of Neurology guidelines,
there has never been a neurological improvement in a patient in which neurological
death is determined following these criteria over many years. If the patient is not
able to tolerate an apnea test or if there is any component of the clinical exam which
cannot be performed, a confirmatory study, like nuclear cerebral blood flow test, can
be obtained [85, 86].

If the patient is deemed to be a potential organ donor, in agreement with their
previous wishes or the family consent, active management is continued follow-
ing the common principles of ICU care with the goal of preserving physiological
homeostasis. The patient should be mechanically ventilated applying lung protective
strategies; the MAP should be maintained above 60 mmHg and the urinary output



108 E. Picetti et al.

(UOP) above 1 mL/Kg/h. The loss of brain function leads to a loss of neuroendo-
crine control. In the case of persistent hypotension, besides ruling out other causes
of worsening shock, empiric endocrine replacement therapy should be instituted. A
vasopressin infusion is indicated if hypotension persists despite adequate fluid resus-
citation. If shock persists or if the cardiac ejection fraction (EF) is below 45%, a thy-
roxine (T4) infusion should be considered. A high UOP (>150 mL/h) is suggestive
of diabetes insipidus. The presence of hypernatremia and an inappropriately diluted
urine (specific gravity <1005 and urine osmolality <200) confirm this diagnosis, and
the patient should be started on desmopressin (DDAVP) [83, 84].

6.6 Resources

Regarding the treatment of the TBI patients, we recommend to refer to the fourth
edition of the Guidelines for the Management of Severe Traumatic Brain Injury
edited by the Brain Trauma Foundation [36] and the American College of Surgeon’s
Trauma Quality Improvement Program’s Best Practices in the Management of
Traumatic Brain Injury (https://www.facs.org/~/media/files/quality%20programs/
trauma/tqip/traumatic%20brain%?20injury %20guidelines.ashx).
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7.1 AKl in the Surgical Patient
7.1.1 Epidemiology

Acute kidney injury (AKI) is common in hospitalized patients, complicating
approximately 7% of all admissions [1]. Of patients admitted to the intensive care
unit (ICU), up to 57% will develop AKI [2]. Patients admitted to a surgical ICU are
at particular risk, as they possess significant risk factors including sepsis, shock and
surgery [3]. It is therefore not surprising that some report an incidence of AKI of up
to 88% in surgical patients with septic shock [4]. In critically ill patients with higher
stages of AKI, up to two-thirds will require some form of renal replacement therapy
(RRT), representing approximately 10% of all patients admitted to the ICU [5, 6].
The development of AKI is associated with an important increase in morbidity
and mortality. In fact, even minimal elevations in serum creatinine (0.3 mg/dL)
are independently associated with an increase in mortality [7]. Furthermore, the
increase in mortality appears to be directly proportional to the severity of AKI. For
example, in critically ill patients requiring RRT, mortality approaches 70% [8].
AKI is also a significant source of morbidity as it is associated with an increased
length of stay and healthcare-related costs [9, 10]. Long-term, AKI is associated
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with an increased incidence of chronic kidney disease (CKD) and progressive
CKD [11-15]. However, even in patients requiring RRT during their hospitaliza-
tion, 56% of survivors will recover by discharge, and up to 78% will normalize
their creatinine by 1 year [11, 12].

The epidemiology of AKI in the surgical population has been particularly dif-
ficult to elucidate as the definitions put forward by leading surgical societies have
lacked sensitivity. For example, the American College of Surgeons Committee on
Trauma defines AKI as a serum creatinine above 3.5 mg/dL, whereas the American
College of Surgeons National Surgical Quality Improvement Program (ACS
NSQIP) defines AKI based on the need for RRT or a postoperative elevation of
creatinine above 2 mg/dL [16, 17]. In a large cohort study of surgical patients, only
7% of patients with AKI met the ACS NSQIP definition of AKI. This is clinically
relevant, as an additional 30% of patients met a more sensitive consensus definition
of AKI, and this diagnosis is translated to an increase in patient mortality [18].

7.1.2 Aetiology of AKI

Common aetiologies of AKI in the surgical patient include sepsis, hypovolaemia,
ischemia, rhabdomyolysis and medication-/contrast-induced. One notable cause
in ACS patients is the abdominal compartment syndrome, arising from intra-
abdominal hypertension leading to renal congestion and ischemia, seen in patients
with severe abdominal sepsis, trauma, pancreatitis, large-volume resuscitation and
high intrathoracic pressure ventilation [19].

7.1.3 Definitions

Various definitions of AKI have been proposed over the last few decades. The most
commonly accepted definitions use measurements of serum creatinine and urine
output over a specific time frame [20]. The RIFLE (Risk, Injury, Failure, Loss, End-
stage kidney disease), AKIN (Acute Kidney Injury Network) and KDIGO (Kidney
Disease: Improving Global Outcomes) classification systems all utilize these
parameters to provide a staging system where increasing severity is associated with
worse outcomes [20-23] (Table 7.1). These staging criteria have been validated in a
wide range of patient populations and demonstrate a consistent correlation between
severity of AKI and prognosis [24-27].

It must be emphasized however that these definitions rely on the measurement of
serum creatinine as a surrogate of glomerular filtration rate (GFR). Although serum
creatinine is easily measurable and widely available, its use in critically ill patients
presents a number of limitations [28]. Firstly, as in all populations, serum creatinine
changes are delayed after an AKI event [29]. In addition, altered rates of production
from a catabolic state and increases in total body water leading to increased volumes
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Table 7.1 A comparison of the RIFLE, AKIN and KDIGO criteria for the severity of AKI [20, 21, 23]

RIFLE,
AKIN and
RIFLE AKIN KDIGO KDIGO
Serum creatinine Urine output
1 or risk Creatinine 1.5x Creatinine Creatinine 1.5-1.9x <0.5 mL/
Or >26.4 pmol/L Or kg/h>6h
GFR decrease Or Creatinine + >26.4 pmol/L
>25% Creatinine
150-200% (>1.5 to
2.0x)
2 or Creatinine 2x Creatinine Creatinine 2.0-2.9x <0.5 mL/
injury  Or 200-300% (>2.0 to kg/h > 12 h
GFR decrease 3.0x)
>50%
3or Creatinine 3x Creatinine >300%  Creatinine 3x <0.3 mL/
failure ~ Or (>3.0x) Or kg/h > 24 h
Creatinine Or Creatinine >354 pmol/LL.  Or
>354 pmol/L with ~ Creatinine Or Anuria >12 h
acute increase >354 pmol/L with ~ RRT
>44 pmol/L acute increase
Or >44 pmol/L
GFR decrease 75% Or
RRT
Time <1 to 7 days <48 h <7 days
interval

of distribution further limit creatinine measurements [30]. Finally, various drugs that
are commonly used in the ICU can alter creatinine levels through impairment of
renal tubular secretion without truly impairing GFR. Thus, creatinine measurements
lack both sensitivity and specificity in this setting [31]. Even 24-h urine collections
for creatinine clearance have significant limitations in the ICU setting [30].

Urine output is a more sensitive marker of AKI and is easily measured in the ICU
setting as most patients have a urinary catheter and 1:1 nursing. Urine output still
presents limitations however, as urine output may persist until kidney function almost
ceases. Furthermore, oliguria may be an appropriate physiological response to hypo-
volaemia, a postoperative state, and following trauma as a result of ADH release.
Finally, in obese patients, the use of total weight rather than ideal body weight to
calculate appropriate urine output may lead to the overdiagnosis of AKI [29].

Novel markers are currently being developed and show promise in detecting AKI
earlier than serum creatinine. These include markers of kidney function (e.g. serum
cystatin C) or renal damage (e.g. Kim-1, NGAL, TIMP2 and IGFBP3) [6]. Various
imaging modalities, most notably functional renal magnetic resonance (MR), can
assess both renal morphology and function [32]. A more detailed discussion of
emerging diagnostic modalities is beyond the scope of this chapter. Nevertheless,
until these novel measurements are validated and widely available, serum creatinine
and urine output will remain the key components of the definition of AKI.



116 E.G.Wong et al.

7.2  Fluid Management in the AKI Patient
7.2.1 Principles of Fluid Management

The physiological rationale for administration of fluids in critically ill patients is
to restore tissue perfusion and oxygenation. The two most common indications for
fluid administration in ICU patients are hypotension (59%) and oliguria (18%) [33].
While fluids are clearly of benefit in hypovolaemic states and may be a preventative
measure against AKI, there are many forms of AKI that are considered volume-
unresponsive, in particular AKI caused by nephrotoxin exposure or renal inflam-
mation [34]. In these latter situations, indiscriminate use of fluids carries the risk of
de novo or worsening of AKI by fluid overload and may even impair renal recovery
after AKI [29, 35]. Furthermore, it is highly likely that the effects of fluid therapy
are dependent on the phase of critical illness, i.e. resuscitation, optimization, sta-
bilization and de-escalation [36, 37]. At present, there are no generally accepted
rules regarding fluid management in the ICU patient; however this is an area of
active research. In the meantime, the principles of a fluid challenge over a short
time period, assessing volume responsiveness using dynamic measures and avoid-
ing indiscriminate fluid administration are of paramount importance.

7.2.2 Vasopressors

Given the loss of autoregulation in AKI, it is imperative to maintain systemic hae-
modynamic stability to maximize renal perfusion. Current guidelines recommend
titrating vasopressors to a MAP of 65-70 mmHg in patients with septic shock and
suggest a higher target MAP (80-85 mmHg) in patients with pre-existent hyperten-
sion [38]. These targets are derived from the SEPSISPAM trial, where, although the
investigators did not demonstrate a difference in mortality, in the subset of patients
with chronic hypertension, a higher MAP was associated with decreased incidence
of AKI stage 2 and need for RRT [39]. A subsequent meta-analysis also demon-
strated no difference in 28-day mortality between MAP targets but showed that
those treated with a higher MAP for more than 6 h had a higher risk of mortality and
persistent organ dysfunction [40]. Given these discordant results, it is unclear if a
higher MAP is of benefit in certain patient populations in the setting of septic shock.

Regarding the choice of vasopressor, norepinephrine (along with volume cor-
rection) is recommended as the first choice [41]. Vasopressin may have some renal-
protective effects, although this requires further validation [42]. Angiotensin II,
a vasopressor that has direct effects on renal microcirculation, shows promise in
patients with refractory shock requiring RRT. In fact, a post hoc analysis of the
ATHOS-3 trial demonstrated a higher proportion of patients alive and free of RRT
when treated with angiotensin II in addition to standard therapy [43]. Low-dose
dopamine, initially thought to promote renal perfusion through a vasodilatory effect,
has not been shown to improve outcomes in AKI and is not recommended [44, 45].
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A recent RCT evaluating fenoldopam, a selective dopamine-1 receptor agonist, in
a cardiac surgery population with AKI was stopped prematurely when it failed to
reduce the need for RRT and 30-day mortality but increased hypotension rates [46].

7.2.3 Type of Resuscitation Fluids

Isotonic crystalloids remain the preferred choice for resuscitation, although albu-
min may be used in those circumstances where the patient has already received
a large volume of crystalloid [47, 48]. Synthetic colloids, on the other hand, such
as hydroxyethyl starches (HES), gelatins and dextrans are not recommended.
HES increase the rates of AKI, RRT and mortality in patients with sepsis [49, 50].
Gelatins have also been shown to increase the incidence of AKI compared to crys-
talloids or albumin [51].

The type of isotonic crystalloid to use is an area of active debate and stems from
safety concerns of isotonic saline causing a hyperchloraemic metabolic acidosis
leading to renal vasoconstriction, an increased incidence of AKI and higher mor-
tality. Balanced solutions (e.g. Ringer’s lactate), however, are not without poten-
tial drawbacks. These include relative hypotonicity to serum, the development of
metabolic alkalosis and hyperkalaemia as well as a signal to increased transfusion
requirements [52]. A meta-analysis of 11 RCTs failed to show any difference in
the incidence of AKI, need for RRT or mortality between balanced crystalloid and
isotonic saline for fluid resuscitation [53]. However, this study had many limita-
tions, and caution is required in interpreting the results. The SPLIT trial was the
largest trial included in the meta-analysis and was performed in a predominantly
surgical population. Although there was no difference in primary outcome defined
as AKI by RIFLE criteria, there was a 1% absolute difference in mortality (non-
significant) favouring the balanced solution group. Since the SPLIT trial, two
RCTs have been published in heterogenous ICU populations (SALT and SMART)
addressing the same question [54, 55]. The SALT trial did not demonstrate a dif-
ference in the composite outcome of death, dialysis or persistent renal dysfunction
within 30 days between fluid strategies. Importantly, in this trial as well as in the
SPLIT trial, patients received relatively small volumes of study fluid, and serum
chloride levels were not measured [54]. The largest study to date and the one likely
to influence clinical practice is the SMART trial, a pragmatic RCT conducted in
over 15,000 patients admitted to 5 ICUs in the United States [55]. The balanced
crystalloid group received a median of 1000 mL (0-3210 mL) and the saline group
a median of 1020 mL (0-3500 mL) within the first 30 days. Fewer patients in the
balanced crystalloids group had a measured plasma chloride concentration greater
than 110 mmol/L (24.5% vs. 35.6%, p < 0.001) or a plasma bicarbonate concen-
tration less than 20 mmol/L (35.2% vs. 42.1%, p < 0.001). The primary outcome,
a composite of death, new RRT or persistent renal dysfunction at 30 days, was
lower in the balanced crystalloids group (14.3% vs. 15.4% p = 0.04, odds ratio 0.91
[0.84-0.99]), largely driven by a difference in mortality and need for RRT.
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At present, it is recommended that isotonic crystalloid be used as the initial
resuscitation fluid in the absence of haemorrhagic shock [56]. Experts recommend
balanced isotonic solutions for large-volume resuscitations given the evidence out-
lined above; however, isotonic saline can still be used in small volumes with close
monitoring of serum chloride levels and acid-base status, with avoidance of hyper-
chloraemia [38].

7.2.4 Diuretics

Although not necessarily causal, a positive fluid balance is associated with
decreased rates of renal recovery and increased mortality in patients with AKI
[57-61]. In fact, some trials have suggested improved renal outcomes with a fluid
restrictive approach [62, 63]. Thus, recent attention has focused on the role of
diuretics in AKI especially in the stabilization and de-escalation phases of critical
illness. Although diuretics have been associated with an increase in urine output,
in established AKI, they have not been shown to have an impact on the duration
of AKI, the need for RRT or mortality [64—67]. They may, however, predict AKI
progression as there is evidence that a lack of appropriate response to a one-time
dose of diuretic (as defined by a urine output of 100 cc/h for 2 h post furosemide
1-1.5 mg/kg) in early AKI predicts progressive AKI in critically ill patients [68].
Certainly if the patient is volume overloaded (>10% of admission body weight)
and is not responsive to diuretics in the setting of AKI, the initiation of RRT
should be strongly considered.

7.3  Mitigating Renal Injury in the ACS Patient
7.3.1 Medications

One of the important management principles in AKI is the prevention of secondary
injury from nephrotoxic agents. The most notable agents in critically ill patients
include non-steroidal anti-inflammatory agents (NSAIDs), vancomycin, amino-
glycosides and amphotericin B [31]. Furthermore, it is imperative to dose adjust
all renally excreted medications in order to ensure proper therapeutic levels while
minimizing nephrotoxicity.

7.3.2 Metabolic Factors

Although the primary mechanism is unclear, there is evidence that tight glucose
control may be reno-protective and may reduce the incidence of AKI and the need
for RRT [69-71]. The European Society of Intensive Care Medicine recommends a
blood glucose level below 180 mg/dL (10 mmol/L) to avoid the nephrotoxic effects
of hyperglycaemia [38].
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Adequate nutritional support is important but can be challenging; traditional
modes of assessment (e.g. prealbumin) may be less accurate in AKI as it is a pro-
inflammatory and hypercatabolic state [72, 73]. It is recommended that all patients
at risk of developing AKI or with AKI should receive adequate nutrition, preferably
enterally [38].

7.3.3 Contrast Agents

Computed tomography scans are ubiquitously performed in critically ill patients;
thus a commonly encountered agent is intravenous contrast. It is important to note
that recent evidence has questioned the association between intravenous contrast
and the development of AKI in emergency medicine and ICU patients [74, 75]. In
a recent cohort study of 6877 critically ill patients, intravenous contrast administra-
tion was not associated with an increase incidence of AKI or mortality in patients
with a pre-CT eGFR greater or less than 45 mL/min. There was an increased need
for dialysis in the cohort with a pre-CT eGFR <45 mL/min; however it is not known
if this reflects local practice patterns or other unknown factors [76].

Nonetheless, there is significant interest in prevention strategies for contrast-
induced nephropathy (CIN). In the critically ill, the evidence remains limited, and
most recommendations are extrapolated from non-ICU populations. The use of
nonionic low-osmolar or iso-osmolar contrast agents is clearly less nephrotoxic
than the infusion of high-osmolar contrast [77]. The PRESERVE trial addressed
the utility of N-acetyl cysteine (NAC) and type of intravenous fluid (saline versus
bicarbonate) in over 5000 patients at risk of CIN. There was no difference in the
primary composite outcome of death, RRT or a creatinine >50% over baseline at
90 days between NAC and placebo, thus definitively establishing that NAC is inef-
fective to prevent CIN. There was also no difference observed between intravenous
saline and bicarbonate; thus it appears that either fluid strategy is acceptable to
prevent CIN. Finally, although not well studied in the ICU population, the use of
prophylactic RRT does not appear to decrease the incidence of contrast-induced
nephropathy [78].

If a contrast study is necessary in the critically ill patient, guidelines suggest pro-
ceeding without delay [38]. If time allows, isotonic crystalloid can be administered;
however, the preventative effect against CIN is unknown.

7.3.4 AKIBundles

In an effort to better manage AKI, there has been some interest in developing AKI
bundles of care, similar to those previously developed in the management of sepsis
and ventilator-associated pneumonia. Although the evidence is limited, the imple-
mentation of AKI bundles show promise in improving processes of care and patient
outcomes. The specific components of the individual bundles differed slightly per
study; however, the core components were similar, including a focus on medication
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review, fluid balance, diagnosis (e.g. urinalysis and imaging) and following serum
creatinine [79]. The introduction of these bundles has been associated with improved
processes of care, including AKI recognition, assessments of fluid status, use of
investigations and the discontinuation of nephrotoxic medications [80-83]. When
implemented within 24 h of an AKI episode, these bundles are also associated with
less progression to higher AKI stages and lower in hospital mortality [84, 85].

7.4 Renal Replacement Therapy
7.4.1 Indications

Once the diagnosis of AKI has been established in the critically ill patient, the inten-
sivist must decide whether RRT is indicated. Classically, the indications for RRT
have been reactive and late in the course of AKI (Table 7.2). Moreover, many of
these indications are highly subjective and nonspecific. In fact, international surveys
of practice patterns in the implementation of RRT show highly variable results [86,
87]. More recently, the concept of RRT has moved away from “replacement” late in
the disease process and more towards early “renal support” [88].

To standardize RRT initiation, both a personalized “demand versus capacity”
approach and an approach based on AKI stage have been proposed. The “demand
versus capacity”’ approach has been described by the Acute Dialysis Quality Initiative
(ADQI) work group and states that acute RRT should be considered when the indi-
vidual’s metabolic and fluid demands exceed total kidney capacity and should not
be solely based on renal function or AKI stage [89]. Regarding the timing approach,
two meta-analyses did not show any benefit of early initiation in terms of survival
or length of stay [90, 91]. The two largest timing of initiation trials were included
in the most recent meta-analysis [90]. In the Artificial Kidney Initiation in Kidney
Injury (AKIKI) trial, there was no difference in 60-day mortality between patients
with stage 3 AKI in the early (at randomization) versus late (awaiting an acute indi-
cation for RRT) initiation arms [92]. Conversely, in the Early Versus Late Initiation
of Renal Replacement Therapy In Critically 1l Patients With Acute Kidney Injury
(ELAIN) trial, early institution (within 8 h of diagnosis of KDIGO stage 2 disease)
of RRT in patients led to a 15.4% reduction in 90-day mortality as compared to the
delayed group (RRT initiated within 12 h of stage 3 or no initiation at all) [93]. The
long-term outcomes in the early initiation group of the ELAIN trial have recently
been reported and remain favourable at 12 months of follow-up [94].

Table 7.2 Common acute Refractory metabolic acidosis
indications for renal Refractory hyperkalaemia
replacement therapy Dialysable toxins

Complications of uremia (pericarditis, encephalopathy)
Fluid overload
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Given the discordant findings of these trials, which can partially be explained
by heterogeneous populations, small sample sizes and differences in study defi-
nitions and design, the results of the ongoing Standard vs. Accelerated Initiation
of RRT in Acute Kidney Injury (STARRT-AKI) trial (ClinicalTrials.gov Identifier:
NCT02568722) will hopefully help clarify this question. In the meantime, current
guidelines remain vague, recommending emergent RRT in the presence of life-
threatening fluid and metabolic derangements and consideration for earlier RRT
depending on the clinical context (e.g. volume status) [56].

7.4.2 Modalities of RRT

Multiple modalities of RRT are commonly used in the critical care setting. All rep-
resent extracorporeal circuits that remove water and solute from the body through
a semipermeable membrane. These include intermittent haemodialysis (IHD), sus-
tained low-efficiency dialysis (SLED) and continuous renal replacement therapy
(CRRT). CRRT includes continuous venovenous haemodialysis (CVVHD), con-
tinuous venovenous haemofiltration (CVVH) or continuous venovenous haemodi-
afiltration (CVVHDF).

The nomenclature of these therapies refers to the process through which solute
removal occurs, i.e. diffusion (haemodialysis), convection (haemofiltration) or a
combination of both (haemodiafiltration). During diffusive clearance, small solutes
(e.g. sodium and urea) move down their concentration gradient across a semiperme-
able membrane [95]. To maximize concentration differences, dialysis flows in the
opposite direction or countercurrent to the blood flow. With convective clearance, a
pressure gradient is applied across the dialyser membrane resulting in bulk flow of
water and dissolved solutes across the dialyser membrane in an iso-osmolar fash-
ion, a concept referred to as “solvent drag”. Because a large amount of volume can
be lost with this form of clearance, a replacement solution is often infused into the
patient or machine circuit (pre- and/or post-filter). Convection is more effective in
the clearance of middle-size molecules (i.e. inflammatory cytokines). The amount
of clearance depends upon the modality chosen. Table 7.3 outlines the differences
between intermittent haemodialysis, SLEDD and CRRT.

The choice of modality in critically ill patients remains controversial. In fact,
when comparing intermittent HD to CRRT, RCTs have failed to show a mortality
difference [96, 97]. Although meta-analyses have confirmed this finding, there is
emerging evidence that CRRT may be associated with an improvement in long-term
renal recovery in critically ill patients with AKI [98, 99]. When comparing haemo-
filtration and haemodialysis, there does not seem to be a difference in mortality or
long-term RRT dependence; however, there is evidence that haemofiltration may
increase the clearance of inflammatory cytokines, which may have a theoretical
advantage in sepsis [100]. Ultimately, the choice of RRT modality relies largely on
local practice, expertise and resources.
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Table 7.3 Comparison of various techniques of renal replacement therapy [6, 124]

CRRT IHD SLED
Duration Continuous 4h 6-12h
Frequency Continuous 3x/week 3—6x/week
Dialysate flow rates (mL/ 100-200 250-350 100-200
min)
Dose of dialysate 20-25 mL/ 500-800 mL/ 100-300 mL/min
kg/h min
Urea clearance (mL/min) 30 150 80
Efficiency Low High Moderate
Haemodynamic effects Minimal Significant Moderate
Control of volume status et + ++
Anticoagulation need High Low Moderate
Toxin removal Slow Fast Moderate
Costs High Low High initially, low
subsequently

CRRT continuous renal replacement therapy, /HD intermittent haemodialysis, SLED sustained
low-efficiency dialysis

7.4.3 Vascular Access

Once the decision is made to implement RRT, a well-functioning vascular access
must be established. In critically ill patients, access for RRT is often obtained
urgently through a temporary large-bore non-tunnelled central venous catheters
(CVC) inserted at the bedside. KDIGO has published guidelines regarding vascular
access site, in order of preference: (1) right internal jugular, (2) femoral, (3) left
internal jugular and (4) subclavian, although the evidence for this recommendation
has not been graded [56]. Whenever possible, the subclavian (and probably the left
internal jugular) site should be avoided to reduce the risk of central vein stenosis as
this will compromise potential future permanent vascular access. It is recommended
that ultrasound guidance be used for all non-tunnelled haemodialysis line insertions
and that the catheter tip be positioned to achieve ideal blood flows (i.e. internal
jugular lines should terminate in the right atrium and femoral catheters in the infe-
rior vena cava) [56, 101]. Regardless of site, the same infection-control bundles of
care for standard CVC insertion should be implemented [6].

Previously, concerns were raised regarding the femoral site as observational
evidence reported an increase in infectious complications. The Cathedia study
found that the internal jugular and femoral access sites were equivalent in terms
of infectious complications in critically ill bed-bound patients, although the risk
at the femoral site was dependent on patient BMI with lower infection rates in
patients with a BMI <24.2 and higher if the BMI >28.4 [102-105]. The quality
of delivered RRT was equivalent; however if patients required higher blood flows
(e.g. for intermittent therapies), the jugular site was superior [103]. Thus, the
femoral site is a reasonable second access site in non-ambulatory patients with a
low BML. It is also favoured in patients with a tracheostomy present or planned in
the near future [6, 102, 106].
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7.4.4 Dosing of RRT

The intensity (i.e. dose) of continuous therapies remains a debated topic and is
not standardized across critical care units. It was initially thought that high-dose
CRRT (i.e. effluent volume >35 mL/kg/h) was associated with increased survival
based upon the landmark study of Ronco et al. [107]. Since then, two large mul-
ticentre RCTs have refuted the findings of this study. In the Acute Renal Failure
Trial Network (ATN) trial, there was no difference in 60-day mortality between the
lower-intensity (defined dose of intermittent haemodialysis three times per week
and CVVH at 20 mL/kg/h) and higher-intensity (intermittent haemodialysis and
sustained low-efficiency dialysis six times per week and CVVH at 35 mL/kg/h)
groups [108]. The largest trial to date is the Randomized Evaluation of Normal ver-
sus Augmented Level of Renal Replacement (RENAL) study where 1508 critically
ill patients were randomized to low- (25 mL/kg/h) versus high (40 mL/kg/h)-dose
groups in CVVHDF mode [109]. There was no difference in 90-day mortality or
any prespecified outcomes between dose intensity groups. Importantly, in both the
ATN and RENAL studies, there was also no difference observed in long-term renal
recovery between low- and high-intensity groups. As such, it appears that increas-
ing the dose of RRT above 20-25 mL/kg/h does not provide any additional benefit
and current recommendations therefore advocate this threshold [56]. It is important
to note that discrepancies often exist between the prescribed and the delivered dose
due to interruptions in treatment time (e.g. patient transport or filter clotting). Thus
to minimize this discrepancy, it is general practice to prescribe a 20% higher (ideal)
weight-based dose to ensure the patient receives the recommended minimum dose
of dialysis.

7.4.5 Anticoagulation

During all forms of renal replacement therapy, blood flows through synthetic dialy-
ser membranes and circuits. Thus, there is a high risk of thrombus formation and
subsequent dialyser dysfunction resulting in decreased clearance. Strategies utilized
to minimize risk of thrombus formation include straight catheters with minimal
side holes, the use of pre-filter fluid replacement in CVVH and CVVHDF modes
of CRRT, proper nurse training in the early recognition of filter dysfunction and
anticoagulation of the circuit [110]. While it is common not to use anticoagulation
on CRRT in critically ill post-surgical patients, if the filter is clotting, either heparin
or citrate can be used if the patient’s status allows. Both are effective anticoagulants
but also have unique clinical concerns. Heparin requires systemic anticoagulation
and is associated with increased bleeding, develops resistance over time in critically
ill patients and promotes a pro-inflammatory state [111]. Furthermore, there is also
a risk of heparin-induced thrombocytopenia (HIT). The use of citrate circumvents
some of these problems as it is locally infused pre-filter into the dialyser circuit
chelating calcium, which provides regional anticoagulation. Citrate also inhibits
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platelet and granulocyte activation upon membrane contact, which increases bio-
compatibility of the dialyser membrane [6]. To avoid hypocalcaemia, calcium is
infused into the patient; thus close monitoring of serum total and ionized calcium
levels is required [6]. Citrate accumulation can occur in states of severe acute liver
failure and cardiogenic shock and is generally avoided in these circumstances [112].
Signs of citrate toxicity include an anion gap metabolic acidosis, increasing cal-
cium infusion requirements and a high total calcium to ionized calcium level [112].
Other common side effects caused by metabolism of citrate are hypernatremia and
metabolic alkalosis, which are managed by changing the composition of base in the
dialysate and/or replacement solutions.

A meta-analysis in critically ill patients comparing heparin and citrate anti-
coagulation for CRRT demonstrated that citrate was associated with a decreased
incidence of bleeding (compared to systemic heparin) and HIT, as well as a lon-
ger dialysis circuit and filter life. The type of anticoagulant used did not influence
patient survival [113]. KDIGO guidelines recommend the use of citrate in CRRT
rather than heparin in patients without a clear contraindication, although at the time
of this publication, the use of citrate in CRRT is not approved by the US Food and
Drug Administration (FDA) [56].

7.4.6 Special Populations

Although equipoise often exists in the choice of modalities of RRT in the critically
ill, there are specific patient populations for which further evidence exists.

In haemodynamically unstable patients, CRRT has commonly been the preferred
modality because of more precise control of fluid and solute shifts. There is evi-
dence however that intermittent modalities may be well tolerated in this patient
population with less aggressive ultrafiltration and lower blood and dialysate flows
[114]. A 2006 RCT of CRRT versus IHD in patients with multi-organ dysfunction
showed adequate haemodynamic tolerance in the IHD group, as long as strict prac-
tice guidelines were followed [96]. In haemodynamically unstable patients with
severe lactic acidosis, CRRT may minimize pH variations and their concomitant
haemodynamic effects [115].

In acute liver failure with concomitant AKI, there are concerns that rapid shifts
of solutes, notably urea, may lead to a hypo-osmolar state. The intracellular shift
of water ultimately increases the risk of cerebral oedema and increased ICP. In a
small observational study in this specific patient population, the use of IHD as com-
pared to CRRT both increased ICP and decreased cerebral perfusion pressure (CPP)
[116]. A small follow-up RCT performed at the same institution also confirmed
these results [117]. As such, in acute liver failure patients, it appears that CRRT
may indeed be safer than IHD and is recommended by the US Acute Liver Failure
Study Group [118].

With these concerns related to the interdependence of solute shifts and ICP, it
would be logical that CRRT may be preferred over IHD in patients with any con-
cern for increased ICP, notably acute neurological injuries. Although there is no
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direct evidence comparing RRT modalities in acute neurological disease, given the
physiological plausibility, CRRT may be preferred in patients at risk of increased
ICP [119].

In septic patients, RRT has been hypothesized to be beneficial in removing circulat-
ing cytokines and therefore blunting the inflammatory cascade. Two RCTS have exam-
ined the use of CVVH in severely septic patients and failed to demonstrate improved
outcomes or even a decrease in inflammatory markers [120, 121]. In the multicentre
high volume in intensive care (IVOIRE) RCT, higher-volume haemofiltration (70 mL/
kg/h) was compared to lower-volume (35 mL/kg/h) in patients with septic shock. There
was no difference in 28-day mortality, haemodynamic profile or organ dysfunction
[122]. The EUPHRATES trial evaluated the use of polymyxin B haemoperfusion in
critically ill adults treated for endotoxemia and refractory septic shock. Although the
investigators found no difference in overall mortality at 28 days between groups, in
the subgroup with endotoxin activity assay >0.6 but less than 0.9, there was a signal
to decreased mortality, improved haemodynamic parameters and a decreased need for
RRT [123]. More studies using adsorptive technologies are expected in the future.
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Acute Hepatic Failure in the ACS Patient: 8
Nuts and Bolts of Pathophysiology
and Therapy

Bruno M. Pereira

8.1 Background

Acute liver failure (ALF) is a poor prognosis state defined as an acute and severe
hepatic lesion with encephalopathy, in patients without previous liver disease. Trey
and Davidson [1], in 1970, proposed the most widely accepted definition in which
acute hepatic failure (AHF) manifests with the development of encephalopathy
within 8iweeks from the onset of the disease. In another classification [2], two terms
were used: sub-fulminant hepatic failure is one in which encephalopathy occurs 2
to 12 weeks after jaundice begins, while fulminant hepatic failure is one in which
encephalopathy sets in before 2 weeks. Afterward [3], three terms were used to char-
acterize the syndrome, subacute, acute, and superacute hepatic failure, according to
the time elapsed between jaundice and the onset of encephalopathy (Table 8.1).
The etiology, much more than the time of disease, will define its prognosis. It is
important to emphasize that acute liver failure is a syndrome in which, in addition
to the liver, other organs can be affected, such as the brain, kidneys, lungs, and bone
marrow, as well as circulatory system and immune system. There are numerous
causes of AHF, such as viral hepatitis, the use of drugs, metabolic diseases, toxic
exposure, ischemia, and a range of diseases listed in Table 8.2. The careful inves-
tigation of all possible etiologic agents of AHF, however, is not always successful,
and about 40% to 50% of the cases are without determined etiology [4]. The liver
plays a key role in the synthesis of proteins, metabolism of toxins and drugs, and in
modulation of immunity. In critically ill patients, hypoxic, toxic, and inflammatory
insults can affect hepatic excretory, synthetic, and/or purification functions, leading
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Table 8.1 AHF classification

Definition
Fulminant HF
Sub-fulminant HF
Superacute HF
AHF

Subacute HF

Author
Bernuau et al. [2]

O’Grady et al. [3]

Table 8.2 AHF etiologies

Infectious diseases
Viral hepatitis: A, B, and combinations
Cytomegalovirus
Herpes simplex
Epstein-Barr
Paramyxoviruses
Adenovirus
Dengue
Yellow fever
Metabolic diseases
Wilson’s disease
arl-antitrypsin deficiency
Galactosemia
Drugs and toxins exposure
(a) Dose related
Acetaminophen
Amanita phalloides (death cap)
Yellow phosphorus
(b) Idiosyncratic

Onset time of encephalopathy (after jaundice in
weeks)

0-2

3-12

0-1

24

5-12

Rifampicin

Tetracycline

Dissulfiram

Reye syndrome (acetylsalicylic acid)
Ketoconazole

Non-hormonal anti-inflammatory
Antithyroid, hydantoin, alpha-methyldopa

Ischemic/hypoxia
Venoclusive disease
Primary hepatic dysfunction posttransplant

Ischemic hepatic shock
Heart failure

Miscellaneous

Autoimmune hepatitis
Lymphoma

Acute steatosis in pregnancy
Hyperthermia

Isoniazid, halothane Partial hepatectomy

to systemic complications such as coagulopathy, increased risk of infection, hypo-
glycemia, acute kidney injury, and brain dysfunction in severe cases. Because of the
lack of specificity of standard laboratory investigations, identifying liver injury or
dysfunction in critically ill patients remains a significant challenge.

Both hepatitis A and acute hepatitis B, for instance, can progress to AHF in vari-
able percentages, usually <1% of cases. Hepatitis E, although of rare prevalence,
causes AHF in pregnant women. Viruses alone do not appear to cause hepatic injury,
and the more severe evolution of infection appears to be a consequence of the host’s
more vigorous immune response [5]. In the case of hepatitis B, according to some
studies, either mutations of the pre-core region or reactivation of chronic latent
hepatitis B or the use of immunosuppressant or chemotherapy may occasionally
lead to AHF triggering [6]. Another factor that may precipitate AHF in patients with
hepatitis B is superinfection with the delta virus. In hepatitis C, the occurrence of
AHEF is controversial, being more accepted that superinfection with other viruses or
other causes would be possible triggers [7]. The use of drugs with an unpredictable
reaction may be another cause of AHF. Acetaminophen, a drug with a predictable
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Table 8.3 Key points of AH injury, AH dysfunction, and AHF in the ACS patient

Hypoxic hepatitis Sepsis Parenteral nutrition Drugs
¢ Hypoxemia
* Reduced blood flow

* Anemia
AH injury Hepatocellular (high AST, AST) Cholestatic (high ALP, GGT)
AH Synthetic dysfunction (high bilirubin,  Elimination dysfunction (low
dysfunction INR) ICG-PDR)

¢ Frequent ¢ Determined noninvasively at

 Associated with increased bedside

mortality * Associated with increased
mortality

AHF Hepatic dysfunction with encephalopathy

* Coagulation disorders

* Jaundice

e Intracranial hypertension
 High risk of mortality without liver transplantation

hepatotoxic effect, has been reported worldwide as one of the most frequent causes
of AHF in both adults and children above 3 years [8]. Several infrequent causes such
as Wilson’s disease, Budd-Chiari syndrome, or malignant liver infiltration also need
to be investigated prior to labeling AHF as an indeterminate cause.

There is a great heterogeneity of criteria used to define the consequences of
liver insults. This increases the difficulties for the assistant physician to properly
interpret hepatic biochemical abnormalities. Hepatic dysfunction refers to derange-
ment of pathways related to synthetic or clearance function, including international
normalized ratio (INR) and bilirubin. Hepatotoxicity refers to hepatic injury and
dysfunction caused by a drug or another noninfectious agent [9]. AHF designates
liver injury that results in life-threatening hepatic synthetic dysfunction and brain
dysfunction (encephalopathy) (Table 8.3).

8.2 Pathophysiology

AHF leads to severe functional deficiency of the liver, with alteration of its entire
metabolism. The metabolic capacity of endogenous substances such as hormones,
bilirubins, vitamins, and even drugs is depleted, requiring extreme caution in the
prescription of drugs, especially those dependent on hepatic metabolism and poten-
tially hepatotoxic. When present, increased brain levels of gamma-aminobutyric
acid (GABA), for instance, elevate the sensitivity of patients to benzodiazepines in
brain receptors, which contraindicates the use of this group of drugs in patients with
acute or chronic liver disease [10]. Although serum ammonia levels are often not
related to the degree of encephalopathy or the severity of hepatitis, this substance
is of fundamental importance in the pathogenesis of severe hepatic failure. Several
experimental evidence show that ammonia is a neurotoxic substance, which can
produce seizures, coma, and death. Hyperammonemia has toxic synergism with
all the metabolic changes described in hepatic dysfunction. The toxic synergism
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of these different substances results in the inhibition of Na* and K* ATPase, which
plays an important role in the transmission of nerve impulses [11].

Changes in carbohydrate metabolism are mainly manifested by hypoglycemia.
Regarding protein synthesis, although albumin may be normal at the onset of the
clinical condition due to its longer half-life, other short half-life proteins such as
alpha-1 and alpha-2 globulins rapidly decline. Several blood-clotting factors, syn-
thesized in the liver and having short half-lives, are also decreased in AHF, such as
factor V and prothrombin activity.

Kupffer cells remove bacteria from the circulation, ingest endotoxin, and modu-
late the immune response through the release of pro-inflammatory mediators. The
malfunction of Kupffer cells in AHF allows the free transit of microorganisms and
endotoxins from the intestine, which reach the blood circulation, worsening meta-
bolic functions and favoring the installation of infections and the release of cytokines
with serious circulatory consequences, aggravating even more the disease [12].

Hypoxic hepatitis (HH) such as ischemic hepatitis, hypoxic hepatopathy, shock
liver, or hypoxic liver injury results from inadequate oxygen delivery to the liver and
is defined as liver injury as a consequence of a cardiovascular insult followed by a sud-
den transient elevation of aminotransferases greater than tenfold above baseline with
no other identified cause of liver damage. HH often is characterized by the triad of
acute elevation in serum aminotransferases, rapid elevation in INR, and altered renal
function. This can be caused by inadequate oxygen in blood (hypoxemic hypoxia),
inadequate blood flow (ischemic hypoxia), or lack of carrying capacity (anemic
hypoxia). Indeed, ischemic hypoxia of the liver can be caused by increased venous
pressures, as well as decreased arterial pressures. The centrilobular hepatocytes are
particularly vulnerable to hypoxia, so the primary injury is centrilobular necrosis
(Fig. 8.1). Patients with unrecognized preexisting liver disease might be more suscep-
tible to hypoxic injury. In this condition, elevation in liver enzymes may be difficult to

Fig. 8.1 Histologic example
of hypoxic hepatitis (HH).
Perivenular hepatocyte
necrosis with cell loss,
moderate congestion (arrow),
and acidophil bodies (from
the Pathology Department of
the University of Campinas)
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interpret in cases of previous biochemistry abnormalities. In ICU patients, the preva-
lence of hypoxic hepatitis has been estimated to be between 1% and 12% [13]. The
conditions most frequently associated with the development of hypoxic hepatitis in
the acute care surgery patient are hypovolemic or septic shock, cardiac failure (con-
gestive and acute), and global hypoxia. In patients with septic shock, it has been asso-
ciated with high in-hospital mortality (more than 80%) [14, 15].

Focusing specifically on sepsis for a moment, it is important to highlight that sev-
eral factors may contribute to the development of hepatic dysfunction during sepsis.
The two most common causes of hepatic dysfunction in sepsis are the mentioned
above HH and sepsis-associated cholestasis. During the initial phase of septic shock,
the impairment of hepatic perfusion may result in HH, resulting in direct hepatocel-
lular injury. Hepatocellular injury is defined by injury to hepatocytes, which can be
either a reversible disturbance or cell death. It is characterized by elevation of intra-
cellular enzymes (aminotransferases) involved in a-amino group regulation. AST
and ALT are cleared in the sinusoidal cells of the liver, and serum concentrations
reflect hepatocyte turnover and clearance. During liver injury, hepatocellular perme-
ability is increased, and consequently AST and ALT are released from the intracellu-
lar space into plasma. The duration of elevation depends upon the severity of hepatic
insult and the half-life of the enzyme [16]. Clinical studies indicate that liver injury
can also develop despite an increase in splanchnic blood flow that increases propor-
tionally to cardiac output. This is likely because there is increased splanchnic oxygen
consumption so less oxygen reaches the liver through the portal system, or another
flow-independent mechanism may explain hepatic dysfunction in patients with sep-
tic shock. It is also possible that the initial injury of the centrilobular regions leads to
swelling in this region and a specific loss of flow in the critical area.

In cases of functional sepsis-associated cholestasis, increased intestinal perme-
ability as a complication of sepsis can lead to endotoxin translocation from the intes-
tinal lumen into the portal circulation. Endotoxin activates Kupffer cells, which in
turn secrete pro-inflammatory cytokines such as tumor necrosis factor (TNF) and
interleukin-1 cells, which in turn mediates through its inhibitory effects interleu-
kin-6 (IL-6). This inflammatory process alters hepatocyte or cholangiocyte uptake of
bile acids, intracellular architecture, transporter systems, and cellular junctions and
reduces secretion of bile [17].

The clinical setting may be insidious or rapid and progressive, leading to the
failure of multiple organs and systems. With that said, the mainstay of clinical
management of liver injury in the acute care surgery patient at the ICU is therefore
related to early diagnosis and correct identification of etiology. Figure 8.2 proposes
the first measures to follow in patients with AHF presenting with SIRS, scenario
that can be observed on the ACS patient in the ICU. The first symptoms are not
specific—nausea, malaise, and fatigue. The most striking symptom is encepha-
lopathy, which may appear before or after jaundice. It is important to consider
differential diagnosis of non-hepatic causes of neurological disorders, such as
meningitis, barbiturate, or benzodiazepine poisoning, reversible by the administra-
tion of a specific antagonist (flumazenil). Several extrahepatic factors may contrib-
ute to encephalopathy such as hypoglycemia, hyponatremia, uremia, hypoxia, and
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Define the type of liver injury  —— Perform microbiologic
(hepatocellular injury, screening and hepatic
cholestasis, mixed pattern) ultrasound
Keep adequate fluid and Maintain adequate arterial
electrolyte balances e perfusion
Start early antibiotic therapy in > STOP administering
case of ongoing infection hepatotoxic medications

Fig. 8.2 First measures to follow in patients with AHF presenting with SIRS

sepsis. Clinically, sepsis-induced hepatic dysfunction may be suspected in sep-
tic patients with biochemical cholestasis. However, the differential diagnosis of
hyperbilirubinemia in this setting is broad and includes cold agglutinin-associated
hemolytic anemia, drug-induced hemolysis, and transfusion reactions. This makes
static laboratory blood tests unreliable in the assessment of hepatic function. The
use of dynamic methods, such ICG-PDR monitoring, may in the future help to
detect and monitor suspected hepatic dysfunction more reliably and earlier in sep-
tic patients [17].

The evolution of encephalopathy is classically described in four stages, begin-
ning with behavioral alterations, sleep-wake disorders, and space disorientation.
Alternations from one degree to another can occur in hours, evolving to more
advanced stages such as precoma and hepatic coma.

In concomitance with the development of neuropsychic alterations of hepatic
encephalopathy, it is common to establish infections, renal insufficiency, and hem-
orrhages, being possible on this scenario to characterize multiple organ failure syn-
drome. In addition to these non-specific data, the onset of cerebral edema is unique
to AHF, which is a frequent cause of mortality [18].

Cerebral edema and multiple organ failure are indeed the leading causes of AHF
mortality. Cerebral edema manifests clinically when intracranial pressure (ICP)
exceeds 30 mmHg, accompanied by arterial sustained or not hypertension and mus-
cular hypertonia. Eventually, one may find decerebrate posturing, pupil dilation less
reactive to light, papilledema, headache, vomiting, and opisthotonus. These signs
may be masked by the use of neuromuscular blockers [19].

Hypoglycemia occurs in 40% of AHF patients and has a multifactorial etiology. It
may be related to impaired hepatic glucose release, altered hepatic gluconeogenesis,
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Table 8.4 Prognostic factors of fulminant hepatic failure

Static factors Bad prognosis

Age <10 or >40 years old

Etiology Hepatitis (except A)

Drugs (except acetaminophen)

Dynamic factors Bilirubin level >18 mg/dL

Prothrombin T >100s

Factor V <20%

Hepatic steatosis Grade IV

Hepatocellular necrosis Extensive

Complications Present

and increased serum insulin concentration in severe hepatic disease. Bleeding due
to coagulopathy is not frequent, and upper gastrointestinal tract hemorrhage sec-
ondary to acute peptic erosions is more often observed.

Infections are present in 80% of the cases, resulting from deficiency of Kupffer
cell function, intestinal bacterial translocation, leukocyte dysfunction, reduction of
opsonization and complement, as well as the release of endotoxins and immunosup-
pressive cytokines. Invasive procedures, such as venous catheters and intubation in
AHF patients, are important gateways for different infections [20]. Multiple organ
failure, one of the main contraindications to liver transplantation, is manifested by
hypotension with peripheral vasodilation, pulmonary edema, acute tubular necro-
sis, and disseminated intravascular coagulation. Renal insufficiency often occurs
in AHF, and it is sometimes difficult to differentiate between simple intravascular
volume depletion and acute tubular necrosis, typical of multiple organ failure.

AHF prognostic factors may be static or dynamic. The patientstiage and the etiology
of the fulminant HF have been considered as static prognostic factors. Both hepatitis A
and acetaminophen intoxication are considered to have a better prognosis, with mortal-
ity rates around 50%. On the other hand, cases of viral etiology, classified as non-A-E,
as well as several medications, tend to have a worse prognosis [21] (Table 8.4).

8.3 Therapy

Specific therapy can only be applied since an etiologic identification of AHF has
been done. In acetaminophen poisoning, for instance, the use of N-acetylcysteine
should be appointed as early as possible within the first 10-24 h. In patients who
experience acute liver failure, N-acetylcysteine has indeed an expanded role.
Intravenous N-acetylcysteine is associated with improved transplant-free survival in
patients with early encephalopathy caused by nonacetaminophen acute liver failure,
including drug-induced liver injury, autoimmune hepatitis, hepatitis B, and indeter-
minate etiologies [22]. Except for patients requiring invasive procedure and those
with active bleeding, platelets or fresh frozen plasma systematic, N-acetylcysteine
administration should be avoided. In patients with acute failure, increased INR and/
or low platelet count are not necessarily associated with excess risk of bleeding, in
part because of compensatory mechanisms [23]. INR is a marker of the synthetic
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function of the liver and constitutes an important prognosis marker used in several
scoring systems. In addition, fresh frozen plasma alone does not allow adequate
correction of coagulopathy and exposes patients to the risk of volume overload and
transfusion-related acute lung injury (TRALI).

The treatment for herpes simplex-induced AHF is the administration of acyclovir
[24]. In hepatitis B evolving with AHF, oral antiviral use is indicated with lamivu-
dine (at standard doses), although other rapid-acting antivirals such as entecavir are
promising [25].

Correction of factors that may lead to hepatic injury and encephalopathy worsen-
ing, such as hemorrhage, hypoxia, and hemodynamic, hydroelectrolytic, or acid-base
metabolism, is urgent and mandatory. The treatment of these patients is multidisci-
plinary, covering different professionals, besides the hepatologist and liver transplant
surgeons. Table 8.5 presents the set of therapeutic measures to be taken in the case of
AHF. Some specific interventions have been tested on AHF, but since their efficacy
has not been proven, its use is not recommended. Among them we have the use of
corticosteroids, which probably increases the risks of septicemia. Infusion of insu-
lin and glucagon should stimulate hepatic regeneration, but, like activated charcoal
and prostaglandins, they have not been effective [26]. There are no controlled stud-
ies regarding the efficacy of lactulose in AHF patients and should be avoided when
cerebral edema is present as part of the effort to minimize any type of stimulation.
Lactulose does not prevent coma, as it depends on the degree of liver damage.

Table 8.5 Therapeutic guidance in the different clinical manifestations of fulminant hepatic
failure

Complication Therapeutic guidance
Hepatic encephalopathy Hypoproteic diet (branched-chain amino acids or vegetable proteins)
Avoid sedatives
Intestinal enema
Lactulose (?)—avoid in case of cerebral edema
Cerebral edema Monitor ICP
Avoid movements
Avoid nasotracheal aspiration
45° bed headboard elevation

Mannitol
Hypoglycemia Constant glycemic control

Glucose serum in continuous infusion
Renal failure Dialysis

Hemofiltration
Respiratory failure ABGureatory onin

Endotracheal intubation
Mechanical ventilation

Hypotension Dopamine

Infection Regular source screening
Antibiotic therapy

Bleeding FFP/platelets
Coagulation factors (use thromboelastogram for guidance)
H, blockers/PPI

Kingckecollege criteria  Hepatic transplant
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The level of consciousness must be rigorously evaluated in short intervals of
time in order to follow up the deepening of coma. As patients have intense cata-
bolic states and require adequate caloric intake, protein intake should be controlled.
Depending on the state of consciousness, the nutritional access may be by nasogas-
tric tube. To avoid malnutrition, which worsens the general condition of the patient,
enteral or parenteral nutrition (PN) should be started early in the coma patients.
The balanced solution rich in branched-chain amino acids has been recommended
[27, 28]. Regarding parenteral nutrition indeed, in a prospective study that included
more than 3000 critically ill patients, Grau et al. found that acute hepatotoxicity
(defined as cholestasis, hepatocellular injury, or a mixed pattern) occurred more
frequently in patients receiving PN than in those receiving enteral nutrition (30 and
18%, respectively). Daily caloric intake greater than 25 kcal/kg appears to be one
of the most important factors predictive of PN-associated hepatotoxicity, along with
total quantity of PN and sepsis [28]. Early enteral nutrition is preferably recom-
mended when patient’s clinical state allows it.

Central venous catheter placement is required for both central blood pres-
sure monitoring and adequate infusion administration. Swan-Ganz catheter use
is controversial, and although it facilitates monitoring of fluid overload, allowing
occluded pulmonary capillary pressure to be maintained at about 12 mmHg, it is
often not recommended and getting less and less used due to bedside ultrasonog-
raphy advances. Daily cultures of blood, urine, secretions, and catheters should be
performed, as 30% of infected patients with AHF do not show fever or leukocytosis.
The most frequent sites of infection in AHF are blood stream (bacteremia), respi-
ratory tract, urinary tract, and catheters. Treatment with systemic antibiotics is of
fundamental importance, with third-generation cephalosporins being the most used
to date as initial approach.

Continuous intravenously administration of 10% glucose is recommended when-
ever AHF is suspected, to keep glucose levels above 60 mg/dL.

Respiratory alkalosis and hypocapnia arise as a result of hyperventilation and
infections, which often accompany the clinical setting of AHF. If respiratory failure
is suspected, in addition to monitoring the arterial gases and making the desired cor-
rections, intubation and mechanical ventilation should be performed.

To prevent cerebral edema, the head of the bed should be elevated to 45°.
Mannitol (100-200 mL at 20% rapid infusion) continues to be indicated as
the first line in the treatment of intracranial hypertension and cerebral edema.
However, it should be used with caution in the presence of renal failure. In oli-
guric and/or refractory mannitol patients, the decrease in ICP can be obtained
with thiopental infusion, which promotes cerebral vasoconstriction. Mild hypo-
thermia (32-33 °C) is an exception procedure that prevents cerebral edema and
has already been successfully used in humans as a bridge for liver transplanta-
tion [29].

In the presence of renal failure, hemodialysis may be required when hyperpotas-
semia, hyperosmolarity, or fluid overload occurs, and slow hemodialysis may be
indicated, depending on the patient’s condition.
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In patients with spontaneous bleeding in gastrointestinal tube mucosa or with
cerebral hemorrhage, correction of coagulation factors or replacement of platelets/
fresh plasma should be attempted whenever necessary. The use of thromboelas-
togram is recommended. Blockade of gastric acidity can be done with the proton
pump inhibitors or H2 blockers. Table 8.5 summarizes the main attitudes to 