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Series 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 radically differ-
ent 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 publication of the “Hot
Topics in Acute Care Surgery and Trauma,” realizing the need to provide more edu-
cational 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 sci-
ence of resuscitation, surgery, and critical care medicine have the potential to pro-
foundly alter the epidemiology and subsequent outcomes of severe surgical illnesses
and trauma.

Federico Coccolini

General, Emergency and Trauma Surgery Department
Pisa University Hospital

Pisa, Italy

Raul Coimbra
Riverside University Health System Medical Center
Riverside, CA, USA

Andrew W. Kirkpatrick

Department of Surgery and Critical Care Medicine
Foothills Medical Centre

Calgary, AB, Canada

Salomone Di Saverio
Department of Surgery
Madonna Del Soccorso Hospital
San Benedetto del Tronto, Italy

vii



Foreword

This a timely review of the progress made worldwide over the past half century
since the syndrome postinjury multiple organ failure (MOF) was first recognized.
Trauma surgeons have been pioneers in this field. Edited by the authoritative profes-
sors Balogh and Coccolini, the list of chapter authors includes trauma experts who
have defined and elucidated the underlying mechanisms of MOF. Collectively the
careful documentation of data, hypothesis-driven research, and clinical application
of findings have resulted in a marked reduction in mortality although the morbidity
burden remains substantial. Appropriately the early chapters review the definition,
varied terminology, and pathophysiology of MOF. Trauma surgeons were the first
critical care providers to recognize the common signaling events resulting from
infection-generated pathogen-activated molecular patterns (PAMPS) and shock/
trauma-induced danger-activated molecular patterns (DAMPS). The next set of
chapters covers the epidemiology and risk factors and adds the more recent perspec-
tive on the long-term consequences, i.e., the persistent inflammation, immunosup-
pression, and catabolic syndrome (PICS). These chapters lead into a discussion of
management, emphasizing the importance of prompt reversal of shock and effective
source control for secondary infections. The ensuing series of chapters discuss the
organ-specific manifestations and their related supportive therapy. Importantly there
is a chapter devoted to the demanding care of MOF in low-resource environments.
The text concludes with a systematic review of randomized clinical trials that pro-
vide the basis for current therapeutic priorities and defining the remaining knowl-
edge gaps that warrant further investigation. In sum, this is a comprehensive
overview of the current management of postinjury MOF that will be invaluable for
all health care providers managing the injured patient at risk for organ
dysfunction.

Ernest E. Moore
Denver, CO, USA



Preface

Postinjury Multiple Organ Failure (MOF) is the ultimately feared complication
among polytrauma patients who survive the initial insult of significant mechanical
energy transfer to the body. It is common knowledge that it is the major contributor
to late deaths after injury. It is extremely resource intensive on the health care sys-
tem and society in general. In this Preface, we are sharing with you some less aca-
demic but more historical and anecdotal intricacies of the long affair that has been
linked with MOF.

While polytrauma is a disease triggered by the impact of external energy on the
organism, resulting in physiological derangements and systemic inflammatory
response syndrome frequently leading to dysfunction of the uninjured organs, MOF
is a syndrome not specific to trauma. Why postinjury MOF? Why trauma surgeons?
The 50-year history of MOF started with observations and christening by trauma
surgeons who can be traced back in PubMed or, more intriguingly, via multiple
generations of mentor-mentee linages linking numerous institutions, countries, and
continents. I am as young as MOF and already a third-generation explorer from the
original Eiseman linage. I have never met Dr. Ben Eiseman, but I can very much
relate with his mountaineering and outdoor-loving nature I learned from my imme-
diate mentors Gene and Fred Moore from Denver during the 1990s.

Once you are intrigued by the mechanisms, pathophysiology, prediction, treat-
ment, outcomes, and prevention of MOF, you are naturally studying traumatic
shock, its resuscitation, the postinjury inflammatory response, the optimal timing of
surgical interventions, and many aspects of postinjury critical care. MOF is an over-
arching pathological endpoint to avoid. Our North American trauma surgeon col-
leagues are historically in charge of their trauma ICUs, frequently double
board-certified (surgery and critical care). Their system also offers trauma, acute
care surgery, and critical care fellowships. In most other parts of the world, surgeons
are involved in critical care on a consultative basis, and ICUs are staffed by non-
surgical critical care physicians staff open or increasingly closed ICUs. We believe
trauma surgeons outside of North America need more involvement in the critical
care of severely injured patients. Hopefully, this book will help simplify some prin-
ciples of postinjury critical care, which are seemingly far too distant to many
surgeons.

MOF was not recorded by ancient physicians of the Middle East, Egypt, Greece,
or Rome. We needed more than 2000 years of medical advancements to

xi
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successfully treat single organ failures and keep critically ill patients alive until
survival or subsequent organ failure. While a disastrous complication of polytrauma
and other critical illnesses, MOF is also a measure of success for modern critical
care. These advances have put the generation of Dr. Art Baue and many others in a
situation where they had to face a condition they had never seen before, the progres-
sive sequential failure of multiple organs. MOF in the 1970s looked like the compli-
cation of major penetrating abdominal trauma primarily driven by sepsis. But the
syndrome from trauma aetiology has changed its face many times. During the
1980s, European trauma surgeons saw the problem frequently occurring from blunt
polytrauma without any infection, driven primarily by acute lung injury and respira-
tory distress syndrome. These lead to a focus on ameliorating secondary lung injury
via ventilatory strategies and gut-related interventions to minimise priming from the
intestinal tract via bacterial and endogenous molecular motifs delivered to the lung
by blood and lymph. While traumatic shock and some aspects of the resuscitation
were always linked to MOF, the clear preventable association was identified by the
late 1990s and early 2000s. The crystalloid-based haemodynamic goal-directed
traumatic shock resuscitation coupled with the advancement of damage control sur-
gery led to the early survival of many critically ill patients presenting in shock
constituting a new challenging form of early MOF on the ICUs. These generally
fluid overloaded patients were difficult to ventilate, had increased compartment
pressures in several body compartments, and frequently continued to need addi-
tional transfusions and unplanned operations due to coagulopathy. Despite their
optimised cardiac function and supranormal intravascular volume status, these
patients developed hyperacute renal failure due to increased abdominal pressure
without abdominal injuries, which would soon compromise cardiac filling and
increased airway pressures to complete the picture of MOF due to abdominal com-
partment syndrome. Addressing abdominal compartment syndrome with coagula-
tion-based haemostatic resuscitation strategies limiting crystalloid use in the
treatment of traumatic shock virtually eliminated this form of early MOF. More
recently MOF has been “tamed” from the raging syndrome of the young hyper-
inflamed young male to the less spectacular but equally lethal subclinical and more
prolonged organ dysfunction of the frequently less severely injured elderly and with
a more balanced sex distribution. Ever since the early 1970s, MOF has repeatedly
challenged us. As soon as we solved a problem (abdominal sepsis, lung protective
ventilation, haemostatic resuscitation) and outcomes started to improve, a new phe-
nomenon emerged due to the survival of patients from injuries, which previously
was never the case. Every month I see at least a couple of patients who would not
have survived past day one a few years ago and I need to tell the family that we are
experiencing something, which is not in the textbooks, not in scientific papers, we
apply principles, anticipate what we can and manage proactively that what we know
about MOF always brings something new and unexpected, and we are starting to
see new common patterns, which may explain why organs fail in polytrauma
patients following polytrauma or major trauma. This is probably the reason why
MOF has not disappeared. Some advances specific to trauma care and generally
applicable to critically ill patients have led to a significant decrease in mortality and
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although the full-blown syndrome seems to be less severe and less protracted, the
overall incidence remained the same among the high-risk polytrauma patients.

This makes sense as we are treating a polytrauma population at least 20 years
older on average with more comorbidities and associated obesity. In developed
trauma systems, due to aggressive early haemorrhage control and balanced resusci-
tation the previously strong independent predictors of MOF such as shock and
resuscitation parameters are no longer relevant as predictors of MOF. Although not
as strongly, markers of tissue injury severity remain independent predictors of
MOF. Age as a surrogate for comorbidities and general health remained a stronger
predictor of organ dysfunction and failure. The fine details of the pathophysiology
of postinjury MOF can be debated, but most experts agree that it is strongly linked
to inflammation. Laboratory animals with known pro-inflammatory phenotype
(rats, mice) are likely to develop MOF after a relevant experimental insult while
hibernating mammal species with functional quantities of brown adipose tissue (e.g.
artic ground squirrels) and birds with less “sparky” mitochondria are unlikely to
develop it. Excessive white adipose tissue in humans associated with a heightened
baseline inflammatory state and higher BMI are not surprisingly strongly associated
with postinjury MOF.

Trauma surgeons not just first described and coined the term MOF but developed
and validated scoring systems to define the syndrome and monitor its epidemiology
and outcomes. Currently, many longitudinal prospective institutional postinjury
MOF registries exist, which regularly provide important reports on the changing
aspects of the condition. Numerous research laboratories explored many aspects of
the syndrome worldwide and described the essential components of the pathophysi-
ology of MOF. It is hard not to emphasise the importance of endogenous (intracel-
lular) damage-associated molecular patterns (DAMPs) in the development of MOF
following polytrauma. This mechanism provides an explanation on how major tis-
sue injury in patients without shock or exposed to pathogens upon presentation can
lead to severe inflammation and secondary organ damage. Many of the DAMPs
have mitochondrial (ancient proteobacteria) origin, which put these essential organ-
elles again into focus beyond cellular energetic function in relation to the mecha-
nism and treatment of postinjury inflammatory complications such as MOF.

We believe that this book provides an evidence-based overview of the current
understanding of postinjury MOF. It also raises several questions from the very
basics to the most complex therapeutics, which we have to address in the future.
Why do not we have a uniform definition and consensus on MOF scoring? Why do
we have so little and not necessarily trauma-specific level-1 evidence related to its
treatment? Why do decades of basic science work have not had more impact on our
clinical practice? Why cannot we describe when and how to best nourish poly-
trauma patients? When is the best time to perform non-lifesaving surgery to restore
mobility without making the inflammatory state worse? What really is a second hit?
Is it real or just a myth? What is the role of the microbiome? Are we just the pet
human of our bacteria?

This textbook is aimed for students, trainees, and specialists interested in the care
of the injured patient. It surely can over or underwhelm some on the far ends of the
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knowledge and experience spectrum but will provide a comprehensive overview
with a pragmatic order of chapters. The chapters are written by world experts in the
field, and they are stand-alone readings even without the context of the entire book.
We have tried to minimise overlaps among sections for those who prefer the cover-
to-cover approach.

This book is another example of the stellar collaboration between the publisher
(Springer Nature) and two academic societies (American Association for the
Surgery of Trauma and World Society of Emergency Surgery), which have already
produced many successful textbooks on challenging topics of trauma and acute care
surgery by experts in their fields.

On behalf of my co-editors Professors Coccolini, Coimbra, Di Saverio, and
Kirkpatrick we hope this book will be a valuable contribution to the optimal man-
agement of severely ill polytrauma patients wherever you practice around the globe.

December 2021

Newcastle, NSW, Australia Zsolt J. Balogh
Moreno Valley, CA, USA Raul Coimbra
San Benedetto del Tronto, Italy Salomone Di Saverio
Calgary, AB, Canada Andrew W. Kirkpatrick

Pisa, Italy Federico Coccolini
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The Definition of Multiple Organ Failure

Hannah Black

1.1 Defining MOF

The definition of Multiple Organ Failure (MOF) has progressed from previously
described all-or-none phenomenon to what is now understood as a continuous pro-
cess of varying degrees of organ dysfunction that lead to overt organ failure. This
change in how the MOF syndrome can be recognised leads to the development of
multiple scoring systems that attempt to quantitate the degree of organ failure [1].
MOF has also been described as a disease of medical progress, as technological
advances in critical care improve there is an associated increase in survival as
patients develop complications of critical illness that were previously not seen [1].
Most MOF scores were developed during the 1980s and 1990s with more than
40 organ failure severity scoring systems being proposed. Despite this, to date there
is no single scoring system that is accepted as the gold standard measure for
MOF. This leads to great variance in reported incidence, duration, severity and mor-
tality associated with the syndrome. Without a standardised score, epidemiological
and outcome comparisons between studies, institutions and populations are impos-
sible and complicate the evaluation of changes in treatment and patient management
[2, 3]. Most MOF soring systems were originally developed as descriptive mea-
sures, but have subsequently been validated and used as outcome predictors with the
intention of rapidly identifying patients at high risk of developing MOF [2, 4].

H. Black (24)
John Hunter Hospital, New Lambton Heights, NSW, Australia

School of Medicine and Public Health, University of Newcastle, Callaghan, NSW, Australia
e-mail: hannah.black@uon.edu.au
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1.1.1 Marshal Multiple Organ Dysfunction Score (MODS)

The Marshall MODS [5] was developed in 1995, originally designed for critically
ill patients admitted to ICU, it was later validated for use in the trauma cohort. The
authors utilised a literature review and surgical admissions records to design mea-
sures of organ dysfunction against mortality. It includes six organ systems: respira-
tory, renal hepatic, cardiac, coagulation and Central Nervous System (CNS). The
authors decided on a composite measure, pressure-adjusted heart rate (PAR), for
cardiac failure as they deemed no single variable met the criteria, but this requires
calculation [2]. All six organ systems are scored zero to four using the first measure-
ment of the day and then added together to give a score of zero to 24 [6]. No MOF
cut-off was originally given as the authors used the score to correlate with ICU and
hospital mortality [5]. Studies which have validated the Marshall Score have defined
MOF as a score of more than 5 for 1 day or two consecutive days [2, 6]. The Marshall
score assesses organ dysfunction on the worst ICU day and assigns a maximum
score to patients who do not survive [7].

1.1.2 Sequential Organ Failure Assessment (SOFA) Score

The SOFA Score [8] was developed in 1994 by clinicians and was initially used to
describe critically ill ICU patients and predict mortality, but subsequently tested and
validated for trauma patients [6]. The developers stressed that the organ system
parameters needed to be simple, objective, easily and routinely measured in the
ICU, able to be repeated, independent of therapeutic interventions and should be
continuous measures [2]. The SOFA Score assesses the same six organ systems as
the Marshall Score, but uses mean arterial pressure and a surrogate parameter, thera-
peutic interventions with vasopressors, therapy-dependent, to measure the cardio-
vascular system. The score is obtained by summing the worst daily value for each
system [6]. No time frame or categorical cut-off point for MOF definition was pro-
posed by the developers [8]. It is utilised as continuous descriptive measure as a way
of monitoring patients over time [3]. General consensus in the literature is that a
score of three or greater for one organ system is defined as failure of that organ. The
definition of MOF using the SOFA score varies with failure of at least two single
organ systems [6] or an overall score of greater than five [2] having been recom-
mended. SOFA is calculated daily and is used as a descriptor of the severity of organ
dysfunction [7].

1.1.3 Denver Score

The Denver Score [9] was developed in 1991 by trauma experts. It was originally
designed to assess adult post-trauma organ failure in patients with an Injury Severity
Score (ISS) of greater than 15 and survived more than 48 hours post-injury [2, 6].
While initially including eight organ systems, the Denver Score was revised in the
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mid-1990s and reduced to four organ systems: respiratory, renal, hepatic and car-
diac [9]. As with the other scoring systems, the Denver Score was initially devel-
oped to describe the critically ill pro-inflammatory or septic trauma patient, but has
subsequently been validated to predict outcomes in trauma patients [3]. It is impor-
tant to note that the Denver Score excludes the hematologic system and Central
Nervous System (CNS) which implicates severe Traumatic Brain Injuries (TBIs). It
also uses the surrogate cardiovascular measure of inotropic medication, the same as
the Marshall Score [6]. Using the Denver Score MOF is defined as a total score of
more than three at or beyond 48 h post-injury [3].

1.1.4 Brussels Score

The Brussels Score was developed in 1998 around the same time as the Marshall
score and was similarly designed to apply an objective standardised approach to
clinical trials in the ICU, especially those involving sepsis. The Brussels score
examines the same six organ systems as the Marshall and SOFA scores: respiratory,
renal hepatic, cardiac, coagulation and Central Nervous System (CNS) [7]. The
Brussels score measures cardiovascular dysfunction/failure differently to SOFA and
Marshall. Brussels measures hypotension and acidemia; however, acidemia can be
caused by factors unrelated to the cardiovascular system, therefore does not neces-
sarily reflect cardiovascular dysfunction or failure [8]. Unlike other MOF scoring
systems, the Brussels score does not attempt to compound the severity of organ
failure into a single score, marinating focus on the individual organ systems [7]. For
patients who do not survive, the Brussels score calculates organ failure-free days [7].

1.1.5 Knaus Score

The Knaus score was originally designed in 1985 for its prognostic capabilities in
order to quantify organ system failures and provide objective estimates of the prob-
ability of survival for ICU patients receiving intensive therapy [10]. The Knaus
score is independently applied to each 24-hour period. It stipulates organ failure
must be present on three consecutive days to exclude patients with transient organ
dysfunction [1]. The Knaus score examines five organ systems: cardiovascular,
respiratory, renal, haematology and neurologic [10]. Fry and Deitch subsequently
added scores for hepatic and gastrointestinal dysfunction [1].

1.1.6 Goris Score

Goris et al. (1985) was one of the first attempts to quantify the severity of organ
dysfunction and failure based on expert opinion in surgical intensive care patients.
The only source of information for designing the score was clinical judgement and
the experience of ICU experts. Seven organ systems were scored: respiratory,
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cardiovascular, renal, hepatic, haematological, gastrointestinal and neurological.
Organ dysfunction was scored one point, while organ failure was scored two points.
The Goris score was validated in patients who required more than 3 days of ICU
care and the maximum score was defined as the highest daily MOF score observed
during the ICU stay [11].

1.1.7 Same Syndrome, Different Score

While all scores define the same syndrome, there are significant differences in
which organ systems are selected, how they are assessed and at what time points
MOF is measured. It is these differences that contribute to the variability of MOF
incidence between studies and complicate comparison of studies.

Importantly, these scores were not originally developed to predict patient out-
comes. As MOF is a major complication in severely injured trauma patients, the
ability to score MOF is relevant both clinically, to identify at-risk patients, and in
research, to determine what factors influence the development of MOF and to iden-
tify suitable patients for clinical trials. It is now recognised that MOF should only
be defined at or after 48 hours post-injury as reversible physiologic derangements
during the early post-injury period do not represent a substantial organ failure and
are influenced by the traumatic injury itself. Therefore, today most studies concede
that MOF score values are appropriate from day three [3, 6]. Vogel and colleagues
have been investigating a scoring system for Emergency Department patients to
predict MOF. The score has been shown more to accurately predict MOF than
attending emergency physician estimations [12, 13]. Historically, the MODS and
Denver Scores have been used for trauma research [2].

1.1.8 Evaluation of Scores

Each of the scoring systems have proved to be good predictors of MOF but have
different specificities and sensitivities. SOFA is the most balanced between specific-
ity and sensitivity [6]. Marshall is more sensitive reflecting a high incidence of
MOF with low case-fatality rate. Denver score is more specific with low incidence
of MOF and a high case-fatality rate [14]. Marshall and SOFA have consistently
showed increased incidence when compared to Denver which may be related to
their inclusion of the CNS as TBIs are associated with increased mortality in the
trauma cohort [6]. It is sometimes very difficult to obtain head injury scores in the
ICU trauma patient as they are often sedated or intubated for substantial periods of
time. The Denver and SOFA score are good at predicting ICU resource use with
SOFA performing slightly better. Denver and Marshall have been comparable for
predicting mortality, ICU length of stay and ventilator days [3].

The Denver Score has low sensitivity, high specificity and therefore better pre-
diction of adverse clinical outcomes and ICU resource utilisation [15]. Low sensi-
tivity, however, can also result in missed “true-positive” cases of MOF [3]. The
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Denver Score can also be used as a continuous scale to monitor response to treat-
ment [15]. The high specificity of the Denver Score means that ICU resources can
be better targeted to high-risk patients; however, it has the risk of missing poten-
tially affected patients due to its low sensitivity [2]. Various studies who compared
MOF scoring systems have recommended the use of the Denver Score for severely
injured trauma patients as it accurately predicts adverse outcomes to high specific-
ity, targeting a highly vulnerable and at-risk group of patients, and can be used as a
continuous measure for monitoring response to treatment [2, 15]. It is also impor-
tant to note that as the Denver score measures daily data after 48 h it is not influ-
enced by reversible derangements due to incomplete resuscitation [16].

Summary of Most Commonly Used MOF Scores [6]

Dysfunction Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Denver score
Pulmonary, >208 208-165 165-83 <83
PaO2/FI02,
[mmHg]
Hepatic, <34 34-68 69-137 >137
bilirubin,
[pmol/L]
Renal creatinine, <159 160-210 211-420 >420
[pmol/L]
Cardiac No Only | inotrope ata  Any Any
inotropes® inotropes small dose inotrope at  inotrope at

moderate  large dose
doseor>1 or>2

agent at agents at
small dose  moderate
dose
SOFA score
Pulmonary, >400 <400 <300 <200 <100
PaO2/F102,
[mmHg]
Coagulation, >150 <150 <100 <50 <20
platelet count,
[x103/pL]
Hepatic, <20 20-32 33-101 102-204 >204
bilirubin,
[pmol/L]
Cardiovascular, No Mean arterial Dopa <5 or Dopa >5or Dopa
inotropes® in pg/ hypotension pressure <70 mmHg any Dobu  Epi <0.1 or >15 or
kg/min dose Nor <-0.1 Epi>0.1
or Nor
>0.1
Renal, <110 110-170 171-299 300440 >440
creatinine,
[pmol/L]
Central nervous 15 13-14 10-12 6-9 <6
system, GCS

MODS
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Dysfunction Grade 0 Grade 1 Grade 2 Grade 3 Grade 4
Pulmonary, >300 226-300 151-225 76-150 <51
PaO2/F102,

[mmHg]

Renal, <100 101-200 201-350 351-500 >500
creatinine,

[pmol/L]

Hepatic, <20 21-60 61-120 121-240 >240
bilirubin,

[pmol/L]

Cardiovascular, <10.0 10.1-15.0 15.1-20.0  20.1-30.0  >30.0
PAR®

Coagulation, >120 81-120 51-80 21-50 <20
platelet count,

x103/pL

Central nervous 15 13-14 10-12 6-9 <6
system, GCS

* Inotrope doses (in pg/kg/min): vasopressin: small <0.03, moderate 0.03—0.07,
large >0.07; dopamine: small <6, moderate 610, large >10; dobutamine: small <6,
moderate 6-10, large >10; epinephrine: small <0.06, moderate 0.06-0.15, large
>0.15; norepinephrine: small <0.11, moderate 0.11-0.5, large >0.5

® Dopa Dopamine, Dobu Dobutamine, Epi Epinephrine, Nor Norepinephrine

¢ PAR = Heart Rate x Central Venous Pressure/Mean Arterial Blood Pressure
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The Pathomechanism of Post-Injury 2
Multiple Organ Dysfunction Syndrome
(MODS)

Etrusca Brogi, Federico Coccolini, and Francesco Forfori

2.1 Introduction

In 1975 for the first time, Baue reported a new clinical syndrome described as
“multiple, progressive or sequential systems failure” in trauma patients [1]. This
syndrome was characterized by a similar pattern of progression over time, involving
2 or more organs, induced by different acute insults. Thereafter, several new defini-
tions have been proposed. Nowadays, multiple organ dysfunction syndrome
(MODS) is defined as a clinical syndrome characterized by the development of
progressive and potentially reversible physiologic dysfunction in 2 or more organs
or organ systems that can be triggered by a variety of acute insults, including sepsis,
trauma, burns, pancreatitis and hypovolemic shock [2]. Regardless of the nature of
the initial insults, MODS represents a common clinical final pathway characterized
by a progressive functional failure of several organ systems due to an inappropriate
uncontrolled systemic inflammatory response; this unbridled activation of the
inflammatory response lead to a loss of the host’s ability to localize the inflamma-
tion on the site of injury, resulting in a systemic inflammation, severe host tissue
damage and subsequent MODS. The systemic inflammatory response syndrome
(SIRS) is the clinical manifestation of systemic inflammation characterized by
fever/ hypothermia, leucocytosis /leukopenia, tachycardia and tachypnoea [3].
Paradoxically, MODS represents the result of advancement in trauma and critical
care management. In fact, the advances in organ-specific supportive treatment have
decreased the mortality during the acute phase, possible leading to a post-injury
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multiple organ failure (MOF). MODS represents one of the major causes of morbid-
ity and mortality in trauma and intensive care patients [4]. The reported incidence
varies widely in literature, from 7 to 66%, due to the use of different scoring system
and population included [5]. However, over the year, in literature are reported
important changes in the epidemiology of MODS, with a significant decrease in
MODS incidence, severity and mortality [6]. This changing epidemiology has been
thought to be due to an improvement in early resuscitation, changes in resuscitation
strategies (e.g. decreased use of blood products transfusion) and early goal-directed
ICU therapies. Important advances in critical care, that have decreased the inci-
dence and severity of MODS, are represented by recognition of abdominal compart-
ment syndrome, lung protective ventilation, glycaemic control, early enteral
nutrition, reduction on blood transfusion, damage control surgery, renal replace-
ment therapy and cortisol replacement for adrenal insufficiency. Post-trauma MOF
accounts from 51% to 61% of mortality with an increased ICU stay [3]. Even more,
the incidence and mortality of MOF are influenced by the type of trauma; blunt
(13%) versus penetrating (3%) trauma [7]. The mortality increases with the number
of the affected organ; from 30% in the presence of single organ dysfunction to
76.2% in the case of 4 affected organs [8]. The respiratory tract was found to be the
most common site involved in MOF and had the strongest association with mortal-
ity [8]. In patients with sepsis, the lung represents the most frequent site of infection
followed by the abdomen. Mortality is also associated with pre-existing disease.
The understanding of MODS pathophysiology has progressively advanced over
the time; while the main effectors and mediators (i.e. neutrophils, macrophages,
endotoxin, cytokines and oxidants) have been identified, the disease processes
responsible for the pathogenesis of MODS have still to be clarified deeply [9]. In
fact, the mechanism and cellular pathophysiology involved in the transition from
SIRS to MODS remain unclear. However a major role is played by the cross-talk
between signalling pathways, the individual genetic polymorphisms (e.g. difference
in constitutive expression and upregulation of mediators) and the activation of posi-
tive circulating loop through inflammatory mediators [10-13]. The “two-hit”
hypothesis has recently been proposed in order to explain the development of MODs
in trauma and critically ill patients [14]. In this model, a first severe insult (e.g.
trauma, burn, infection) primes the host immune system resulting in a significant
neutrophilia at 3 h post-injury [3]. The neutrophilia represent a vulnerable window
when a subsequent second insult (“the second hit”) may induce an exaggerated
unbridled host immune response, which can lead to multiple organ dysfunction syn-
drome and death. The intensity and severity of the inflammatory response are deter-
mined by host factors and the nature of the precipitating injury characteristics.
However, the key element for the pathophysiology of MODS is represented by the
loss of the equilibrium between the pro-inflammatory and anti-inflammatory
response due to a dysregulated immune response. Furthermore, even if systemic
inflammation is characterized by a common final pathway with the production of
cytokines, mediators and the subsequent priming of polymorphonuclear cells
(PMNs), the immune status may vary widely between organs [15]. This is due to the
fact that transcriptional programmes, constitutive expression and upregulation of
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inflammatory mediators differ in the singular organ [16]. The gene expression is
specific to a particular organ, consequently, each organ presents specific mechanism
of dysfunction during SIRS and MOF.

The clinical manifestation and severity of MODS are influenced by host factors
(e.g. age, comorbidities, genetic predisposition) and the severity of the injury.
Genetic predisposition is an important factor that has to be taken into account [17,
18]. Genetic polymorphisms are proven to play a role in the development of MOF. In
fact, the genomic variance may affect the expression and the upregulation of inflam-
matory molecules, influencing the severity of MOF. Individual genomic and pheno-
type, consequently, gene expression and protein production capacity, is tightly
linked to the susceptibility to complications after an injury and influences the likeli-
hood to develop MODS. The dosage of these molecules can potentially be used as
biomarkers to diagnose and determine the prognosis [12]. Furthermore, the under-
standing of the important role of genetic polymorphism has resulted in the develop-
ment of novel therapeutic strategies to prevent or treat MODS, with contrasting
results. Cytokines target therapy, antagonist targeting adhesion molecules, antioxi-
dants and treatment strategies to remove excessive cytokines and toxins (e.g.
CytoSorb®, Toraymyxin) can represent possible therapeutic options for the preven-
tion and the treatment of MODS [19, 20]. However, we have to take into account
that MODS is characterized by a positive and redundant positive feedback though
inflammatory mediators, consequently, target therapy on a single pathway is not
sufficient to improve outcome.

2.2  Pathophysiology

The initial immune response to an insult is provided by the innate component of the
immunity system. Innate immunity represents the first line of defence/first response
system of the host towards a warming signal and is able to respond quickly to a wide
range of stimuli. The main function of this component of immunity is to fight and
contain infection at the entrance door, giving time to the antigen-specific immune
system to develop an effective response. The activation of innate immunity cells is
activated by threatening signals, which can come from internal sources (e.g. tissue
damage, cell lysis components), or from external agents (e.g. surface or genetic
molecules of microorganisms). The fact that the answer can be activated both by
internal and external signs explains the common final molecular pathway that can
be triggered both by infectious pathogens and non-infectious causes (i.e. trauma,
burns and pancreatitis) [21]. A central role is played by pattern recognition recep-
tors (PRRs), capable of recognizing pathogen-associated molecular patterns
(PAMPs) and danger-associated molecular pattern molecules (DAMPs). The inter-
action between pathogen-specific proteins and the host proteins leads to the trigger
of intracellular signalling cascades and the release of pro-inflammatory cytokines
[22]. This represents the first line of defences against invading pathogens.

The effector cells of innate immunity are cells of the monocyte-macrophage line,
Natural Killer (NK), endothelial cells and dendritic cells. These cells, activated by
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pathogens, secrete mediators of inflammation, including cytokines (e.g. TNF-a,
IL-1 and IL-6), chemokines (e.g. IL-8), prostaglandins and histamine [21]. These
mediators act at the level of the endothelium causing vasodilation, an increase of
vascular permeability and tissue recruitment of neutrophils. Furthermore, the proco-
agulant state often observed during chronic inflammatory response is due to a cross-
talk between inflammation and coagulation. In fact, inflammatory response leads to
an upregulation of endothelial tissue factor, a reduction of circulating level of pro-
tein C, antithrombin III, thrombomodulin and an enhancement of inhibitors of fibri-
nolysis; with consequent enhancement of the coagulation cascade [23].

2.2.1 PAMPs, DAMPs and PPRs

Receptors for PAMPs and DAMPs are called pathogen recognition receptors (PPRs)
expressed either from cells of the immune system and from the cells of epithelial
barriers, that allow the host to recognize the pathogen and to initiate the innate
immune response [24]. The PPRs are mainly represented by the Toll-like receptors
(TLRs) family, transmembrane receptors expressed by different cell types: leuko-
cytes, cells of the monocyte-macrophage line, Natural Killer, dendritic cells, endo-
thelial cells and fibroblasts [24]. The NLR (nucleotide-binding domain leucine-rich
repeat containing) are a family of intracellular PPRs with the function of regulators
of the innate immune response against microbial pathogens [25]. Following the
binding of PAMPs with TLRs (or with the NLRs) an intracellular signal transduc-
tion cascade is activated, mediated by different kinases. The final event of this trans-
duction cascade is the activation of a transcriptional programme, which includes the
nuclear transcription factor NF-kB, the mediator of the expression of genes that
code for inflammation factors, such as cytokines, chemokines and nitric oxide [24].
Consequently, the common final response to an insult is the release of pro-
inflammatory cytokines.

Toll-like receptors family are expressed by different cell type including the air-
way the gut epithelial cells, haematopoietic cells, mast cells, regulatory T lympho-
cytes, endothelial cells and NK cells. A total of 10 different TLRs have been
identified; TLR2 interacts with components of Gram-positive bacteria (i.e. peptido-
glycans and lipoproteins), viruses and fungi [24]. Some TLRs are able to respond to
microbial ligands independently, but in some cases they require the presence of
other molecules present on the cell surface (e.g. CD14, MD2) to facilitate the bind-
ing between PAMPs e TLR. As an example, TLR4 is the first TLR documented with
a role in pathogen recognition, which identifies and interact with LPS of gram-
negative bacteria. TLR4 forms a complex with LPS through the aids of CD14 and
LPS binding protein. The complex then recruits Toll-IL1 receptors domain, the TIR
domain-containing adaptor molecules (TRIF) and myeloid differentiation factor 88
(MyD88) leading to the activation of NF-kB and the subsequent production and
release of TNF-a, IL-1 and IL-6 [24, 26]. Some TLRSs, such as TLR4 and TLR2, are
located at the level of the cytoplasmic membrane and recognize wall components of
microbial cell; others, such as TLR3 and TLRY, are found at the endosomal level
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and are responsible for binding components of phagocytized microorganisms (for
example TLR3 is responsible for recognition of viral dsSRNAs) [27] [28]. However,
many microorganisms present more than one TLR ligand and it is likely that micro-
organisms with different molecular patterns can cause differential activation of
numerous TLRs, thus allowing different answers to different classes of pathogens.
Since the activation of TLRs can trigger a rapid and powerful inflammatory response,
it must not surprise that the signal of the TLRs is subjected to regulation at various
levels. Some of the regulatory molecules are constitutively expressed at the level of
tissues and plasma, while others are induced by the activation of the TLRs path and
therefore involve a negative feedback.

PAMPs (Pathogen-associated molecular patterns) are the components of the
microorganisms that activate the immune response [29]. Lipopolysaccharide (LPS),
the main component of the wall of Gram-negative bacteria, is one of the major trig-
gers of the septic signalling cascade. Other examples of PAMPs are represented by
the peptidoglycan (a main component of the Gram-positive wall), mannose-rich
glycans, bacterial flagellin, lipoteichoic acid, hyaluronidase and nucleic acid (e.g.
bacterial DNA, double-stranded or single-stranded RNA). On the other hand,
danger-associated molecular pattern molecules (DAMPs), also known as damage-
associated molecular pattern molecules or alarmin, are host molecules capable of
initiate a non-infectious inflammatory response [30, 31]. DAMPs include nuclear or
cytosolic proteins released from the cell or exposed on its surface following tissue
injury. Examples of DAMPs are heat-shock proteins, HMGB1, hyaluronan frag-
ments, ATP, uric acid, heparin sulphate, S100 protein and DNA. In fact, trauma can
activate the innate immune system through DAMPs. High-mobility group box 1
(HMGB1) is released by necrotic cells and acts as pro-inflammatory mediators acti-
vating macrophages [32]. HMGB1 may stimulate the maturation of dendritic cell
through the upregulation of CD80, CD83, CD86 and CD11c, can promote the pro-
duction of IL-1, TNF-a, IL-6, IL-8 in myeloid cells and can increase the expression
of cell adhesion molecules (ICAM-1, VCAM-1) on endothelial cells. It has been
demonstrating that high levels of HMGBI are associated with epithelial and gut
barrier dysfunction and has recently been implicated as a key molecular pathway in
trauma/haemorrhagic shock. HMGBI1 interact with TLR2, TLR4 and RAGE
receptors.

DNA and RNA, released after cell necrosis, can act as DAMPs too. DNA can
trigger the inflammatory responses through the TLR9 receptors and DAI, whereas,
RNA activates TLR3. Even more, injured tissue release protease that degrades pro-
teoglycans, leading to the liberation of heparin sulphate (HS); an endogenous TLR4
agonist [33].

2.2.2 Two-Hit Model

Once the immune response is triggered, the production and release of cytokines (i.e.
TNF-a, HMGBI, IL-1) and chemical factors (i.e. IL-8, histamine, bradykinin, sero-
tonin, leukotrienes and prostaglandins) from immune cells cause local
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vasodilatation and the migration of immune cells to the sites of infection. Even
more these cytokines are responsible for the enhancement of adhesion molecules on
neutrophils (e.g. L-selectin and CD11/CD18) and endothelial cells (e.g. E, P-selectin
and ICAM-1) leading to a tight bond and subsequent migration of neutrophils
through the endothelium into the injured tissue where these cells produce and
release reactive oxygen species (ROS) and protease. The release of these mediators
triggers an acute inflammatory response and endothelial damage with increased per-
meability, swelling and necrosis. In fact, endothelial cell dysfunction is a common
pathophysiological characteristic in MOF syndrome and it is considered as a pre-
cursor of tissue damage and organ failure [34]. Pro-inflammatory cytokines play a
central role in initiating, amplifying and perpetuate an inflammatory response.
TNF-a, IL-1 B are the major pro-inflammatory mediator in the acute-phase response.
Besides TNF-a and IL-1 B, I1-6 regulate the generation of C-reactive protein, pro-
calcitonin, serum amyloid A and complement factors [35]. Even more, IL-6 regu-
lates the growth and differentiation of lymphocytes and activates NK and
neutrophils.

The complement system can be activated during this immediate host defence
response through the three initial pathways of activation: the classical, the lectin and
the alternative pathways [36]. The effects of complement activation is represented
by the production of biologically active peptides (C3a, C3b, C4b, C5a, C5b). C5b
presents many functions; chemotaxis of leucocytes, degranulation of phagocytic
cells, mast cell and basophiles, increase of vascular permeability, induce the expres-
sion of P-selectin in endothelial cells [37]. Even more, the active peptides of com-
plement may activate the coagulation cascade by inducing expression of tissue
factors [38]. In fact, the stimulation of coagulation, the downregulation of antico-
agulant pathways and the impairment of fibrinolysis play a crucial role in this acute
phase [38].

The activation of coagulation and the consequent fibrin deposition represent a
great contribution to the host defence against microbial dissemination, reducing
bacterial capacity to disseminate into nearby tissues and systemic circulation; lead-
ing to a compartmentalization of bacteria and reduces bacterial invasion. The coag-
ulation cascade can be activated both by the expression of tissue factor (TF) by
injured tissue or induced by pathogen-associated molecular patters, on monocytes
and macrophages. Furthermore, TNF-« increase the production of platelet activat-
ing factor (PAF) with a consequent increase in procoagulant activity. Consequently,
the procoagulant state observed during inflammatory response is due to a cross-talk
between inflammation and coagulation [39]. The inflammation and coagulation
interact and amplify the pro-inflammatory response, leading to a worsening of
endothelial dysfunction [40]. However, physiologically, this procoagulant reaction
is quickly inhibited by an increased synthesis of plasminogen activator inhibitor-1
(PAI-1) and reversed by activation of fibrinolysis [23]. The loss of this haemostatic
system may lead to the excessive activation of coagulation, the downregulation of
anticoagulant pathways and the impairment of fibrinolysis resulting in microvascu-
lar thrombosis and hypoperfusion. Thus, the dysregulation of the haemostatic sys-
tem may lead to disseminated intravascular coagulation (DIC) [41].
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Physiologically, all the abovementioned mechanisms are modulated by down-
regulatory systems. The balance between pro and anti-inflammatory cytokines pro-
ductions allows the maintenance of the homeostasis. IL-10 is one on the mainly
implied anti-inflammatory cytokines in this phase and inhibits the production of
TNF-a, IL-6 and IL-8 by monocytes and macrophages. However, when this equilib-
rium is lost, the resultant predominance of pro-inflammatory state leads to a sys-
temic inflammatory response syndrome (SIRS) and eventually to MOF. On the
contrary, the prevalence of anti-inflammatory state leads to immunoparalysis.

Tissue damage or the invading pathogens initiating the inflammatory response
represents the first hit of the “two-hit hypothesis” of MOF. As already explained,
polymorphonuclear cells (PMNs), monocytes and macrophages play a central role
in the immune response after injury. The mobilization of PMNs results in neutro-
philia, consequent inflammation and organ damage; this represents a vulnerability
window during which a second hit can lead to MOF [42]. A variety of nosocomial
and iatrogenic factors can act as a second hit and can be responsible for an excessive
and dysregulated inflammatory response leading to MOF (e.g. mechanical ventila-
tion, transfusion, abdominal compartment syndrome, ischemia/reperfusion syn-
drome and “gut” hypothesis).

— Ventilator-induced lung injury (VILI) is an acute lung injury that develops dur-
ing positive mechanical ventilation mainly due to overdistension of alveoli and
cyclic atelectasis [43]. The application of excessive volume during ventilation
leads to severe injury of the alveoli and the consequent production of pro-
inflammatory cytokines and reduction of surfactant production, thus decreasing
lung compliance [44]. Even more, the damage of the endothelial barriers results
in the migration of the pro-inflammatory cytokines systemically [45]. The loss of
pulmonary compartmentalization allows these mediators to active an inflamma-
tion response on distant organs with the potential development of
MOF. Consequently, VILI not only can aggravate ongoing lung injury but also it
may have important systemic consequences (e.g. increased intestinal permeabil-
ity, cellular apoptosis, immunosuppression). It can explain the tight association
between acute respiratory distress syndrome (ARDS) and multiple organ failure
(MOF). In fact, VILI can represent a “second hit” exacerbating the pulmonary
and subsequently trigger a systemic inflammatory response.

— Blood products contain mediators that may act as immune modulators. Blood
transfusions are associated with an increased rate of SIRS, increased risk of
developing MOF and increased mortality. Blood transfusion is considered one of
the major predictors of developing MOF after trauma (as shown in Table 2.1) [3].
Many studies have shown that the transfusion of more than 6 red cell concentrate
units in the first hours represent an independent risk factor for the development
of MOF. Even more, the age of the blood products represents an independent risk
factor for MOF [46]. Platelet, fresh frozen plasma and coagulation factors are
also immunoactive and may play as a second hit [47].

— Ischemia/reperfusion injury occurs in a variety of clinical setting such as trauma,
haemorrhagic shock, cardiac arrest and compartment syndrome. It is
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Table 2.1 Independent risk factor for MOF

Predictor of severe MOF

Age > 55

Male gender

NISS, ISS > 25

Units of RBC transfusion>6 within 12 h
Base deficit >8 mEq/L in 0-12 h
Lactate levels>2.5 at 12-24 h
Thrombocytopenia

Age of transfused blood

Obesity

Abdominal compartment syndrome
Traumatic brain injury

MO multiple organ failure, NISS New Injury Severity Score, ISS Injury Severity Score, RBC red

blood cells

characterized by two phases; a period of ischemia and temporary deprivation of
tissue nutrients and oxygen followed by the reperfusion stage. The lack of blood
supply leads to a switch from aerobic to anaerobic cellular metabolism. During
the first phase, the hypoxemia is responsible for a decrease in ATP production
and the degradation of ATP to ADP and subsequently to inosine and hypoxan-
thine [5]. The consumption of ATP is responsible for the loss of several cell func-
tions: alteration of sodium/potassium pump, increase of intracellular Na+,
cellular swelling and disruption of cellular integrity, alteration in cytosolic
Ca + 2 concentration and activation of phospholipase and protease resulting in
cellular damage. During the reperfusion phase, oxygen reacts with hypoxan-
thine, accumulating in the tissue during the ischemic state, through xanthine oxi-
dase, resulting in the production of superoxide anion. Superoxide anions are
further reduced to hydrogen peroxide and to hydroxyl ions [9]. These free radi-
cals oxidant products cause the peroxidation of the cellular membrane leading to
cellular necrosis. Even more, they can play a role as inflammatory mediators
perpetuating and amplifying the systemic inflammatory response and leading to
MOF. Haemorrhagic shock following trauma cause body hypoperfusion fol-
lowed by subsequent reperfusion during resuscitation. Reperfusion of ischemic
gut cause release of cytokines, pro-inflammatory lipids and proteins from the
splanchnic bed. These mediators are then transported via mesenteric lymph to
vascular circulation, especially the lung, where they prime PMNs (as
explained below).

The role of the gut: the alteration in the structure and permeability of the intesti-
nal mucosa represent a source of bacterial products and inflammatory mediators
that penetrate the systemic circulation and damage remote organ [5]. The disrup-
tion of tight junction and the decrease in mucosal perfusion due to ROS and
inflammatory cytokines allow the migration of commensal bacteria and cyto-
kines itself into the blood stream [48]. In fact, the gut is capable of producing
IL-6 and TNF following an insult [9]. Even more, gut-associated lymphoid tissue
(GALT) has the duty of maintaining mucosal immunity, producing IgA by
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B-lymphocytes. IgA is responsible for balancing the release of TNF and IL-6 and
to inhibit the neutrophils priming [49]. Furthermore, IgA can trap the pathogens
and allows their expulsion. Important cross-talk occurs between intestinal epi-
thelium, mucosal immune system and intestinal bacteria. During ICU stay, sev-
eral factors can play a crucial role promoting bacteria overgrowing and breakdown
of mucosal integrity; the limitation of enteral feeding promotes bacteria over-
growing and breakdown of mucosal integrity, dysbiosis due to use of broad-
spectrum antibiotics, hypoperfusion due to amine usage, ischemia/reperfusion
injury after resuscitation. A reduction of IgA production can be due by nutri-
tional deprivation and after ischemia/reperfusion injury [50]. The fall in IgA lev-
els predisposes to infectious complications. Even more, it has been recently
observed that gut dysfunction may promote lung injury and hepatic dysfunction
through the migration of gut—derived inflammatory mediators via mesenteric
lymph and portal circulation. In the light of these evidences, gut and mesenteric
lymphatic can be considered as pro-inflammatory organs. Intestinal phospholi-
pase A2 (PLA2) generates arachnoid acid and 5-lipoxygenase products that act
as pro-inflammatory mediators and are thought to be the responsible mediators
that link splanchnic/gut ischemia/reperfusion injury to distant organ dysfunc-
tion [51].

2.3  Organ-Specific Mechanism of Dysfunction
2.3.1 Lung

The lung presents a central role during MOF and it is often the first organ to undergo
dysfunction. Acute respiratory distress syndrome (ARDS) serious worsens patients’
outcome, with associated mortality rate rising to 60% [22]. Regardless of the nature
of the first insult, that can be either direct (e.g. pneumonia, ventilator-associated
pneumonia, toxic aspiration) or indirect (e.g. pancreatitis, peritonitis, ischemia/
reperfusion injury), the resident alveolar macrophages are activated. The subse-
quent production and release of pro-inflammatory mediators (cytokines, comple-
ment, prostaglandins, thromboxane) promote the migration and priming of
neutrophils in the pulmonary vasculature [52]. PMNs produces various cytokines,
ROS and protein kinases that perpetuate the influx of other PMNs leading to direct
injury to the lung tissue, alteration of the endothelial and epithelial barrier and con-
sequent oedema and cytokines influx to the bloodstream [53, 54]. Histological stud-
ies in the early phase of lung inflammation showed a marked accumulation of
neutrophils in pulmonary oedema and in bronchoalveolar lavage (BAL). Even more,
the injury of type II cells reduces the production of surfactant with alteration in
normal lung compliance. Another important consequence of inflammation is repre-
sented by the activation of fibroblasts that are involved in injury repair processes
with consequent formation of hyaline membranes and fibrin deposition. All these
alterations are responsible for impaired in gas exchange and the subsequent neces-
sity of mechanical ventilation. As abovementioned explained, mechanical ventila-
tion itself can act as a “second hit” for the development of MODS [44].
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TLR-4 and several cytokines play a crucial role in the pathogenesis of
ARDS. Polymorphic variations of TLR-4 and the consequent amount of NF-kB
activity can predispose patients to Gram-negative septic shock, with fewer ventilator-
free days and increased mortality [55, 56]. Furthermore, genetic variation of TNF-o
and TNF receptor increase the amount of circulation TNF and consequent worsen-
ing in outcome [56]. One promising target therapy currently under study is repre-
sented by anti-TNF antibody in patients with ARDS [57]. Other cytokines and
mediators implied during the pathogenesis of ARDS are IL-1, IL-6, IL-8, IL-10,
granulocyte colony stimulating factor (G-CSF), ICAM-1 and C5a [58, 59]. In the
context of ARDS, another important protein that plays a crucial role is represented
by the receptor for advanced glycation end-products (RAGE). This receptor is
highly expressed in the lung and increased level of soluble RAGE (sRAGE) has
been found in BAL of patients with ARDS [60]. The level of sSRAGE correlates also
with severity and mortality in such patient. RAGE can be activated by S100 proteins
and advanced glycation end-products (DAMPs), leading to intracellular signalling
cascades through NF-kB, mitogen-activated protein kinases (MAPK) and phos-
phoinositide 3-kinases (PI3K) and subsequent production and release of cytokines
and ROS [61]. Inhibition of RAGE and its ligand (HMGB1) has been shown to
decrease lung injury and improved survival [32]. Furthermore, the pharmacological
blockage of the kinase activity of PI3K y has shown to decrease neutrophil invasion
and improve survival.

Apoptosis occurs through mitochondrial signalling and the activation of cell sur-
face death receptors (Fas). In ARDS, high levels of Fas and its ligand (FasL) is
observed in BAL and their levels are correlated with mortality [62]. Silencing the
expression of Fas or Fas-associated death domain (FADD) decrease lung apoptosis,
injury and inflammation during ARDS [63]. Finally, decreased levels of protein C
are observed in ARDS (both septic and non-septic origin) and it correlates with poor
outcome. Activated protein C (APC) play a central role not only for its anti-
coagulation effects but also for several cytoprotective effects (e.g. decreasing apop-
tosis, reducing tissue factor and thrombin, the blockage of NF-kB). The treatment
with human recombinant APC (rhAPC) has demonstrated significant reduction of
mortality in patients with ARDS [64].

2.3.2 Mpyocardial Depression and Haemodynamic Changes

Myocardial depression is a frequent complication in septic patients. It can also
occur in 50% of severe sepsis and septic shock and is responsible for the increased
morbidity and mortality of these patients [65]. Sepsis-induced heart disease is a
“global systolic and/or diastolic dysfunction”. Even if the left ventricle is more
sensitive to the negative effects of inflammatory mediators than the right ventricle,
myocardial impairment can affect the left and/or right heart chambers [66]. The
clinical manifestations of septic myocardiopathy are numerous and there are several
pathogenesis mechanisms identified or hypothesized. Traditionally, it was thought
that a myocardial depression was present only in the so-called “cold” or
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hypodynamic phase of septic shock, however, it may occur also in the hyperdy-
namic phase; although masked by the observation of high values of range cardiac
and reduced systemic resistance [67]. Both the direct effects of sepsis on the heart
and the cardiac response to the hemodynamic modifications consequent to sepsis
(e.g. variations in preloading, afterload and contractility, due to aggressive early
treatment with fluids and vasoactive drugs) are implied in the pathogenesis of myo-
cardial depression.

Myocardial depression represents the result of the complex interaction and syn-
ergism between mediators of the inflammatory response, metabolic modifications,
mitochondrial dysfunction, adrenergic mediators, alterations of ion channels, altera-
tions of autonomic autoregulation, anomalies structural, genetic factors, ischemic
alterations, hemodynamic and microcirculation changes. Alterations in vascular
endothelial, smooth muscle cells and cardiomyocyte function are central in the
development of myocardial depression. During SIRS, several inflammatory media-
tors can show myocardial depressive effects. A fundamental role is played by the
TNF-a, IL-1 and IL-6 [66, 68]. In fact, some clinical trials have shown that the infu-
sion of monoclonal anti-TNF-a presents a significant increase in ventricular func-
tion in patients with septic shock [69]. However, the administration of anti-TNF-a
monoclonal antibodies does not seem able to determine an improvement in survival
[70]. Even if the mechanisms remain unclear, it is speculated that TNF-a and IL-1
are responsible for alterations in calcium function and for the production of nitric
oxide (NO) [68]. Even more, serum levels of IL-6 are inversely related to the inot-
ropism, probably through protein-kinases pathway [71].

Calcium channel changes result in a reduction of intracellular calcium with con-
sequent impairment of the function of the contractile apparatus, with a shortening of
the repolarization time of cardiomyocytes, consequent to a reduced L-type calcium
channels activity [72]. Not only a direct effect of cytokines but also structural myo-
cytes alterations may be responsible for reduction of myocyte contractility. In fact,
post-mortem examinations showed the presence of myocardial infiltrates, mainly
PMN cells, macrophages and monocytes. Inflammatory cells and fibrin as well were
also observed in myocardial blood vessels.

NO presents direct and indirect negative effect on the heart [68]. In fact, the
direct negative effects of NO are due to the intra-mitochondrial overproduction of
peroxynitrite, lipid oxidation and myocyte glutathione depletion. Furthermore, NO
induce vasodilatation, consequently, it effects on hemodynamics and on the myo-
cardium can be remarkable. Some trials have shown an improvement in cardiac
function after the use of iNOS [68]. Even more, it was found that the genetic pattern
characterized by the absence of iNOS confers a certain resistance to the develop-
ment of sepsis. The increased production of ROS can promote the self-amplification
of the inflammatory response and increase the mitochondrial and myocardial con-
tractile dysfunction. Consequently, in this context, the treatment with antioxidant
substances could be reasonable to prevent or counteract the damage of ROS-induced
organ of the septic patient.

Furthermore, cross-talk also exists between the central nervous system and the
immune response. Activation of the sympathetic nervous system lead to an increase
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of circulating epinephrine and norepinephrine, that bind the adrenergic receptors on
macrophages that in turn release inflammatory mediators. Parallel, the cholinergic
pathway is activated with the aim to act as an anti-inflammatory mediator. This
leads to a resistance to the effect of catecholamine, a reduction of density of myo-
cardial adrenergic receptors, an alteration of signal transduction and inhibition of
protein expression G [73, 74]. Consequently, myocardial depression in the septic
patient could be linked to the reduced response to endogenous and exogenous
catecholamine.

Haemodynamic changes can also favour the development of myocardial dys-
function during sepsis. The main hemodynamic alterations in sepsis concern the
reduction of intravascular volume, of vascular tone and the redistribution of flow
between organs [74, 75]. Each of these factors can contribute differently to the
severity of myocardial dysfunction. Hypovolemia may be absolute (due to increased
losses, fluid shifts in the intracellular space due to increased microvascular and cel-
lular permeability) and/or relative (due to the reduction of vascular tone and to the
increased venous capacitance). Many mediators are responsible for hypovolemia in
the septic patient, including endotoxins, cytokines, nitric oxide and peroxynitrite.
Furthermore, the structural alterations of the glycocalyx can act synergistically to
these factors in favouring vascular and cellular permeability. The consequences of
hypovolemia, are the inadequate cardiac output and the redistribution of regional
blood flow, at the expense in particular of the splanchnic and renal flow [76].

The reduction of vascular tone is mainly determined by the reduction of systemic
vascular resistance following the imbalance between vasoconstrictor and vasodila-
tor substances that coexist in the septic patient. Furthermore, reduced vascular
response to the vasoconstrictor substances (e.g. catecholamines, angiotensin) is
observed during sepsis due to “downregulation” of alpha-1 receptors (as already
explained) [77]. Vasopressin levels can also be reduced in the septic patient, with a
downregulation in the expression of receptors of vasopressin V1 [78]. Even more,
the release of vasoactive inflammatory mediators (e.g. TNF-a, histamine, quinines,
prostaglandins and prostacyclin, nitric oxide, peroxynitrite) leads to a further reduc-
tion of vascular tone. Since the ejection fraction (FE) is influenced not only by
contractility but also by preload and afterload, the aforementioned changes in septic
shock may explain why the FE does not always quantify and fully expresses the
myocardial performance in a patient with septic shock.

2.3.3 Liver

The liver plays a relevant role in host defence; the reticuloendothelial system of the
liver acts as a first line of defence in clearing bacteria and inflammatory mediators.
However, the liver can represent a potential target of the inflammatory mediators.
Even if liver dysfunction is traditionally viewed as a late event in multi organ failure
syndrome, recent studies have revealed that liver dysfunction represents an early
and prominent event in sepsis [79]. The major cells involved in the pathogenesis of
liver dysfunction include Kupffer cells, hepatocytes and liver sinusoidal endothelial
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cells [80, 81]. Furthermore, circulating priming neutrophils can also contribute to
acute liver dysfunction, due to their production of inflammatory mediators and ROS.

Kupfter cells are specialized macrophages located in the liver, lining the walls of
the sinusoids. These cells represent the first line defence against portal bacteraemia
and endotoxemia; preventing microbial pathogens from entering into the systemic
circulation. Even more, Kupffer cell is capable of producing inflammatory media-
tors within the lumen of the liver sinusoids, consequently, into the bloodstream with
possible systemic dysfunction (e.g. lung dysfunction). The gut-derived catechol-
amine plays a vital role in the pathogenesis of liver dysfunction too. Gut-derived
Norepinephrine binds adrenoceptors on Kupffer cells and consequently, the activa-
tion of Kupffer cells leads to release inflammatory mediators [82]. TNF-a, IL-1p,
IL-6, IL-18, ROS and NO are produced and released by Kupfter cells with subse-
quent endothelial cell and hepatocyte injury. In particular, TNF-a plays a predomi-
nant role in the pathogenesis of liver failure. High level of TNF-a and their induced
acute-phase protein (APPs) have been associated with the development of liver fail-
ure [83]. APPs enhance the procoagulant activity of endothelial cells, which can
decrease perfusion. Even more, TNF-a can upregulate the expression of adhesion
molecules, thus increasing the recruitment of priming neutrophils. TNF-a can
directly stimulate hepatocytes to induce IL-6 production, increases the activity of
cysteinyl aspartate-specific protease (caspase-3) and can activate mitogen-activated
protein kinase (MAPK) [84]. All of these factors can contribute to the development
of liver injury. As a consequence, excessive inflammatory mediators can induce
endothelial damage, increased permeability and increased intra-hepatic resistance
[85]. Even more, the inflammatory cascade can worsen the alteration of hepatic
perfusion. Dysfunction of the endothelial cell barrier in combination with leuko-
cytes and platelets recruitment in the liver microvasculature leads to the formation
of microthrombi thus worsening liver tissue ischemia. At the same time, the produc-
tion of NO is responsible for vasodilatation and consequent redistribution of blood
flow, thus contributing to microvascular dysfunction [86].

Hepatocytes are responsible for regulating several metabolic pathways (i.e. gly-
cogenolysis, gluconeogenesis, amino acid uptake), synthetizing coagulant factors,
complement factors and acute-phase proteins. Hepatocellular damage can be a con-
sequence of direct or indirect cytotoxic effects on hepatocytes and are responsible
for several important systemic alterations. These changes include hyperglycemia,
hyperlactatemia and protein catabolism. Hyperglycemia represents a consequence
in increased hepatic glucose production and peripheral insulin resistance.
Uncontrolled hyperglycemia is linked to increasing mortality and morbidity. Even
more, during MOF, it is also possible to observe a hypoglycemic state due to
depressed glucose production in chronic liver disease. Furthermore, hepatocyte dys-
function can have a deleterious consequence on coagulation cascade [85]. During
MOF, the synthesis of protein C is significantly decreased and its level is correlated
with the severity of the disease. Protein C is produced by the liver; activated protein
C (APC) degrades Factors Va and VIlIa, thus preventing excessive thrombin forma-
tion. Alteration of hepatocyte function contributes to enhancing a procoagulant state
during sepsis.
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Finally, sinusoidal endothelial cells present also important immunoregulatory
properties. In fact, these endothelial cells present the capacity of producing pro-
inflammatory cytokines (e.g. NO, IL-1 and IL-6) and present the function of anti-
gen-presenting cells for CD4* T cells [87]. Consequently, also endothelial cells
present an important role in contributing to the development of liver dysfunction.

2.3.4 Kidney Failure

Acute kidney injury (AKI) is independently associated with increased mortality in
critically ill patients. The mechanisms of AKI during SIRS and MOF remain
unclear. However, AKI present deleterious systemic effects including damage to
distant organs, consequently, AKI represents an important risk factor for the devel-
opment and perpetuating of MODS. The major cells involved in the pathogenesis of
kidney dysfunction include tubular epithelium, podocytes, endothelium and mesan-
gial cells.

Even if kidney dysfunction is traditionally considered due to impairment in renal
perfusion, several studies have observed a preserved or even elevated renal blood
flow in septic patients with AKI [88, 89]. Despite an increase in renal blood flow,
renal function may be impaired. An alteration in intrarenal circulation due to vaso-
dilatation of the efferent arteriole is more prone to be responsible for AKI than a
global reduction in renal blood flow. Inflammatory mediators play an important role
too. Tubular epithelial cells express TLRs and can produce various pro-inflammatory
mediators (e.g. IL-6, IL-8, monocyte chemoactive protein) [89]. LPS can directly
cause tubular cell apoptosis through Fas-mediated and caspase-mediated pathways
and have the capability of downregulating ion transport channels of the renal tubular
epithelial cells [90, 91]. TNF and IL-1 is responsible for dysfunction for Na*/K*
pump alteration in medullary and cortical renal cells as well. The loss of ability to
maintain compositionally distinct fluid-filled compartment contributes to kidney
dysfunction. Even more, dendritic cell and macrophages of the kidney show antigen-
presenting properties and consequently have the capacity of modulating the local
immune response to DAMPs and PAMs.

2.3.5 Brain

Septic encephalopathy (SE) is characterized by acute alterations of the level of con-
sciousness and/or delirium in a patient with sepsis [74]. Even more, sepsis survivors
can develop a long-term cognitive impairment, including alteration in memory,
attention and cognitive function. The mechanism of brain dysfunction remains par-
tially understood. SE is often completely reversible suggesting a functional aetiol-
ogy. Noteworthy, cross-talk between the immunoinflammatory system, nervous
system and endocrine system exists [92]. This interaction represents an important
component of the host response during sepsis. However, this physiological response
can become unregulated and create an uncontrolled, unbinding loop leading to
organ failure [93].
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The major cells involved in the pathogenesis of neurological dysfunction are the
cell forming the blood-brain barrier (BBB); cerebral microvascular endothelium,
astrocytes, pericytes, neurons and matrix [94]. Inflammatory mediators can damage
these cells leading to neurological dysfunction. In fact, pro-inflammatory cytokines
and ROS can cause disruption of the tight junction between endothelial cell, astro-
cytes and pericytes. The increased permeability of BBB allows the entrance of circu-
lating inflammatory mediators (e.g. TNF-o). TNF-a, which can be produced by the
brain itself, can play a crucial role in the pathogenesis of SE. In fact, TNF-« regulates
aquaporin 4 (AQP4) thus altering the transport of water into the brain with consequent
oedema [95]. Even more, TNF-a promotes neutrophils infiltration and apoptosis cell
death. Above all, oxidative stress seems to have the most important effects on cogni-
tive impairment. Some trials have demonstrated that antioxidant treatment could sig-
nificantly ameliorate the development of long- term cognitive deficits after sepsis [96].

24 Immunomonitoring and Immunotherapy

Since MOF is characterized by a remarkably complex inflammatory response, over
the years, researchers tried to identify possible biomarkers aimed to facilitate diag-
nosis, guide therapy and stratify patients’ clinical risk. Consequently, the concept of
immunomonitoring and immunotherapy (i.e. target therapy) has emerged in recent
years [97, 98]. Therefore, immunological monitoring can be useful to define the
most appropriate type of therapy. Even more, cytokines levels in the plasma of
trauma patients can be predictors of the development of MOF and correlate with the
outcome; high levels of TNF and low levels of IL-10 correlates with high mortality
[99, 100]. Not only, the measurement of the level of expression of markers on the
cell surface (e.g. HLA-DR on monocytes), has emerged as a new important step in
the understanding of the development of MOF [97].

Above all, Cytofluorimetry represents a useful diagnostic technique capable to
identify the alterations of the immune cells and consequently the immunopheno-
typic changes in these cells during sepsis [99]. With the aid of Cytofluorimetry, it is
now possible to measure the expression of CD64 on neutrophils, the expression of
HLA-DR on monocytes and percentage of circulating regulatory T lymphocytes.
The HLA system molecules are involved in the presentation of antigen to the
CD4 + T lymphocytes, leading to the activation of T lymphocytes and therefore the
triggering of the adaptive immune response [101]. The HLA system is characterized
by a remarkable polymorphism and a consequent great variability for HLA to bind
different antigens and activate an effective defence against a new insult [102]. Based
on several studies, the level of expression mHLA-DR has been considered as a pre-
dictor of septic complications following various types of insults (e.g. trauma, burns,
major surgery) and are predictive of mortality [103]. mHLA-DR levels can be used
to assess the status of immunosuppression. Patients with reduced levels of mHLA-
DR should be considered immunosuppressed and therefore could benefit from strat-
egies aimed at reducing the risk of infection in order to avoid nosocomial infection.
Furthermore, it is possible to measure the plasma concentrations of several
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mediators. Numerous correlations have been observed between the increased con-
centration of a particular circulating mediator and unfavourable outcome, but none
of these is routinely used to stage and monitor patients [59]. TNF-a, IL6 and IL8
have been extensively investigated during the last two decades [100, 104]. A high
IL10 / TNF-a ratio is associated with a poor outcome. However, it should be noted
that the measurement of concentrations of a single mediator to establish the immune
status of patients remains questionable because it provides only a partial view of the
disease [100]. An alternative can be the dosage of a markers panel rather than a
single parameter, which allows a better definition of pro / anti-inflammatory profiles.

The increasing evidence on the presence of a state of immunoparalysis during
sepsis makes it reasonable to shift the therapeutic target to regulate the patient’s
immune system [100]. It is an important prerequisite to systematically assess the
immune response of patients and, consequently, to define the most suitable immu-
notherapies for each individual patient in a given time of illness [100]. Strategies
that employ anti-inflammatory mediators (i.e. IL-10) or therapeutic strategies aimed
at downregulating the inflammatory cytokine production as therapeutic agents can
have a role in this field. Therefore it is rational to use, as a guide to treatment, immu-
nological markers that give us a picture of the immune dysfunction and to evaluate
both the accuracy and the effectiveness of the therapy [105].

Possible therapeutic strategies consists but are not limited to:

— Block of soluble anti-inflammatory mediators (e.g. TNF, IL-6, IL-8) [57,
69, 106];

— CDI11/CD18 blockade [107];

— inhibitors of the NF-kB [108];

— p38 inhibitors [109];

— caspase-3 inhibitor [110],

— TLR agonists [108, 111];

— TLR antagonists [112];

— Silencing Fas and FasL [63];

— thAPC [64];

— Restoration of monocyte function (e.g. INFy, G-CSF and GM-CSF) [113, 114];

— Restoration of lymphocyte functions (IL-7 for T and lymphocytes) [115];

— Antioxidants (e.g. vitamin C, vitamin E, N-acetylcysteine) [116, 117].

Furthermore, also glucocorticoids can play a role due to its effects on interfering
with various signalling pathways. Glucocorticoids can also interference with signal
transduction, and modulation of RNA stability [118]. In fact, glucocorticoids bind
to the intracellular glucocorticoid receptor and subsequently translocate to the
nucleus, and activate anti-inflammatory pathway. Another major mechanism of
action of glucocorticoids is repression of pro-inflammatory genes, through inhibi-
tion of TLR-induced pro-inflammatory signalling (via MAPK, NF-kB and IRF
pathways). Regardless of these anti-inflammatory properties, the adverse effects of
glucocorticoids and their profound interference with several physiological systems
is always to keep in mind.
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2.5 Conclusions

MOF remains a major complication after a variety of different injuries, such as
trauma and sepsis, with high mobility and mortality burden. The pathogenesis of
MOF remains partly comprehended. Further understanding of cell mechanism
involved in the pathophysiology of MOF is vital to develop novel immunomonitor-
ing and immunotherapy strategy with the aim of modulating the inflammatory
response. Since nosocomial and iatrogenic factors have a central role in the devel-
opment and in the worsening of MOF, careful selection of clinical strategy would
represent one of the future major challenges for the prevention and the treat-
ment of MOF.
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Hannah Black

3.1 Introduction

There are different scoring systems and different time points used to define
MOF. The definition can vary significantly across institutions and research studies.
Incidence estimates also vary depending on the patient cohort, following sepsis,
trauma, or Intensive Care Unit (ICU) admission [1]. Over recent years, the nature
and incidence of MOF has been changing due to advanced resuscitation practices,
trauma systems, acute care and more patients surviving their initial injuries. The
previous model was a bimodal development constituting early and late MOF; how-
ever, research has explored differing patterns of progression, severity, and outcomes
as a result of improvements in resuscitation and care [2].

3.2 Incidence

The exact epidemiology of MOF remains unclear as the incidence varies between
studies from as low as single digits to as high as 86%. The precise incidence of
MOF is difficult to determine as there is no consensus for the definition. As such,
the incidence of MOF varies considerably between studies which use different scor-
ing systems. While differences in inclusion criteria, therapeutic approach, trauma
systems, and year of data collection may contribute to some variation in incidence,
most of these studies were conducted in developed trauma systems and examined a
severely injured patient cohort. Therefore, some of this variation must be due to the
disparity and difficulty defining MOF [3].
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Out of the United States incidence of MOF ranges from 15% reported in the
early 1990s [4] to 25% in the early 2000s [5-7] to 29% in 2012 [8]. Studies from
Europe report a higher range between 20% and 86% [9—-14]. Few studies have been
conducted in Australia to determine the incidence of MOF in severely injured
trauma patients. Dewar et al. (2013) found a MOF incidence of 15% in an Australian
population [15].

3.3 Demographics

Post-injury MOF affects males significantly more than females [7, 8, 12]. Sperry
et al. (2008) found that male sex was independently associated with a 40% higher
rate of MOF [16]. MOF incidence is also higher in older populations and those with
a higher number of existing medical comorbidities [8, 12, 15]. An aging population
may contribute to increased MOF incidence. Development of MOF is also associ-
ated with the more severely injured [17] described by both anatomical and physio-
logical scores and higher incidence of head injuries [12]. Many MOF studies
however exclude severe brain injury due to their different pattern of mortality and
frequent requirement for vasoactive medication unrelated to cardiovascular function
(REF). This fact also complicates the comparison of incidence from different
studies.

The association with the mechanism of injury is somewhat equivocal. High
injury severity subgroup of penetrating trauma can be associated with most frequent
MOF, which could be partially due to the likelihood of associated major blood loss
and traumatic shock requiring resuscitation (also predictor of MOF) [15]. In gen-
eral, blunt trauma has a higher MOF incidence when compared to penetrating
trauma of similar severity with an odds ratio of 1.7 [18].

3.4 Outcomes

Post-trauma MOF is the leading cause of late mortality in severe trauma. MOF-
associated mortality rates range from as low as 3% to as high as 52% [5, 7, 9, 12,
14, 19]. MOF-associated mortality has been reported to be six times higher than
non-MOF mortality [12]. MOF-associated mortality increases as the number of
organs affected with the rate of mortality approaching 100% when four or more
organs fail [18-21]. A survival rate of 75% 2— 7 years after discharge from the ICU
has been reported with mortality up to 7 years post-injury at 42%. The presence of
MOF also increased the risk of death by six times compared to patients without
organ failure [10]. MOF patients had higher mortality when compared to non-MOF
patients (24% vs 3%) in an Australian trauma population [15]. As well as increased
mortality, MOF is associated with the development of other complications includ-
ing increased risk of infections [8, 16].

Severely injured trauma patients who go on to develop MOF are treated exclu-
sively in the ICU, requiring extensive use of hospital and ICU resources including
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longer ICU length of stay (LOS), in-hospital LOS, and ventilator dependence [12,
14]. Dewar et al. (2013) found MOF patients remained in the ICU for three times
longer than non-MOF patients, requiring four times the ventilator days [15]. As the
population of Australia continues to age, so does the average age of trauma patients
with additional comorbidities, which places an increasing burden on the healthcare
system. Sauaia et al. (2017) demonstrated that in a US study MOF patients made up
9% of the total ICU population, but required 20% of the total ICU and mechanical
ventilation days. Based on estimated critical care costs in the USA, MOF patients
account for 22% and the median estimated cost per MOF patient was approximately
double that for a non-MOF patient [22]. Ulvik et al. (2007) also demonstrated MOF
patients were 3.9 times more likely to require personal assistance with daily injuries
post-injury representing a significant financial and social burden [10].

Gentile et al. (2012) proposed late MOF was declining due to improvements in
clinical care post-injury. They stated there had been an increase in patients who
survived their initial injuries as well as initial sepsis and organ failure. These patients
went on to develop prolonged immune dysfunction involving moderate organ dys-
function, secondary infection, requirement for ICU resources, and progressive pro-
tein catabolism. They termed this emerging disorder persistent inflammation,
immunosuppression, and catabolism syndrome (PICS) [23].

Older trauma patients, specifically over the age of 65 years, and those with exist-
ing comorbidities are the most vulnerable to PICS. The long-term effects of PICS
are the most concerning aspect of this phenotype as it often leads to poor quality of
life outcomes. These patients are commonly discharged to long-term acute care
facilities where sepsis requiring re-hospitalization, failure to rehabilitate, and pro-
gression to death is common. Not only do these outcomes lead to a poor quality of
life for patients but put an enormous burden on the healthcare systems and those
who must care for these patients. Data also suggests that while mortality is decreas-
ing, incidence of PICS is increasing [24, 25].

3.5 Changes Over Time

MOF and associated mortality trends do not appear to be any clearer with some
studies reporting a decrease in MOF associated with advances in trauma and critical
care [6, 15, 21] while others claim MOF is increasing [26] as a result of these same
advancements improving trauma survivability. Some studies suggest over the past
decade mortality of severely injured post-trauma patients has decreased which has
resulted in an increase in the incidence of MOF [12].

The majority of studies identified an increase in MOF incidence with a corre-
sponding decrease in MOF-associated mortality. Nast-Kolb et al. (2001) found an
increase in MOF incidence of 25.6% to 33.6% from 1975 to 1999. They also found
MOF-associated mortality decreased from 18.0% to 4.1% while the ICU LOS did
not change over the time period. The authors also noted the average age of patients
dying from MOF increased from 44+ 3 years to 63+ 6 years [26]. Kahl et al. (2013)
also found MOF-associated deaths had decreased between 2000 and 2011 [27]. One
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of the largest retrospective analyses out of Europe, spanning 25 years, found the
incidence of MOF increased slightly, whereas the overall mortality decreased sig-
nificantly. They noted an increase in the trauma population age [26]. Frohlich (2014)
agreed that mortality overall and within the MOF cohort decreased over the decade
2002 to 2011, whereas the incidence of MOF increased in a European popula-
tion [12].

There are still a number of studies that found the incidence of MOF decreased
over time. From 2003 to 2010 Sauaia et al. (2014) demonstrated a decrease in MOF
incidence and an increase in MOF-associated mortality over § years [28]. Aldrian
et al. (2007) reported a decrease in MOF while the overall mortality rate remained
constant [29]. In an Australian population, a decrease in MOF over 15 years was
identified [15]. Ciesla et al. (2005) found the incidence of MOF nearly halved from
1992 to 2003 despite increasing injury severity. They also noted a decrease in MOF-
associated mortality and duration over the study period [7].

As more patients are surviving severe trauma and their initial injuries, it is likely
more patients are having the potential to develop MOF, thereby resulting in increas-
ing MOF incidences. Also, due to higher patient survival an increased incidence of
MOF may reflect more severe cases of MOF that cannot be helped by improved
trauma care.
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4.1 Patient Factors

Patient factors associated with post-injury MOF have changed little over time. They
are the least amenable to modification. The only real way to impact on patient fac-
tors is through primary prevention campaigns, that is to prevent the injury occurring
in the first instance.

4.1.1 Age

Age and in particular advancing age, has consistently been reported as an indepen-
dent risk factor for developing post-injury MOF, with many studies demonstrating
that MOF patients tend to be older than non-MOF patients [1—4]. There appears to
be two general cut-offs for describing ‘elderly’ trauma of 55 and 65 years, both of
which are associated with MOF development [5]. For studies that have looked at
temporal changes, the age of both the ‘at risk’ population and those that develop
MOF has increased over time in line with our known ageing population [6, 7].
Advanced age is also an independent risk factor for mortality [8]. It is not clear if
this is due to less physical reserve to deal with the insult, their comorbidities or
other less defined reasons.
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4.1.2 Gender

Similar to age, male gender is a well-described independent risk factor for MOF and
has not changed in significance since first documented. Males are more likely to
develop MOF when compared to females. The female gender is actually thought to
be protective against the development of MOF [9, 10]; however, females that do
develop MOF have a higher mortality rate compared to their male counterparts [6].

4.1.3 Obesity

Obesity (defined as a body mass index (BMI) > 30 kg/m?) is a global health prob-
lem. Obesity in severely injured patients is known to increase morbidity and to a
lesser degree mortality [11-14]. Ciesla et al. demonstrated that obese patients are at
an increased risk of developing post-injury MOF [15]. There is evidence in the non-
obese (BMI >18 to <30) trauma patient population that the risk of developing MOF
increases by 9% for each incremental point in the BMI [16]. The exact pathophysi-
ology is not well understood but is thought to be related to the inflammatory media-
tors in the adipose tissue providing a proinflammatory environment [15].

4.1.4 Other Patient Factors

Some other novel patient factors that have been described in the literature include
the use of pre-injury statins increasing the risk of post-injury MOF [17] and pre-
injury antiplatelet use reducing the risk of MOF [18] and genetic predisposition to
MOF [19].

4.2 Treatment Factors

Forty years ago MOF was universally fatal [20]. Management of severely injured
trauma patients has evolved significantly over this period which has impacted on
some of the earlier risk factors identified and predictors that were identified. Trauma
care has been refined from shortly after the time of impact right through to rehabili-
tation. The following treatment factors have all contributed to a decreasing mortal-
ity rate associated with MOF. The impact on incidence is harder to measure due to
the lack of consensus on definition which affects the epidemiological data published.

4.2.1 Fluid Resuscitation

When post-injury MOF was first being described, resuscitation practices were very
different, we have learnt that fluid resuscitation is a potentially modifiable predictor
in post-injury MOF. The trauma patient with haemorrhagic shock was treated with
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aggressive crystalloid fluid resuscitation a hangover from our learnings during the
Korean and Vietnam wars with the end point being to support blood pressure and
urine output in the patient [21, 22]. With this aggressive crystalloid resuscitation we
saw new complications emerging in our trauma population, it was thought to
increase reperfusion injury and leukocyte adhesion [23-25]. These contributed sig-
nificantly to morbidity and mortality and included syndromes such as acute respira-
tory distress syndrome (ARDS) [26], compartment syndromes, particularly
Abdominal Compartment Syndrome (ACS) [27] and dilutional coagulopathy [28].
Clinicians researching post-injury MOF in the critically ill trauma patients were
able to observe the sequelae of these traditional resuscitation practices and this
allowed for refinement in practice and development of damage control resuscita-
tion, limiting crystalloids, infusing blood and blood components in ratios that mir-
rored whole blood, which ultimately improved outcomes for trauma patients [29].

4.2.2 Pre-Hospital Care

Exsanguination remains the leading cause of pre-hospital trauma deaths [30].
Improvements over the last few decades in the pre-hospital phase of trauma care
have been multifactorial with system design and clinical interventions. The pre-
hospital team’s composition varies from one country to the next and there is evi-
dence that physician-led teams at scene improve outcomes [31]. Short scene times
are beneficial in traumatic brain injuries and penetrating haemodynamically unsta-
ble patients [32]. In one study, patients receiving packed red blood cells and plasma
in the pre-hospital phase had a mortality benefit, whereas those receiving crystal-
loids only had the worst survival [33]. Research has demonstrated that low volumes
of crystalloid resuscitation in the pre-hospital phase leads to a lower incidence of
MOF [34]. The final piece that allows all the advances in pre-hospital care to be
beneficial to the trauma patient is a well-developed trauma system so the pre-
hospital care providers can take them to the most appropriate trauma centre in the
first instance. There is good evidence that patients that are taken to trauma hospitals
in an inclusive trauma system have better outcomes with reported mortality rates
reduced by 15-25% [35].

4.2.3 Acute Respiratory Distress Syndrome

Acute Respiratory Distress Syndrome (ARDS) in trauma has been associated with
significant morbidity and mortality [36]. The incidence of ARDS in trauma patients
is anywhere from 3% to 40% [37-40]. The known predictors of ARDS in trauma
patients include crystalloid resuscitation, large transfusions of PRBC >10 units,
plasma transfusions, blunt injuries, inhalation injuries, severity of injury, ISS > 25,
female gender and hypotension [41, 42]. Advancement in organ support, particu-
larly lung protection ventilation and haemostatic resuscitation are thought to have
led to a decrease in incidence but mortality from ARDS in MOF patients is still high
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[43]. However, lung failure remains the most common organ to fail in MOF patients
[6, 44]. The lungs are frequently the first organs to fail [45] so it is debatable if lung
failure or ARDS is a predictor of post-injury MOF or already part of the MOF pic-
ture. Chap. 12 covers respiratory failure in more depth.

4.2.4 Advancementin Organ Supportin the ICU

One of the most significant changes that we have seen in the management of criti-
cally injured patients in the ICU is lung protective ventilation. It is the current stan-
dard of care for mechanical ventilation. It refers to the use of low tidal volume (VT)
ventilation (4-8 mL/kg) and was first described by Amato in the late 1990s and was
seen as beneficial in preventing ventilated acquired lung injury (VALI) [46, 47]. The
mechanisms causing VALI are thought to be multifactorial including direct struc-
tural causes such as high inspiratory pressures (barotrauma), alveolar over disten-
tion (volutrauma) and can trigger an inflammatory response resulting in biotrauma
[48]. Lung protective ventilation can entail other mechanisms in conjunction with
low VT including increasing PEEP, recruitment manoeuvres and allowing for
hypercapnia [49].

Another advance in medical care during this period is the use of renal replace-
ment therapies (RRT). Acute kidney injury (AKI) is common amongst the critically
ill and is associated with a significant mortality rate up to 60% [50]. The timing and
commencement of RRT remains controversial [51]. However, there is some evi-
dence that early RRT compared to late RRT improves mortality at 90 days [52].

4.2.5 Blood Transfusion

Blood transfusion is another potential modifiable risks for MOF where we have
seen changes in practice over the last few decades. Blood and blood compartments
transfusion have become a key component of damage control resuscitation and hae-
mostatic resuscitation. Early use of DCR has been shown to improve patient sur-
vival and decrease length of stay of haemorrhaging patients [53].

Blood transfusion of packed red blood cell (PRBC) during the early resuscitation
period is an independent risk predictor for mortality ICU admission, ICU LOS and
hospital LOS for severely injured trauma patients [54, 55]. It is also well documented
as a consistent and independent risk factor for the development post-injury MOF [1,
2, 56, 57]. Patel et al. in their meta-analysis article demonstrated that the odds of
developing MOF increased with each additional unit of blood given (blood as a con-
tinuous variable) and a strong increased odds for those receiving >6 units of PRBC
(blood as a binary variable) for developing MOF [58]. Current evidence suggests the
transfusion of PRBCs has both inflammatory and immunosuppressive effects on the
patient with PRBCs containing numerous immune mediators that have the potential
to interact with or alter the immune response [59]. There are several other donor,
storage and delivery factors that are thought to contribute to the development of
MOF, including the storage age of the blood being transfused [60, 61] and donor
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characteristics such as female gender donor [62]. There is also evidence that specific
blood group (group A) is associated with an increased risk of ARDS [63, 64].

The development of massive transfusion protocols (MTPs) saw a reduction in
mortality in both the civilian and military setting [65, 66]. Most of the survival
advantage associated with MTP was thought to have come from the efficient admin-
istration of predefined, protocol driven ratios of PRBC, plasma and platelets [67—
70]. MTPs improve transfusion times and volumes which is an important
consideration when using a limited resource [71]. Most importantly, MTPs have
been proven to reduce MOF [72]. Several studies have been recently undertaken to
determine the most appropriate ratios of PRBC to platelets and plasma trying to
reach a balanced transfusion in trauma. PROMMTT and PROPPR both looked at
ratios and impact mortality and CRASH 2 with the introduction of tranexamic acid
to resuscitation practice [73-75].

4.3  Injury Factors

Injury factors contribute to the complex aetiology of post-injury MOF. Injury sever-
ity has not changed over the years of observing the at risk population yet other
injury factors such as abdominal compartment syndrome have almost disappeared
during the same period [76].

4.3.1 Injury Severity

Injury severity is described throughout the literature using the anatomical descriptor
Injury Severity Score (ISS). The severity of injury has consistently been described
as an independent risk factor for the development of MOF [1, 77]. It is one of only
a few that has remained consistent since the introduction of haemostatic resuscita-
tion [1].

4.3.2 New Injury Severity Score

The new injury severity score (NISS) was designed by Osler in the late 1990s to
address some of the limitations in calculation and prediction of the ISS [78]. NISS
subsequently was proven to be superior to ISS in predicting post-injury MOF, in
particular patients with a NISS higher than their ISS [79].

4.3.3 Abdominal Compartment Syndrome

Intra-abdominal pressure (IAP) and even the measuring of it has been around since
the late 1800s [80]. IAP is the steady state of pressure within the abdominal cavity.
When IAP is >12 mmHg, the patient has Intra-abdominal Hypertension (IAH). It
took another 100 years before Abdominal Compartment Syndrome (ACS) as a
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concept was first described by Kron et al. in 1984 but the actual term was coined by
Fietsam et al. in 1989 when describing the syndrome in ruptured abdominal aortic
aneurysms [81, 82]. ACS is defined as a sustained IAP >20 mmHg (>10 mmHg in
the paediatric patient) with signs of new organ failure [83]. By the early 2000s the
relatively new syndrome ACS was gaining so much attention that a World Society
of the Abdominal Compartment Syndrome (WSACS) was developed in 2004. ACS
was further defined as primary ACS where the patient had an actual abdominal
injury and secondary ACS where there was no abdominal injury [84]. Primary ACS
was thought to be a result of damage control surgery and secondary ACS to be
caused from severe shock requiring massive resuscitation [85]. Initially ACS was
thought to be a result of MOF but over time it was recognised as a modifiable risk
for MOF. Balogh et al. identified that both primary and secondary ACS patients
received significantly more fluid resuscitation (crystalloid and blood products) than
patients without ACS, the average volume for secondary ACS patients was 12 1 of
crystalloid in the first 24 h [86]. Evolution of trauma resuscitation practices directly
resulted from the research undertaken into ACS [87].

4.3.4 Shock Parameters

Base deficit (BD) and lactate have been used as indicators of shock since the 1960s
[88]. BD has consistently been reported as an independent risk factor for developing
MOF [8, 77, 89]. Elevated BD within the first 12 h has been shown to be a good
predictor of post-injury MOF [3, 90]. MOF patients have greater levels of shock that
is prolonged compared to their non-MOF counterparts with derangement of BD at
12-24 h being predictive of mortality associated with MOF [8]. A worsening BD is
also a predictor of blood transfusion requirements [91].

Historically lactate was also identified as a predictor of MOF; unlike BD, it was
not the baseline results that appeared predictive but higher levels at the 12-24 h
mark [77] (Table 4.1).

Table 4.1 Independent predictors for MOF

ISS >25 or NISS >29 [1, 4, 77,79, 92]
RBC >6 units [58, 77, 92, 93]

Age >55 years [77, 94]

Traumatic brain injury [4, 94, 95]
Thrombocytopenia [95-97]

BD <8 mEq/L [92, 96]

Lactate >2.5 mmol/L 12-24 h [77]
Age of blood [60]

Obesity [15, 16, 98]

ACS [85, 86]

Admission platelet count [2]

24 h maximum creatinine [2]

Male gender [99]

FFP [8, 56, 100]

Serum IL-6 levels on Day 1 [101]
Creatinine >1.8 mg/dL [102] or >150 x 10°/L [2]
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The Evolving Syndrome of Multiple 5
Organ Failure into PICS-CCI

Frederick A. Moore

5.1 Introduction

Multiple organ failure (MOF) has plagued trauma intensive care units (ICUs) for
more than four decades. As a result of fundamental advances in care over these
decades, its epidemiology and pathobiology have evolved from being primarily a
fulminant phenotype of progressive organ failure leading to early death to now a
lingering phenotype of chronic critical illness (CCI) leading to frailty, long-term
disabilities, and indolent death [1, 2]. In 2012, University of Florida (UF) Sepsis
Critical Illness Research Center (SCIRC) coined the term Persistent Inflammation,
Immunosuppression, and Catabolism Syndrome (PICS) to describe underlying
pathobiology of this new CCI MOF phenotype that is now commonly seen in surgi-
cal ICU survivors [3]. This paradigm was proposed to provide a mechanistic frame-
work in which to study CCI in surgical ICU patients who are now surviving
previously lethal inflammatory insults (including trauma, sepsis, burns, pancreatitis,
and complicated surgery). The purpose of this chapter is to describe (a) the evolving
predominant phenotypes of MOF related to advances in care, (b) the emergence of
PICS-CCI, and (c) the UF SCIRC ongoing efforts to validate PICS-CCI.

5.2  Evolving Predominant Phenotypes of MOF

Septic Auto-cannibalism MOF emerged in the early 1970s as a result of newly
organized ICUs that allowed patients to survive single organ failure (see Fig. 5.1).
Seminal reports described refractory MOF as a “fatal expression of uncontrolled
infection” with a 50-80% in-hospital mortality [4]. MOF was frequently associated
with intra-abdominal infection (IAI) and attention through the 1980s focused on (a)
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Evolving Epidemiology of MOF
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Fig. 5.1 Timeline of evolving epidemiology of multiple organ failure (MOF). ICU intensive care
unit, PACs pulmonary artery catheters, 7PN total parenteral nutrition, DO, oxygen delivery, ATLS
advanced trauma life support, SIRS systemic inflammatory response syndrome, CARS compensa-
tory anti-inflammatory response syndrome, SOPs standard operating procedures, PICS persistent,
inflammation, immunosuppression, catabolism syndrome

earlier diagnosis with newly available computerized tomography (CT) scans, (b)
appropriately dosing antibiotics, (c) doing better operations, and (d) developing
effective percutaneous drainage. With better understanding of the injury stress
response, persistent hypermetabolism was linked to immunosuppression, nosoco-
mial infections, and worsening MOF in early survivors. In the early 1980s, the term
“septic auto-cannibalism” was coined to describe this scenario and provided the
rationale for the early use of stress formula total parenteral nutrition (TPN). [5]
Unfortunately, early TPN in critically ill surgical patients failed to improve outcome
and a series of clinical trials in the 1980s convincingly showed that early enteral
nutrition (EEN) reduced nosocomial infections compared to TPN [6]. This sparked
interest in role of the gut as the “motor”” of MOF and at the time bacterial transloca-
tion (BT) was promulgated as an unifying explanation [7]. While the rodent studies
of BT were convincing, translational human studies seriously questioned the clini-
cal relevance of BT as an early pathologic event in MOF. Subsequent studies indi-
cated that EEN had beneficial effects on the gut immunity which played a role
reducing late nosocomial infections [8]. Most likely BT is a later pathologic event
in MOF patients with ongoing gut dysfunction and disuse.
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Sepsis Syndrome By the mid-1980s, it was recognized that MOF could occur with-
out infection (e.g., blunt trauma, pancreatitis) and that both infectious and noninfec-
tious insults caused a similar “sepsis syndrome” [1, 9]. Research refocused on
determining the driving mechanism (s) of this noninfectious sepsis syndrome. At the
time, new inflammatory mediators (known as “cytokines”) were recognized to be pro-
duced after a variety of insults and the term “cytokine storm” was popularized [10].
Given that shock was a consistent early event, ischemia-reperfusion causing neutro-
phil (PMN) activation that initiated a diffuse endothelial cell injury was another attrac-
tive explanation [1]. Clinical studies showed that early MOF after major trauma could
be precipitated by a massive insult or two appropriated time lesser insults [9].
Laboratory in vitro and in vivo studies characterizing PMN “priming and activation”
which led the proposed “two-hit” model of MOF [11]. This was validated in in vivo
rodent models of MOF and was subsequently shown to be clinically relevant in human
trauma studies [12]. In the mid-1990s, the “danger hypothesis” was popularized based
on the recognition that dying, necrotic, or pyroptotic cells release endogenous com-
pounds called “damage-associated molecular patterns” (DAMPs) that acted through
the same pattern recognition receptor pathways (e.g., TLR receptors) that recognize
microbial products called pattern-associated molecular patterns (PAMPs) to stimulate
innate immune responses [13]. This provided the mechanistic underpinnings for the
role of DAMPs (including mitochondrial DNA, HMGBI1, S100A, and heat shock
proteins) in eliciting inflammatory responses comparable to microbial DNA, endo-
toxin (LPS), and proteoglycans. [14] Thus, it was widely recognized that noninfec-
tious insults can elicit a similar sepsis syndrome which by this time was referred to as
the systemic inflammatory response syndrome (SIRS).

Epidemic of the Abdominal Compartment Syndrome In the late 1980s, another
enticing hypothesis was that “unrecognized shock™ due to flow dependent impaired
oxygen consumption caused noninfectious MOF [1]. Based on physiology, it was
persuasively argued that this could be eliminated by presumptive placement of pul-
monary artery catheters (PACs) in high-risk patients and pushing oxygen delivery
(DO,) to “supranormal” levels during ICU resuscitation. Based on initial compel-
ling clinical data, this became the standard of care in many trauma ICUs [15].
Simultaneously, trauma systems, Advanced Trauma Life Support (ATLS) and
“damage control” surgery were universally adopted throughout the United States.
As a result of these fundamental changes in trauma care, an epidemic abdominal
compartment syndrome (ACS) emerged in the mid-1990s as more severely injured
patients were surviving long enough to be admitted to the ICU. Into the early 2000s,
ongoing prospective studies of high-risk patients treated by standardized protocols
revealed that ACS was largely an iatrogenic complication resulting from delayed
hemorrhage control, overzealous ATLS crystalloid resuscitation, and futile supra-
normal DO, resuscitation in the ICU. With the widespread adoption of massive
transfusion protocols, limiting early crystalloids, the FAST exam and whole body
CT scans coupled with emphasis on early hemorrhage control and the abandonment
PAC directed ICU resuscitation; early death from exsanguination decreased and
ACS became a relatively rare event [16].
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SIRS/CARS Paradigm At the same time that epidemic of ACS was occurring,
“sepsis syndrome” conceptually evolved into SIRS principally mediated by PMNs
that precipitated early post-injury MOF, independent of infection. However, an
analysis of the Denver MOF database revealed that post-injury MOF was bimodal
with 1/3rd of the cases starting early (within 72 h) while the other 2/3rd occurred
later [17]. It was also recognized that SIRS was followed by delayed immune sup-
pression [later coined the compensatory anti-inflammatory response syndrome
(CARS)] [18, 19]. CARS set the stage for late infections, which, in turn, precipi-
tated late MOF. By the late 1990s, this “SIRS/CARS” paradigm became widely
accepted and the focus on ongoing research. Experimental work indicated that the
production of anti-inflammatory cytokines (e.g., IL-4, IL-10) and cytokine antago-
nists (e.g., IL-1 receptor antagonist) were delayed and prolonged compared to the
early SIRS pro-inflammatory cytokines [2]. Additionally, it was demonstrated in
nonhuman primates administered live bacteria, that inhibitors of SIRS suppressed
the later anti-inflammatory response. Thus, SIRS was viewed to be a pro-
inflammatory “cytokine storm,” whereas CARS was a compensatory anti-
inflammatory cytokine response to restore immunologic homeostasis. However, as
the 1990s progressed, the concept of CARS evolved to include depression in the
adaptive immune response characterized to include increased lymphocyte and den-
dritic cell apoptosis, macrophage paralysis, elevation in regulatory T cells, decreased
antigen presentation, suppressed T-cell proliferation, and a shift from type 1 helper
T-cell (THI) to TH2 lymphocyte phenotype [20].

5.3 The Emergence of PICS-CCI

The 2000 Institute on Medicine report entitled 7o Err is Human identified errors of
omission to be a major cause preventable hospital deaths. Over the ensuing decade,
considerable effort was directed at eliminating these errors through evidence-based
guidelines (EBGs). There are two notable examples where EBG implementation
dramatically improved in-hospital mortality and as a result changed the epidemiol-
ogy of MOF. The first came from the “Inflammation and the Host Response to
Injury” Glue Grant (GG) program funded by the National Institute of General
Medical Science (NIGMS) to study the genomic response in severe blunt trauma
patients and its relationship to subsequent development of MOF [21]. To reduce
confounding effect of variable patient care on outcomes, the GG developed Standard
Operating Procedures (SOPs) for ICU care. Over 8 years, it showed that as compli-
ance with the SOPs improved, in-hospital mortality decreased from 22% to 11%
[22]. Additionally, it was observed that while MOF continued to occur at a high rate,
late MOF in-hospital deaths largely disappeared. Using high-throughput genome-
wide transcriptomics, the GG made the striking observation that trauma induced a
“genomic storm” with genome-wide expression of >75% of the genes [23]. Of note,
this genomic storm was not consistent with the SIRS/CARS paradigm. In fact, there
was simultaneous (not sequential) activation of pro-inflammatory (mediated by
innate immunity) and anti-inflammatory (mediated by adaptive immunity) genes
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and it was the failure this genomic storm to return to baseline gene expression that
predicts non-resolution of MOF. This failure to achieve immunologic homeostasis
leading prolonged ICU stays became important later (described below) when we
conceptualized PICS-CCI [3].

The second notable EBG was the Surviving Sepsis Campaign (SCC) initiated in
2004 and in the following decade numerous reports documented a dramatic reduc-
tion in in-hospital mortality of severe sepsis/septic shock from >35% to <15%. In
our experience in surgical sepsis, we documented a similar reduction in mortality,
but made the disturbing observation that many of the survivors were not being dis-
charged to home [24, 25]. Analysis of our sepsis database, GG trauma database, a
follow-up GG validation study, and a concurrent study other surgical ICU patients
(trauma, burns, pancreatitis, postoperative complications), we described the new
predominant CCI phenotype of MOF upon which we based the following PICS
paradigm [3, 21, 26-28]. After a major insult, a genomic storm of simultaneous pro-
inflammatory SIRS and anti-inflammatory CARS can precipitate overwhelming
SIRS leading to an early MOF/fulminant death trajectory. Fortunately in modern
ICUs with high compliance with EBG SOPs, this fatal trajectory is markedly
reduced. If patients are not allowed to die of early MOF, there are two alternatives.
Most experience rapidly recovery (RAP) and are discharged to home, however in a
substantial portion organ dysfunctions persist, they enter chronic critical illness
(CCD). This is characterized by prolonged ICU stays with manageable organ dys-
function and ongoing inflammation (e.g., neutrophilia) that is associated with a per-
sistent acute phase response (e.g., high CRPs and low pre-albumin levels) with
ongoing protein catabolism. Despite aggressive nutritional intervention, there is a
tremendous loss of lean body mass (much like cancer cachexia). They experience
immunosuppression (e.g., lymphopenia) suffering recurrent nosocomial infections,
poor wound healing, and decubitus ulcers. Most are discharged to long-term acute
care facilities (LTACs) or skilled nursing facilities (SNFs) where they experience
sepsis recidivism requiring re-hospitalization, failure to rehabilitate, and an indo-
lent death.

5.4 Validation of PICS-CCI

Prospective Study In 2014, the UF SCIRC investigators obtained a NIGMS P50
grant to perform a five-year longitudinal cohort study to provide more definitive
data. We choose to study sepsis because UF had an abundance of sepsis in their
surgical and trauma ICUs. We had also established sepsis screening, diagnosis,
resuscitation, and management SOPs embedded into electronic medical record
(EMR) and had demonstrated high compliance with SSC EBGs that had substan-
tially reduced mortality. [29] The purpose of the study is to define the epidemiology,
dysregulated immunity, and long-term outcomes of surgical ICU patients with
newly diagnosed sepsis who were treated in this standardized EBG fashion. Details
of the study design as well as the clinical and laboratory SOPs utilized have been
published [30]. In brief, overall cohort inclusion criteria included: (1) age > 18 years;
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(2) clinical diagnosis of sepsis as defined by 2001 consensus guidelines; and (3)
entrance EMR based sepsis clinical management SOPs. Exclusion criteria elimi-
nated patients whose baseline immunosuppression, end-stage comorbidities, or
severe functional injuries would be a primary determinant of their long-term out-
comes and thus confound outcome assessment. Clinical data was collected into an
established MOF database. Blood and urine samples were collected for biomarkers
at 12 h, 1, 4, 7, and 14 days, and weekly thereafter while hospitalized. Discharge
disposition was classified based on known associations with long-term outcomes as
either “good” (Home with or without health care services, or rehabilitation facility)
or “poor” (LTAC, SNF, another acute care hospital, hospice or inpatient death).
Among survivors, follow-up assessments were performed at 3, 6, and 12 months for
mortality, physical function (measured by short physical performance battery), and
performance status was measured by WHO/Zubrod score. Zubrod scores range is
from zero to five, with increasing score reflecting worse performance status: (0)
Asymptomatic and fully active; (1) Symptomatic but completely ambulatory; (2)
Symptomatic with <50% in bed during the day; (3) Symptomatic with >50% in bed,
but not bedbound; (4) Bedbound completely disabled and incapable of any self-
care; and (5) Death. Baseline (i.e., pre-hospitalization) performance status was
based upon patient/proxy reported 4-week recall assessment as soon as possible
after sepsis onset.

Blood samples were analyzed in the SCIRC laboratory for biomarkers reflecting
underlying pathobiology of PICS including inflammation (interleukin [IL]-6, IL-8,
interferon gamma-induced protein 10 [IP-10], monocyte chemoattractant protein 1
[MCP1], granulocyte-macrophage colony-stimulating factor [GM-CSF]); stress
metabolism (C-reactive protein [CRP], glucagon-like peptide 1 [GLP-1]); anabo-
lism (insulin-like growth factor [IGF], IGF binding protein-3 [IGFBP3]); immuno-
suppression (soluble programmed death ligand-1 [sPDL-1] and IL-10), and
angiogenesis (vascular endothelial growth factor [VEGF], soluble vascular endo-
thelial growth factor receptor-1 [sFlt-1], angiopoietin-2 [Ang2], stromal cell-derived
factor-1 [SDF-1]). Urine samples were obtained at the same time points and ana-
lyzed for evidence of catabolism (urinary 3-methyhistidine [3-MH]). Complete
blood counts with differential were performed by the Clinical and Diagnostic
Laboratories at the UF Health Shands Hospital. Figure 5.2 is a summary of the UF
SCIRC studies that validate PICS-CCI paradigm.

Clinical Outcomes Over 4 years, 363 study patients were enrolled and followed
for 1 year (see Table 5.1) [31]. Roughly half were males, predominantly Caucasian,
with a median age of 62 years (40% > 65 years) and a median Charlson comorbidity
index of 3. Primary sites of infection were abdominal (44%), pulmonary (19%),
skin/soft tissue (18%), genitourinary (12%), and vascular (7%). Overall, 30% of
patients presented in sepsis, 43% in severe sepsis, and 27% in septic shock and the
median APACHE II score was 17. Overall 30-day mortality was 9% with the pri-
mary causes of death being MOF (60%), respiratory failure (15%), and assorted
other causes.
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Tables 5.2 and 5.3 categorize the study patients by three predefined clinical tra-
jectories of (1) early death, (2) RAP, and (3) CCI. Early death is defined as death
within 14 days of sepsis onset. CCI is defined as an ICU stay greater than or equal
to 14 days with evidence of persistent organ dysfunction based upon components of
the Sequential Organ Failure Assessment (SOFA) score. RAP patients are those
discharged from the ICU within 14 days with resolution of organ dysfunction. Early
deaths in this surgical ICU population was surprisingly low at 4%. Additional good
news was that 62% of these sepsis patients experienced RAP. However, a notably
high 34% developed CCI. Not surprisingly, the CCI and RAP patients were differ-
ent. The CCI patients were more likely to be male, older (mean 64 vs 58 years) and
have more comorbidities. More CCI patients presented in septic shock (44% vs
15%) and as a result had higher APACHE II scores (22 vs 14). Not surprisingly, CCI
patients experienced significantly more organ dysfunction (as quantified by SOFA).
Of note, acute kidney injury (AKI) is surprisingly common after sepsis and was
much more severe in the CCI cohort [32]. Roughly one of sepsis survivors will have
persistent AKI at discharge and their mortality at 1 year is 60% [33]. CCI patients
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Table 5.1 Demographics, insult characteristics, hospital outcomes and 30-day mortality of final
363 study patients

Study patients (n = 363)

Male, n (%) 196 (54)
Age in years, median (25th, 75th) 62 (50, 71)
Young (<45 years), n (%) 75 (21)
Middle-aged (46—64 years), n (%) 143 (39)
Older adults (=65 years), n (%) 145 (40)
Race, n (%)
Caucasian 324 (89)
African American 35 (10)
Other 4(1)
Charlson comorbidity index, median (25th, 75th) 3(1,5)
Active cancer diagnosis, n (%) 51 (14)
Reason for hospital admission, n (%)
Active infection 226 (62)
Noninfectious complication 32(9)
Planned surgery 69 (19)
Trauma 36 (10)
Inter-facility hospital transfer, n (%) 152 (42)
Primary site of infection, n (%)
Abdominal 160 (44)
Pulmonary 69 (19)
Skin/soft tissue 65 (18)
Genitourinary 44 (12)
Vascular 25(7)
Sepsis severity, n (%)
Sepsis 110 (30)
Severe sepsis 156 (43)
Septic shock 97 (27)
APACHE II, median (25th, 75th) 17 (11, 23)
MOF, n (%) 154 (42)
ICU LOS, median (25th, 75th) 73, 17)
Hospital LOS, median (25th, 75th) 15 (8, 26)
30-day mortality, n (%) 33 (9)

also experienced more nosocomial infections (3.1 vs 1.5 per 100 hospital days) and
stayed much longer in the ICU (20 vs 4 days). Most CCI patients (~80%) had a
“poor” post-discharge disposition compared to most of the RAP patients (~ 80%)
who had a “good” post-discharge disposition. While early mortality of the overall
study population was low, the CCI cohort experienced significant ongoing post-
hospital discharge mortality with a 12-month survival of only 60% (compared 95%
in RAP; Fig. 5.3a). The primary causes of late CCI deaths were progressive MOF
and recurrent sepsis. Unfortunately, as seen in Fig. 5.4 CCI long-term survivors had
considerably worse physical function (measured by Short Physical Battery Testing),
cognition (by Hopkins Verbal Learning test), and health-related quality of life (by
EQ-5D-3L-Utility Index), and greater degrees of functional disability (i.e., much
higher Zubrod scores) extending out at least 12 months (Fig. 5.3b) than the RAP
survivors. A detailed description of these CCI versus RAP long-term outcomes in
the first 173 enrolled patients can be found a recent publication [34]. In summary,
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Table 5.2 Inpatient clinical trajectories and organ dysfunction of final 363 study patients

Early death CCI RAP
(n=14) (n=124) (n=225) p-value*

Male, n (%) 8 (57) 79 (64) 109 (48) 0.0071
Age in years, median (25th, 75th) 67 (62, 74) 64 (56, 72) 58 (45,69) 0.0002
Charlson comorbidity index, median 4(3,6) 4(2,6) 2(1,4) <0.0001
(25th, 75th)
APACHE II, median (25th, 75th) 27.5 (20, 38) 22 (16, 26) 14 (10, 19) <0.0001
Inter-facility hospital transfer, n (%) 9 (64) 63 (51) 80 (36) 0.4055
Septic shock, n (%) 10 (71) 54 (44) 33 (15) <0.0001
MOF incidence by SOFA, n (%) 14 (100) 86 (69) 54 (24) <0.0001
Maximum SOFA score, median (25th, 13.5 (12, 21) 10 (7, 13) 6(4,8) <0.0001
75th)

Max. Respiratory SOFA, median 3.5@3,4) 33,4) 2(2,3) <0.0001

(25th, 75th)

Max. Cardiovascular SOFA, median 4 (1, 4) 3(L,3) 1(L, 1) <0.0001

(25th, 75th)

Max. Coagulation SOFA, median 2(1,3) 1(0,2) 0(,1) <0.0001

(25th, 75th)

Max. CNS SOFA, median (25th, 4(4,4) 3(25,4) 1 (0, 3) <0.0001

75th)

Max. Hepatic SOFA, median (25th, 1.5 (0, 2) 0(0, 1.5) 0(0, 1) 0.0031

75th)

Max. Renal SOFA, median (25th, 4(2,4) 4(25,4) 3(0,4) 0.0001

75th)
Acute kidney injury, n (%) <0.0001

KDIGO stage 1 0(0) 35 (28) 50 (22)

KDIGO stage 2 5(36) 14 (11) 47 (21)

KDIGO stage 3 9 (64) 27 (22) 13 (6)

* Analysis between CCI versus RAP subjects

the P50 program has confirmed the GG observations that while MOF is still com-
mon in surgical ICUs, in-hospital MOF-related deaths are now uncommon. Roughly
1/3 of our early sepsis survivors experience the clinical trajectory is CCI which has
dismal long-term outcomes.

Biomarker Studies The P50 program obtained PICS biomarkers to better under-
stand the underlying pathobiology of the CCI patients. Figure 5.2 summarizes key
observations that have been published to date. First, similar to the GG trauma stud-
ies, we have shown that sepsis induces a robust genomic response that can predict
outcomes [21, 23, 28, 35]. More detailed prediction analyses including a genomic
metric are ongoing in collaboration with other investigators. We also wanted to vali-
date the concept PICS by comparing serial biomarker profiles [36-38]. It was found
that the CCI cohort (versus RAP) had biomarkers reflecting: (a) persistent inflam-
mation (increased IL-6, IL-8, MCP1, IP-10, GM-CSF), (b) immunosuppression
(lymphopenia, increased sPDL-1 and IL-10), (c) persistent stress metabolism
(increased CRP and GLP-1) and catabolism (increased urinary excretion 3 MH,
decreased blood IGFBP3), and (d) anti-angiogenesis (decreased VEGF with
increased sFlt-1, Ang2, and SDF-1). Clinical prediction models were created using
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Table 5.3 Inpatient clinical trajectories and outcomes of final 363 study patients

Early death CCI RAP
(n=14) (n=124) (n=225) p-value?
Secondary infections/patient, mean 0.4 (0.5) 1(1.1) 0.2 (0.6) <0.0001
(SD)
Secondary infections/100 hospital 5.8 (10.1) 3.1 (3.5) 1.5 (4.5) <0.0001
days, mean (SD)
ICU LOS, median (25th, 75th) 5.5(@3,8) 20 (15, 28) 4(2,8) <0.0001
Hospital LOS, median (25th, 75th) 6 (3, 10) 28 (20, 41) 10 (7,17) <0.0001
Discharge disposition, n (%) <0.0001
“Good” disposition 0 (0) 27 (22) 180 (80) <0.0001
Home 0(0) 1(1) 71 (31)
Home healthcare services 0 (0) 15 (12) 94 (42)
Rehab 0(0) 11(9) 15 (7)
“Poor” disposition 14 (100) 97 (78) 45 (20) <0.0001
Long-term acute care facility 0(0) 50 (40) 4(2)
Skilled nursing facility 0(0) 13 (10) 40 (17)
Another hospital 0(0) 12 (10) 1(1)
Hospice 1(7) 7 (6) 0 (0)
Death 13 (93) 15 (12) 0(0)

* Analysis between CCI versus RAP subjects

PIRO variables (predisposition, insult, response, and organ dysfunction). Biomarkers
were then added to determine if they strengthened the predictions. Clinical models
on day 4 accurately predicted CCI (AUC = 0.89) and on day 7 accurately predicted
1 year Zubrod 4/5 (reflecting dismal outcomes, AUC = 0.80). IL-10 and IP-10 on
day 4 minimally improved prediction of CCI (AUC = 0.90). However, IL-10, IL-6,
IL-8, MCPI1, IP-10, Ang2, GLP-1, sPDL-1, and SDF-1 on day 7 considerably
improved the prediction of 1 year Zubrod 4/5 status (AUC = 0.88). This improved
prediction of 1 year Zubrod 4/5 validate that PICS plays a role underlying pathobi-
ology of CCI and dismal long-term outcomes after sepsis.

Elderly Patients In the early 2000s, sepsis was recognized to be the “quintessen-
tial disease of the elderly” [39]. It was shown that the incidence of sepsis and in-
hospital mortality increased exponentially beyond the age of 65 years [40, 41].
While age has been shown to be an independent predictor of mortality in critically
ill septic patients, other important epidemiologic aspects of sepsis across age groups
have not been objectively described. To further characterize the effect of age on the
current epidemiology of sepsis including its long-term outcomes, we categorized
our study patients by age into young (<45 years, 20%], middle-aged (46—64 years,
40%), and older (>65 years, 40%) patient groups [42]. Compared to young and
middle-aged patients, we found that older patients had: (1) significantly more
comorbidities at presentation (example chronic renal disease 6% vs 12% vs 21%),
intra-abdominal infections (14% vs 25% vs 37%), septic shock (12% vs 25% vs
36%) and organ dysfunctions, (2) higher 30-day mortality (6% vs 4% vs 17%) and
fewer ICU free days (median 25 vs 23 vs 20), (3) more progression into CCI (22%,
vs 34% vs 42%) with higher poor disposition discharge to non-home destinations
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Fig.5.3 Long-term
survival and functionality
in sepsis survivors. Panel
A. 12 months survival in
sepsis survivors who
experienced CCI versus
those who rapidly
recovered (RAP). Panel

B. Zubrod scores obtained
at 3, 6, and 12 months after
discharge in CCI and RAP
sepsis patients
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(19% vs 40% vs 62%), (4) worse 12-month mortality (11% vs 14% vs 33%), and (5)
poorer Zubrod performance status and objectively measured physical and cognitive
functions with only slight improvement over 12-month follow-up. We next com-
pared serial PICS biomarkers in a) older (versus young) adults and b) older CCI
(versus older RAP) patients to gain insight into underlying pathobiology of CCI in
older adults. [43] We found that both the older (versus young) and older CCI (versus
older RAP) patients had more persistent aberrations in biomarkers reflecting inflam-
mation, immunosuppression, stress metabolism, catabolism, and anti-angiogenesis
over 14 days after sepsis. Thus, while CCI is certainly multifactorial in elderly
patients after sepsis, these data support that PICS plays a role in the underlying

pathobiology.
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Fig.5.4 Long-term
physical function,
cognition, and health-
related quality of life in
sepsis survivors who
experience in-hospital CCI
versus a rapid recovery
(RAP). A higher Zubrod
score indicates greater
disability and a score of
four indicates total chair or
bed-ridden state
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Translational Studies The UF SCIRC has also developed chronic murine models
of sepsis and trauma to better reflect CCI-PICS and has identified the expansion of
myeloid-derived suppressor cells (MDSCs) as a central mechanism for the observed
immune dysregulation [44]. A focused translational study in the P50 patients con-
firmed the clinical relevance of these laboratory observations. It showed that the
numbers of MDSCs rapidly increase after sepsis and are persistently elevated out to

28 days [45].
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Moreover, MDSC expansion correlated with adverse outcomes including (a)
early increased expansion was associated with early mortality, (b) persistent expan-
sion was associated with prolonged ICU stays, and (c) persistent expansion was a
strong independent predictor of nosocomial infections and poor post-discharge dis-
position. More interestingly, almost all the MDSCs were granulocytic with a gene
expression profile reflective of a highly inflammatory and immunosuppressive tran-
scriptome [46]. With regard to MDSC suppressor activity, MDSCs obtained prior to
day 7 were not immunosuppressive, while MDSCs after day 7 suppressed T cell
proliferative responses and potently suppressed stimulated T-cell production of pro-
inflammatory cytokines. These data provide the theoretical basis for the use of
immunostimulants that modulate MDCSs similar to what has been successfully
used in advanced malignancies to achieve durable response rates. However, mono-
therapies will likely be ineffective and multimodality intervention will be required
to interrupt the inflammation, immunosuppression, and protein catabolism that
characterize PICS. Additionally, early prediction models to identify appropriate
candidates and novel biomarkers to assess responses will be needed to conduct
these future interventional studies.

5.5 Summary

In 2012, the UF SCIRC described how modern trauma and ICU care have largely
eliminated early MOF deaths in the ICU. Unfortunately this has led to an epidemic
of survivors who are progressing into new predominant CCI phenotype that has
dismal long-term outcomes. Based on previous GG trauma and ongoing sepsis stud-
ies, the PICS paradigm was proposed to provide a mechanistic framework in which
to study CCI in surgical ICU patients who are now surviving previously lethal
inflammatory insults. The UF SCIRC obtained a NIGMS P50 program project grant
and has now completed a 5-year prospective longitudinal study of 363 surgical and
trauma ICU patients with new onset sepsis. These studies have shown that early
deaths (< 14 days) are surprisingly low (<5%) and that the majority of study patients
(>60%) rapidly recovered. However, roughly one-third progressed into CCI
and ~ 80% CCI survivors had a poor post-hospital discharge disposition. It is note-
worthy that at 1 year, 40% of CCI patients were dead and the remaining had persis-
tent severe functional disabilities. Biomarker studies in these patients have: a)
confirmed a robust genomic response to sepsis, b) validated the PICS paradigm
using serial biomarkers that reflect persistent inflammation, immunosuppression
and catabolism, ¢) demonstrated that the elderly (40% of study patients) are espe-
cially vulnerable to progress into the PICS-CCI trajectory, and d) confirmed that
laboratory observations of MDSC expansion appear to play central role in the per-
sistent immune dysregulation that is seen in the human CCI sepsis survivors.
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The Relevance of Traumatic Shock
and Its Treatment on the Epidemiology
of Multiple Organ Failure

Ayman Ali, Tommy Alan Brown II, and Juan Duchesne

6.1 Shock: Overview

Shock was first described by Hippocrates of Kos around 2400 years ago [1]. The
word shock, medically speaking, is the English transliteration of the French cho-
quer (to clash, offend, hurt) and was first used by the French military surgeon Henri
Francois Le Dran in 1737 to describe the physiologic events that led to the death of
soldiers after being shot on the battlefield [2]. More poetically, in 1872 Samuel
Gross stated that shock is the “rude unhinging of the machinery of life”; and, in
1895, John Collins Warren referred to it as “a momentary pause in the act of
death” [3].

In the modern, technical sense, shock is the culminating clinical manifestations
of circulatory failure as a consequence of circulatory deficits and resultant decreased
cellular oxygenation and tissue hypoperfusion [4]. The diagnosis of shock is based
upon three criteria: clinical presentation, hemodynamics, and biochemical signs.
Clinically, there are several manifestations of hypoperfusion, to include: (1) cold
and clammy skin, (2) cyanosis, (3) urine output of less than 0.5 mL per kilogram of
body weight per hour, and/or altered mental status. Hemodynamically, shock pres-
ents with systemic arterial hypotension defined by a systolic arterial pressure less
than 90 mm Hg or mean arterial pressure less than 70 mm Hg with associated tachy-
cardia [4]. Biochemically, it is often associated with a metabolic acidosis as a result
of anaerobic metabolism leading to hyperlactatemia and a so-called base deficit [4].
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6.2 Mechanisms of Shock

There are four well-established pathophysiologic mechanisms of shock: (1) hypo-
volemic/hemorrhagic, (2) cardiogenic, (3) obstructive, and (4) distributive. Patients
can often present with a combination of the above mechanisms. For example, con-
sider a trauma patient with a tension pneumothorax (obstructive) with a concomi-
tant blunt cardiac injury (cardiogenic) and splenic hilar avulsion (hemorrhagic).
Therefore, it is imperative to identify the etiology(ies) of a patient in shock to more
accurately guide therapy as the treatment for one type of shock may have deleteri-
ous effects if given for a patient with shock due to a different cause (e.g., giving a
large volume resuscitation to someone with cardiogenic shock).

Hypovolemic shock is characterized by low cardiac output, resulting in depleted
intravascular volume, inadequate oxygen transport, and hypoperfusion of vital
organs. This is the most common type of shock in children and is frequently seen
secondary to diarrheal illnesses in developing regions [5]. Hemorrhagic shock is a
subtype of the broader hypovolemic variety. It most commonly results from a trau-
matic injury and is the leading cause of preventable death in this population [5]. A
thorough history is generally sufficient for the diagnosis of hypovolemic shock and
is more sensitive and specific than the physical exam. Multiple laboratory values are
typically deranged in hypovolemic shock. An elevation of BUN and creatinine sec-
ondary to prerenal kidney injury is often present. Sodium and potassium may be
either elevated or depressed depending on the etiology of hypovolemia (e.g., blood
loss vs. excessive emesis due to a gastric outlet obstruction). Lactic acidosis may
also be present. Of note, if the source of volume loss is from the stomach patients
may become alkalotic instead of acidotic [5]. Additionally, patients may present
with a normal, or even elevated, hemoglobin and hematocrit secondary to a reduc-
tion in plasma volume and hemoconcentration [5].

Up to 81% of cardiogenic shock arises due to acute myocardial infarction.
Cardiogenic shock may also result from inadequate cardiac contractility in cases
such as end-stage cardiomyopathy, advanced valvular heart disease, myocarditis, or
cardiac arrhythmias [6]. In cardiogenic shock, initial hypotension triggers a release
of vasoconstrictors to re-establish normal blood pressure. However, despite the res-
toration of normal mean arterial blood pressure, myocardial oxygenation remains
low [7]. Clinically, cardiogenic shock presents as hypotension refractory to volume
resuscitation, in contrast to hypovolemic shock which is responsive to volume [8].

Obstructive shock is defined as a disorder involving impaired diastolic filling and
reduced cardiac preload including vena cava compression, pulmonary embolism,
cardiac tamponade, or tension pneumothorax [9]. Patho-physiologically it is classi-
fied according to the location of obstruction. It presents as a rapid, massive drop in
cardiac output and blood pressure. However, unlike cardiogenic shock, the decrease
in cardiac output is not related to dysfunction of the myocardium. Rather, it is
related to a factor extrinsic to the heart itself. Subsequent reduced blood flow in the
great vessels, or cardiac outflow with a critical drop in cardiac output, and global
oxygen supply ultimately result in tissue hypoxia throughout all organ systems [9].
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In distributive shock, also known as vasodilatory shock, there is a characteristic
loss of regulation of vascular tone and/or disordered permeability of the vascular
system [9]. The most common causes are sepsis and anaphylaxis. In sepsis, there is
a massive vasodilatory response to inflammatory cytokines. A similar pathophysi-
ologic mechanism can also be seen in patients with pancreatitis and significant
burns. However, in anaphylaxis vasodilation is secondary to IgE-mediated release
of histamine from mast cells and basophils [10].

In traumatic injury, the most common cause of distributive shock is neurogenic.
Neurogenic shock results from injury to the spinal cord at the cervical and high
thoracic levels. Shock results from autonomic dysregulation from a sudden loss of
sympathetic tone with preservation of parasympathetic function [11]. The clinical
manifestations of this dysregulation are hypotension with bradyarrhythmia. In the
trauma patient, neurogenic shock is a diagnosis of exclusion as hemorrhagic shock
is by far more common. Nonetheless, the incidence of neurogenic shock in trauma
is noteworthy—approximately 19.3% in the patient with cervical cord injuries and
7% in those with thoracic injuries [12].

6.3  Approach to Shock

Although treatments to reverse of each form of shock differ (e.g., antibiotics for
sepsis versus embolectomy for massive pulmonary embolism), there are general
principles that guide resuscitation of the patient in shock. Most commonly is the
“VIP rule,” an approach published first in 1969 by Weil and Shubin: Ventilate,
Infuse (fluids), and Pump (for example, vasoactive agents) [4, 13]. Despite an
evolved understanding of the mechanisms of shock, and significant advances in
pharmacological and mechanical techniques, these general principles have not
changed much over the years.

Using the “VIP rule,” the first step is to Ventilate. Upon presentation with feeble
or greatly labored thoracic excursion and decreased breath sounds, a clinician may
reasonably suspect ventilatory failure. Measurement of pH, carbon dioxide content,
and oxygen saturation on blood obtained via arterial puncture provides specific,
quantitative information for identifying deficiencies in gas exchange. If respiratory
acidosis is present, mechanical assistance of ventilation is usually needed. After the
oxygen content of arterial blood reaches a normal level, hypoxic injury to organs
and other vital tissues is reduced.

The next focus of attention is to Infuse. This is of particular importance in the
trauma patient with hemorrhagic shock. Fluid therapy to improve microvascular
blood flow and increase cardiac output is essential. Various modalities to quantify a
patient’s volume status and need for repletion are currently employed. These modal-
ities include the non-invasive (e.g., passive leg raise, 500 mL “volume challenge,”
and inferior vena cava diameter assessment by bedside ultrasonography) as well as
more invasive techniques that require the placement of intravascular lines (e.g.,
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pulse contour analysis/stroke volume variation, impedance cardiography, central
venous pressure (CVP), etc.). Each of these provide a practical and near instanta-
neous guide for fluid repletion. If overloading the heart is of immediate concern,
CVP is a reliable indication of the heart’s capacity for additional volume. The third
aspect in the “VIP rule” is the competency of the heart to serve as an effective
Pump. In persistent severe hypotension, the use of vasopressors, typically an adren-
ergic agonist, is indicated.

6.4 Shock in the Intensive Care Unit

In the trauma patient, the most common form of shock is hypovolemic, specifically
hemorrhagic. This differs from the medical ICU patient in which the most common
form of shock is septic in nature [14]. If hemorrhagic shock is suspected, the early
use of blood products over crystalloid resuscitation has been shown to result in
decreased mortality and improved outcomes [5]. The preferred ratio of red cells,
plasma, and platelets remains a topic of active research. Two prospective studies and
a systematic review suggest a 1:1:1 transfusion ratio may reduce short-term mortal-
ity. However, this is specific to hemorrhage secondary to trauma [15-18]. In patients
with hypovolemia not due to bleeding, crystalloid resuscitation is preferred over
colloid [15, 19, 20].

An additional important note is that, in contrast to distributive shock (particularly
septic), vasopressors are largely contraindicated. Vascular tone in hemorrhagic/
hypovolemic shock is increased, and use of pressors may further reduce tissue per-
fusion, leading to acceleration of organ failure. Of note, an exception to this avoid-
ance of vasopressors in hemorrhagic shock may be emerging in the form of
physiologic vasopressin infusion. Recent studies have shown that autogenous vaso-
pressin levels are diminished in hemorrhagic shock [21]. Repletion at physiologic
doses appears to reduce the overall amount of transfusion required and possibly
improve mortality [22].

6.5 The Epidemiology of Shock

The management of shock has changed drastically over time and there are seem-
ingly constant advances in research and approaches. In the past few decades, there
have been marked decreases in mortality with the use of aggressive, early interven-
tion. For example, a recent temporal analysis of patients with STEMI and cardio-
genic shock demonstrated a decrease in mortality from 44.6% to 33.8% over a
recent 8-year period [23]. In trauma, approximately 30% of deaths are from hemor-
rhage, with an estimated 49,440 deaths per year in the United States alone [15].
Literature suggests that there are fewer deaths in potentially salvageable patients
with the implementation of various trauma protocols, such as damage control resus-
citation [24]. Other studies confirm this trend. A single center analysis showed that
among patients with severe injury, mortality improved significantly over time [25]
(Fig. 6.1).
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Table 1. Estimated Hemorrhage-Related Deaths per Year and Years of Life Lost in the United States and
Worldwide, According to the Cause of Hemorrhage.
Deaths from
Cause of Hemorrhage Hemorrhage* U.S. Cases of Hemorrhage Global Cases of Hemorrhage
No. of Deaths Yr of Life No. of Deaths Yr of Life
per Yr Lost per Yr Lost
percent
Abdominal aortic aneurysm 100 9,988 7 65,273 i 191,700% 2,881,7601
Maternal disorder 23§ 138 | 7,572 69,690 | 4,298,240
Peptic ulcer disease 607+ 1,860| 38,597 141,000 | 3,903,600**
Trauma 3050 49,440| 1,931,786* 1,481,700 | 74,568,000
Total 61,426 2,043,228 1,884,090 85,651,600

* This column lists the best estimates of deaths from hemorrhage as a percentage of all deaths from the given

diagnosis (e.g., all deaths from abdominal aortic aneurysm are ultimately related to hemorrhage).
7 Information is from Leading Causes of Death Reports, 1981-2015, Centers for Disease Control and Prevention,

2017 (https://webappa.cdc.gov/sasweb/ncipc/leadcause.html).
1T Data are from Years of Potential Life Lost (YPLL) Reports, 1999-2015, Centers for Disease Control and Prevention,
2017 (https://webappa.cdc.gov/sasweb/ncipc/ypll10.html).
Data are from Lozano et al.®
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Fig. 6.1 Deaths from Hemorrhage. From Cannon et al. [15]

6.6  Multiple Organ Failure: Overview

As previously described, the major consequence in all forms of shock is decreased
perfusion to vital organs. Multiple organ failure (MOF) is the most used term for
describing this clinical sequelae. The occurrence of organ failure is a considerable
cause of mortality in the trauma patient. However, there is no single clinical defini-
tion of MOF. Since it was first described in 1977, there have been many scoring
systems proposed, but no gold standard has yet to be established [26, 27]. Each of
these scoring systems aim to predict outcomes in the trauma patient, including:
mortality, length of stay, and time on mechanical ventilation. The most applied scor-
ing systems include the Multiple Organ Dysfunction Score (MODS), Denver
Postinjury Multiple Organ Failure Score, and the Sequential Organ Failure
Assessment (SOFA) [27].

The MODS was developed in a two-stage process. First, a literature review that
evaluated previous measures of organ dysfunction was conducted. From this a list
of characteristics of the ideal descriptor for organ dysfunction was developed [27].
Second, a database of surgical admissions was split into development and validation
sets and used to calibrate candidate measures of organ dysfunction against mortal-
ity. The MODS includes seven organ systems—trespiratory, renal, hepatic, cardiac,
hematological, neurologic, and gastrointestinal [27]. A cut-off total value greater
than five has been widely used to denote MOF with the MODS [27].
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The Denver score was developed by trauma experts in 1991, initially including
eight organ systems [27]. In the mid-1990s, a modification was made reducing the
number of systems to four—respiratory, renal, hepatic, and cardiac. This system
was designed to predict outcomes for adult trauma patients with an injury severity
score greater than 15 who survived more than 48 hours from injury. Each organ
system is scored from zero to three, with a total score greater than three denoting
post-trauma MOF. This cut-off value has been validated in prediction of trauma
outcomes.

All of the other scoring systems were similarly developed and validated. Beyond
prediction of outcomes, these scoring systems have been used to classify categories
of MOF. This has motivated research and resulted in significant advances into
understanding of the unique pathophysiology behind each subtype. Previous clini-
cal understanding suggested that MOF presented as either early or late onset, a
bimodal peak. This has been challenged with emerging research [28, 29]. Using the
SOFA score as a clinical marker of MOF, prolonged MOF was identified as a com-
mon and unique clinical entity associated with worse outcomes in trauma patients.
It has also been called the Persistent Immunosuppression and protein Catabolism
Syndrome (PICS) [29-31]. This state is associated with higher mortality and infec-
tion rates, as well as higher rates of hepatic and renal dysfunction.

Of particular interest, a recent study describes three distinct forms of MOF based
on severity and subsequent recovery [29]. Shepard et al. shows that our contempo-
rary understanding of MOF has changed dramatically. The authors characterized
MOF by respiratory, cardiovascular, and hemodynamic dysfunction, with the two
former systems found to be dysfunctional in nearly all modern MOF [29]. This
contrasts with prior studies in which respiratory and cardiovascular involvement
accounted for approximately 50% of cases. The reason for this is likely multifacto-
rial, but may be related to improved management, early identification, and rapid
response to patients at risk of MOF as well as lung-protective strategies becoming
the standard-of-care.

6.7 The Epidemiology of Multiple Organ Failure

Despite a decrease in the incidence of postinjury MOF over the past decade, there
has not been shown to be an improvement in outcomes over time once it occurs [32].
One possible explanation for this trend is given by Sauaia et al., who suggest that
high adherence to early resuscitation standards, such as standard operating proce-
dures, has improved outcomes of the initial insult that may have provoked MOF,
thus reducing the incidence of MOF [32]. However, adherence to these guidelines
does not impact reversal of MOF, and therefore for those patients that develop MOF,
outcomes have remained unchanged.

The advent of damage control resuscitation (DCR) is one of the largest innova-
tions in the care of the traumatically injured patient and has yielded an improved
overall survival rate. The DCR concept is designed to address the early coagulopa-
thy in trauma by avoiding large crystalloid resuscitation, focusing instead on
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replacement of that which was lost—whole blood (or blood products in a balanced
ratio) [33]. It applies particularly to those trauma patients with hypothermia, acido-
sis, and/or significant coagulopathy [33]. DCR may be related to the decreased inci-
dence of MOF in trauma. However, since DCR largely serves to prevent the
development of MOF, it may not substantially impact the prognosis once a patent
enters MOF. This may also help explain the epidemiological findings of the past
decade mentioned above.

6.8  Multiple Organ Failure and Shock

There is an important correlation of MOF and the systemic inflammatory response
syndrome (SIRS). In an observational study of 200 patients, 80.1% of those with
SIRS on admission developed MOF compared to a 45.5% in patients without SIRS
[34]. Therefore, the onset of MOF appears related to the massive release of acute-
phase reactants, cytokine storm, and an inflammatory cascade seen in SIRS [35].
Various authors have described cascades that begin with SIRS and end with
MOF. For many patients the association between SIRS and MOF may be a contin-
uum of a single pathology [35]. Specifically, one hypothesized mechanism relates
alteration of the coagulation pathway in SIRS related to IL-1 and TNF-a with wide-
spread microvascular thrombosis, increased capillary permeability, and impaired
tissue perfusion [35].

Additionally, a recent study by Dharap et al. showed that post-trauma inflamma-
tion and organ dysfunction were highly correlated. Patients with the above had an
overall mortality of 19.5% [34]. Among their cohort, 78% developed SIRS and
72.5% MOF. Mortality was significantly associated with higher SIRS or MOF
scores [34]. They found that over 54% of patients with severe MODS had evidence
of SIRS. Only 13% of patients with MOF did not appear to have SIRS [34]. In addi-
tion, mortality in patients with both SIRS and MOF was significantly linked to
increased mean SIRS and MOF scores [34].

6.9 Conclusion

Despite being described for millennia, there have been significant advances in man-
agement of shock and MOF in recent years. MOF rarely occurs in insolation and is
closely related to SIRS—both of which are common in the traumatically injured
patient. Epidemiological data suggests that the decreased incidence of shock and
MOF may be due to the widespread implementation of standard practices of rapid
intervention to help prevent the development of shock. However, the mortality of
MOF remains largely unchanged. This suggests that future research should focus on
interventions for the patient once MOF has occurred. As our understanding of the
pathophysiological mechanisms behind MOF improves, the future of MOF treat-
ment may progress to more targeted treatments with the goal of reduced mortality.
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Postinjury MOF with and Without 7
Infection

Massimo Sartelli

7.1 Introduction

Post-trauma multiple organ failure (MOF) is the leading cause of late mortality in
severe trauma, accounting for 50-60% of all deaths in such patients. Those patients
that develop post-trauma MOF have generally a longer stay in the Intensive Care
Unit (ICU) [1, 2].

The exact pathologic mechanism of MOF after trauma is complex and remains
unexplored because of the multifactorial involvement of molecular pathways and
genetic predisposition [3].

It has been proposed that the pathophysiology of MOF in trauma patients is
directly associated with the alteration in the balance of the systemic inflammatory
response after injury, which leads to the release of several immune mediators in the
bloodstream. Secondary events, such as systemic bacterial infections, can act as a
second hit.

7.2  Physiopathology of MOF

Although the physiopathology of MOF post severe trauma is not fully clear and has
evolved over the last 30 years, it is currently accepted that the disorder is due to an
alteration in the balance of the systemic inflammatory response followed by
ischemia-reperfusion process after hemorrhagic shock associated to secondary
events, such as a systemic bacterial infection ad post-traumatic sepsis [2].

A number of mediators and effectors can potentially intervene in the physiopa-
thology and development of post-trauma MOF.
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The balance between pro-inflammatory and anti-inflammatory cytokines plays a
key role in the maintenance of homeostasis. Following severe trauma there is an
overproduction of pro-inflammatory cytokines such as tumor necrosis factor-alpha
(TNF-a), interleukin (IL)-1p, IL-6, and IL-8 on the part of monocytes and macro-
phages. This constitutes part of the acute phase response, contributing to initiation
and perpetuation of the local and systemic inflammatory response. Of the different
anti-inflammatory cytokines, mention should be made of IL-10, which is synthe-
sized by lymphocytes and monocytes and inhibits the production of TNF-a, IL-6,
and IL-8 [4-7]. In trauma patients, SIRS is initiated early postinjury in response to
bleeding and tissue damage, which are counteracted by a compensatory anti-
inflammatory response to help restore the homeostasis. Initially, if the responses of
pro- and anti-inflammatory cytokines are balanced, they may lead to the normaliza-
tion of the immune response and act as a beneficial compensatory mechanism.
However, if this inflammatory response remains persistent or exaggerated, it may
lead to organ failure and eventually cause MOF [8, 9].

Because tissue integrity is disrupted and the immune defense system is low,
trauma patients are more likely to develop infections, which may lead to sepsis and
septic shock, initiating a second hit of post-traumatic MOF. Traumatized patients
with infections have a fivefold higher mortality compared to those without infec-
tion. The overall incidence of infections following trauma varies from 9% to 36%
[10]. This is much higher than the rates of nosocomial infection for general popula-
tion. Ventilator-associated pneumonia (VAP) is the most frequent cause of nosoco-
mial infection among critically ill patients requiring mechanical ventilation, with an
estimated incidence of 9-27%. VAP is associated with the need for prolonged ven-
tilatory support, ICU and hospital length of stay. Data from the National Healthcare
Safety Network report showed a fourfold higher rate of VAP in intubated trauma
ICU patients as compared with non-trauma cases [10]. This is likely due to the fact
that trauma patients have more risk factors for VAP. These include prehospital intu-
bation, emergency intubation, closed head and spinal cord injury, blunt chest trauma,
high injury severity, and shock [10]. Early prevention of the development of sepsis
following trauma can reduce the risk of both sepsis and multiple organ failure
improving the patients’ outcomes.

7.3 Clinical Manifestations and Assessment Scales

There is no uniform definition of post-trauma MOF. However, a number of scales
have been developed for evaluating patient respiratory, cardiovascular, hepatic,
renal, neurological, and coagulation function. The most widely used scale is the
Sequential-related Organ Failure Assessment (SOFA).

The SOFA was developed in 1994 under the auspices of the European Society of
Intensive Care Medicine as an objective tool for quantitatively assessing organ dys-
function or failure over time, and thus also for evaluating patient response to treat-
ment [10].
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The SOFA scores 6 organs. Each organ system is assigned a point value from O to 4
according to the degree of dysfunction in each of them. Multiorgan failure is defined as
the alteration of two or more organs. Although the initial aim of the scale was to evalu-
ate morbidity, a good correlation has been observed between the maximum score
obtained and mortality. In this regard, the mortality rate is over 90% in those patients
presenting a total score of over 15 (with a specificity of almost 99%) [11].

In MODS patients, cardiac, renal, and hepatic dysfunctions are generally pre-
ceded by pulmonary dysfunction.

Acute respiratory distress syndrome (ARDS) refers to an acute inflammatory
response associated with diffuse lung infiltrates. In ARDS, increased permeability
of the alveolar-capillary membrane causes edema and reduced oxygenation that
lead to acute pulmonary heart and pulmonary hypertension in approximately 25%
of patients [12].

Pulmonary vascular dysfunction in ARDS may be linked with poor prognosis.
The probable importance of ventilator-induced lung injury is that apart from wors-
ening the existing pulmonary damage it has significant systemic effects that might
explain why most patients with ARDS succumb to MOF [13].

Different parameters have been associated to an increased risk of developing
MOF after trauma. Those most frequently cited in the literature [13] are age, gender
(previous studies had not considered the male gender to be a risk factor for the
development of post-trauma MOF), severity of trauma (the severity of trauma as
assessed by the Injury Severity Score (ISS) has consistently been cited as a risk),
traumatic brain injury, and blood products (It is well known that blood products
contain abundant mediators that act as immune modulators). As result, these param-
eters are associated to an increased incidence of nosocomial infections, MOF and
mortality), coagulation disorders and thrombocytopenia, hemodynamic status and
lactate. Other factors that have been proposed as possible predictors of the develop-
ment of MOF are the minimum bilirubin levels or the peak creatinine concentra-
tions in the first 24 h [13]. Obesity might also play a role. However, the evidence
supporting these factors is much more limited.

7.4 Conclusions

Post-trauma MOF remains an important cause of morbidity-mortality in severe
trauma patients. The true incidence of MOF remains unclear. The prognosis of
MOF has improved in recent years, probably as a result of advances in the general
management of critical trauma patients. Certain non-modifiable factors such as age
and comorbidities among trauma patients imply a poorer prognosis. Early recogni-
tion allows to use protocols referred to resuscitation, damage control, sedation, and
volume replacement that can mitigate their negative effects.
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The Relevance of the Timing of Surgical 8
Interventions

Yannik Kalbas and Hans-Christoph Pape

8.1 Introduction

On arrival of a severely injured patient, it is crucial to differentiate between injuries
that require immediate interventions (lifesaving procedures), those that should be
done timely (Safe Definitive Surgeries [1]) and those that can be planned for a later
in the reconstructive stage (e.g. maxillofacial reconstructions). Therefore, decision-
making may include several processes, such as assessment of the patient, assess-
ment of the required procedure and the perspective of management. Treating
multiply injured patients requires the identification of a polytrauma patient directly
on admission. The evidence-based definition of polytrauma includes a number of
parameters rather than just a single one. Besides the injury pattern, five independent
physiologic variables are included: hypotension, level of consciousness, acidosis,
coagulopathy and age as seen in Table 8.1 [2].

Moreover, there have been several trends in nomenclature to describe treatment
concepts in trauma patients (Table 8.2). These have recently been described in a
standardized fashion [3].

In this line, the concept of the borderline trauma patient respects the fact that the
patient status can change over time, which may affect the decision-making process.
One concept that dates back to the 1990s relies on the triade of death [4]. Keel et al.
suggested that patients at risk of adverse outcome, such as those with head injury,
bilateral lung contusions, multiple long bone injuries, coagulopathy, hypothermia,
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Table 8.1 Evidence-based definition of polytrauma

AIS > 2 points and at least one of the following co-variables
» Hypotension (systolic blood pressure <90 mm Hg)
* Level of consciousness (Glasgow Coma Scale [GCS] score <8)
¢ Acidosis (base excess >=6.0)
» Coagulopathy (international normalized ratio 1.4/partial thromboplastin time >40 s)
* Age (>70 years)

From Pape et al. [2]

Table 8.2 Nomenclature for several concepts in trauma patients

Begriff Indication Injury distribution

Acute traumatic coagulopathy (ATC) Acute haemorrhage ~ Undefined

Damage control resuscitation (DCR) Acute haemorrhage  Undefined

Resuscitation associated coagulopathy Acute haemorrhage  Undefined

(RAC)

MuST-surgery: “musculoskeletal temporary ~ Unstable major Monotrauma

surgery”’ fracture

Early total care (ETC) Unstable major Isolated or multiple
fracture fractures

Damage control orthopedics Unstable major Multiple fractures
fracture

Early appropriate care (EAC) Unstable major Isolated or multiple
fracture fractures

Safe definitive surgery (SDS) Unstable major Multiple fractures
fracture

From Pfeifer et al. [3]

Table 8.3 Recommendations to consider damage control surgery within the safe definitive sur-
gery concept

Parameter/clinical diagnosis Recommendation

Head injury Degree unclear in the literature, no evidence-based
recommendation available
Bilateral lung contusions TTS score [6]

Estimated operation time of Includes visceral operations, followed by orthopaedic surgery [7]
>6 h

Multiple long bone injuries ~ >2 of the lower extremity

Hypothermia or Unresponsiveness to resuscitation

coagulopathy

or estimated operation time of >6 h, should be considered for sequential staged
surgical management [5] (Table 8.3). Other factors were added, among them the
issue of soft tissue injury, which may include chest trauma, severe extremity injury
or complex pelvic trauma. This lead to the definition of the borderline trauma
patient, which was first summarized in 2005 and revised in 2019 (Table 8.4) [8].
For assessment of subclinical changes, inflammatory markers have been used
although it is evident that the use of a single parameter is insufficient. Among mul-
tiple factors that can influence the physiological response, a solid ground continues



8 The Relevance of the Timing of Surgical Interventions 83

Table 8.4 Revised parameters to assess the borderline trauma patient in 2019

Parameters
Static Injury combination Polytrauma ISS >20 and AIS chest >2
parameters Thoracic Trauma Score (TTS) >grade 2
Local injury chest Bilateral lung contusion: first plain film or
Chest CT:

 Unilateral bisegmental contusion
* Bilateral uni- or bisegmental contusion

¢ Flail chest

Local injury trunc/extr Multiple long bone fractures + truncal injury AIS
2 or more

Truncal/ Polytrauma with abdominal/pelvic trauma (RR,
90 mm Hg)(Moore 3) and hem. Shock

Major surgery for “Non-lifesaving” surgeries

non-lifesaving conditions  Flexible (day 1, 2, 3) after reassessment
according to individual patient physiology:
Safe definitive surgery (SDS) and damage control

(DCO)
Duration of first operative  Presumed operation time >6 h
intervention Intraoperative reassessment:

» Coagulopathy (ROTEM/FIBTEM)
e Lactate (<2.0-2.5 mmol/L)

* Body temperature stable

* Requirement >3 pRBC/h

Dynamic Blood transfusion Massive transfusion (10 units RBCs per 6 h)
parameters requirements Initiates “goal directed therapy” (massive
transfusion protocols)
Intra/perioperative ROTEM/FIBTEM

Lactate clearance <2.5 mmol/l (24 h)
From Pape et al. [8]

to be the triade of death (shock, hypothermia, coagulopathy) with the addition of
soft tissue injuries:

1. Hypothermia is known to affect coagulation and does not address the clinical
situation completely, if addressed alone [7]. It has to be viewed and treated
within the general context.

2. Coagulopathy affects several other pathways, such as the cellular energy turn-
over and the cardiac effects induced by hypothermia. This may not allow for safe
definitive surgery [9].

3. Shock causes tissue-hypoperfusion and is usually estimated by serum lactae as a
marker for anearobic metabolism. However, care should be taken not to rely on
lactate alone: Various metabolites may affect the measurement of metabolic aci-
dosis [10]. Elderly with chronic diseases—such as renal failure—may demon-
strate pathological lactate values [11]. These factors contribute to the general
inflammatory response after trauma.

4. Soft tissue injuries of the pelvis, the extremities and the lung can further influ-
ence the course in a patient at risk and are part of the concept of borderline
patients, which is summarized below.
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8.2  Decision-Making: The Safe Definitive Surgery (SDS)
Concept to Allow for Timely Fixation of Fractures,
Including Damage Control and Early Definitive Care

After the initial assessment is completed using ATLS principles, the treating physi-
cian usually gets a fairly good impression about whether the patient is at risk for
acute haemorrhage, or other problems that may lead to complications [12]. Markers
of the adequacy of shock reversal, such as serum lactate, are measured routinely in
trauma centres. It is undoubted that a delay of definitive surgery until the shock state
is fully reversed in these cases is imperative [9].

Pursuant to this, a group in Cleveland has advocated to use acid-base changes as
main parameters to assess the patient’s status. They advocate that all major shaft
fractures, pelvic fractures and all articular fractures should be stabilized within 72 h
after injury. They base their suggestion of their Early Appropriate Care protocol on
a lactate threshold level of 4 mmol/l and suggest that this should be the basis of
decision-making.

This approach however, has later been questioned for several reasons. First, the
lactate threshold level of 4 mmol/I being a lot higher than previously recommended
in the literature. Second, the authors advocate using the first serum lactate level
only. Dezman et al., from another major trauma centre in the USA, have shown
however that determining the lactate clearance through serial measurements is more
accurate in prediction survival after trauma. Moreover, it was found that the EAC
score, like others, has never been validated. A subsequent validation revealed that
the EAC protocol is less sensitive to the prediction of complications than all other
scores and scales, as shown in Fig. 8.1 [13].

The Poly Trauma Grading Score (PTGS) was the most accurate to reconfirm that
multiple parameters are important and even in a prospective data base analysis,
acid-base abnormalities coagulopathy, the number of packed red blood cells
(pRBCs) administered and the injury severity score have been proven to be of value
[13, 14].

The Safe Definitive Surgery concept encompasses both, components from early
definitive surgery, and damage control since the clinical scenario can change rapidly
and may require a change in the management [1, 15].

While these concepts apply for the surgical approach, it is also pivotal that non-
surgical causes of instability have to be addressed in a parallel fashion: This usually
includes the correction of coagulopathy, hypothermia, hypovolaemia, or any combi-
nation of the four pathological cascades.

The patient’s condition may range from clinically stable to a state named “in
extremis”, where there is imminent danger of death. Fortunately, the majority of
patients belong to the group classified as “stable” or “borderline” (if stable after
resuscitation) and can be safely stabilized during the course of the emergency
treatment.

Stable patients have the physiological reserve to withstand prolonged operative
intervention where this is appropriate and can be managed using an early total care
approach, with reconstruction of complex injuries.
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Fig. 8.1 Comparison of Predictive Capabilities for Early Complications
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For the borderline patient, primary stabilization strategies may be used, but
should be undertaken with caution and forethought given to operative strategy
should the patient require a rapid change of treatment rationale. Additional invasive
monitoring should be instituted and provision made for intensive care unit admission.

To reduce the surgical burden an unreamed nail may be considered for the femur
if possible and the surgeon should be alert to the possibility of having to convert to
the damage control pathway at any time throughout the procedure if the clinical
condition of the patient deteriorates.

Treatment in unstable patients has evolved to utilize a ‘“damage control”
approach. This entails rapid lifesaving surgery only as absolutely necessitated and
timely transfer to the intensive care unit for further stabilization and monitoring.
Temporary stabilization of fractures using external fixation, haemorrhage control
and exteriorization of gastrointestinal injuries where possible is advocated. Complex
reconstructive procedures should be delayed until stability is achieved and the acute
immunoinflammatory response to injury has subsided. This rationale is intended to
reduce in magnitude the “second hit” of operative intervention or at least delay it
until the patient is physiologically equipped to cope.
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8.3 Conclusion

Decision-making should be performed rapidly and may be subject to revision
before, during or after the first surgical phase. Conditions that require damage con-
trol or abbreviated surgeries may include severe head and chest trauma, multiple
fractures if the patient is unstable, or uncontrollable exsanguination. Damage con-
trol orthopaedics is recommended for an unstable patient or a patient in extremis,
and it has some utility for the borderline patient as well. Specific injury combina-
tions for which damage control orthopaedics should be considered are (bilateral)
femoral fractures, pelvic ring injuries with profound haemorrhage, and multiple
injuries in elderly patients.

This process of decision-making may be defined as “injury-patient tailored” for
damage control orthopaedics, e.g. safe definitive surgery. Regarding this strategy, it
continues to be essential to validate prognostic criteria, as achieved in the poly-
trauma grading score. Further studies should be conducted to better understand the
role of damage control orthopaedics in the treatment of patients that sustained a
combination of orthopaedic trauma and concomitant injuries to the chest and head.

References

1. Pape HC, Pfeifer R. Safe definitive orthopaedic surgery (SDS): repeated assessment for
tapered application of Early Definitive Care and Damage Control?: an inclusive view of recent
advances in polytrauma management. Injury. 2015;46(1):1-3.

2. Pape HC, Lefering R, Butcher N, Peitzman A, Leenen L, Marzi I, Lichte P, Josten C, Bouillon
B, Schmucker U, Stahel P, Giannoudis P, Balogh Z. The definition of polytrauma revisited: an
international consensus process and proposal of the new ‘Berlin definition’. J Trauma Acute
Care Surg. 2014;77(5):780-6.

3. Pfeifer R, Pape HC. Trends in nomenclature to describe concepts in trauma patients: time for
standardization. Injury. 2020;51(11):2353-5.

4. Rotondo MF, Schwab CW, McGonigal MD, et al. ‘Damage control’: an approach for improved
survival in exsanguinating penetrating abdominal injury. J Trauma. 1993;35(3):375-82. dis-
cussion 382-373

. Keel M, Trentz O. Pathophysiology of polytrauma. Injury. 2005;36:691-709.

6. Pape H-C, Remmers D, Rice J, Ebisch M, Krettek C, Tscherne H. Appraisal of early evaluation
of blunt chest trauma: development of a standardized scoring system for initial clinical deci-
sion making. J Trauma. 2000;49(3):496-504.

7. Hildebrand F, Giannoudis PV, van Griensven M, Chawda M, Pape H-C. Pathophysiologic
changes and effects of hypothermia on outcome in elective surgery and trauma patients. Am J
Surg. 2004;187(3):363-71.

8. Pape HC, Halvachizadeh S, Leenen L, Velmahos GD, Buckley R, Giannoudis PV. Timing of
major fracture care in polytrauma patients - an update on principles, parameters and strategies
for 2020. Injury. 2019;50(10):1656-70.

9. Pape HC, Andruszkow H, Pfeifer R, Hildebrand F, Barkatali BM. Options and hazards of the
early appropriate care protocol for trauma patients with major fractures: towards safe definitive
surgery. Injury. 2016;47(4):787-91.

10. Moviat M, Terpstra AM, Ruitenbeek W, Kluijtmans LA, Pickkers P, van der Hoeven

JG. Contribution of various metabolites to the "unmeasured" anions in critically ill patients
with metabolic acidosis. Crit Care Med. 2008;36:752-8.

9]



The Relevance of the Timing of Surgical Interventions 87

11.

12.

13.

14.

15.

Kaplan LJ, Frangos S. Clinical review: acid-base abnormalities in the intensive care unit -- part
II. Crit Care. 2005;9:198-203.

Pape H-C, Regel G, Tscherne H. Controversies regarding early musculoskeletal management
in the multiple trauma patient. Curr Opin Crit Care. 1996;2:295-303.

Halvachizadeh S, Baradaran L, Cinelli P, Pfeifer R, Sprengel K, Pape HC. How to detect a
polytrauma patient at risk of complications: a validation and database analysis of four pub-
lished scales. PLoS One. 2020;15(1):e0228082.

Hildebrand F, Lefering R, Andruszkow H, Zelle BA, Barkatali BM, Pape HC. Development of
a scoring system based on conventional parameters to assess polytrauma patients: PolyTrauma
Grading Score (PTGS). Injury. 2015 Oct;46(Suppl 4):S93-8.

Tscherne H, Regel G, Pape H-C, Pohlemann T, Krettek C. Internal fixation of multiple frac-
tures in patients with polytrauma. Clin Orthop Relat Res. 1998;347:62-78.



Check for
updates

The Principles of Treatment, Modern
Therapeutic Targets

Emiliano Gamberini, Federico Coccolini,
Giovanni Scognamiglio, and Vanni Agnoletti

9.1 Introduction

Pathophysiology of Multiple Organ Failure (MOF) is driven by quite similar bio-
chemical pathways in diverse medical, surgical and traumatic conditions [1]. Septic
conditions frequently leading to MOF were extensively studied, but by the
mid-1980s it was convincingly shown that organ failure can develop in the absence
of infection and the concept of “generalized auto-destructive inflammation”
emerged. This phenomenon became increasingly evident in severely injured patients
due to our ability to keep them alive beyond the initial phases of traumatic shock.

Due to the lack of universal treatment options, MOF is global challenge for
intensive care physicians.

Even with evidence-based goal-directed therapies, frequently only a single
parameter is looked at during the management of an extremely complex patient.
Some very aggressive goal-directed approaches like aiming for supra-normal oxy-
gen delivery during shock resuscitation with crystalloid blouses and inotropes or
strict glucose targets with insulin pumps are for the past [2].
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Generalized edema can lead to polycompartment syndrome and organ dysfunc-
tions, which can be equally the cause or the result of MOF.

Both the theoretical and the pragmatic approach to post-injury MOF treatment
should not be only a sequence of priorities, but a comprehensive approach to man-
age the patient (Fig. 9.1).

9.2  Analgesia and Sedation

Continuous infusion of sedative and opioid agents is generally administered to man-
age MOF-affected patients in the acute phase, to prevent pain, anxiety, agitation and
to facilitate mechanical ventilation.

Regular reassessments for the need of sedation are daily performed by physi-
cians in ICUs. Indications to sedate a patient are nowadays quite strict. That being
said, reassessments should evaluate if a patient really needs to be sedated. If not, we
need to guarantee adequate analgesia, night sleep, anxiety control, and delirium
prevention or treatment, targeting our approach to a Richmond Agitation Sedation
Scale (RASS) of zero or + 1 (Table 9.1). Anything over +1 can be dangerous for the

Fig. 9.1 The short blanket
metaphor
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Table 9.1 Richmond agitation and sedation scale (RASS)

+4 Combative Violent, immediate danger to staff

+3  Very agitated Pulls or removes tube(s) or catheter(s); aggressive

+2  Agitated Frequent nonpurposeful movement, fights ventilator

+1 Restless Anxious, apprehensive but movements not aggressive or vigorous

0  Alert & calm

—1 Drowsy Not fully alert, but has sustained awakening to voice (eye opening and

contact >10 s)
—2 Light sedation Briefly awakens to voice (eye opening and contact <10 s)

—3 Moderate Movement or eye opening to voice (but no eye contact)
sedation
—4 Deep sedation No response to voice, but movement or eye opening to physical
stimulation

—5 Unarousable No response to voice or physical stimulation
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patient. The principles of Early Comfort using Analgesia with a minimum of
Sedatives and a maximum of Humanity (¢CASH) summarize the modern approach
to ICU sedation and analgesia [3], which are crucial in preventing medication asso-
ciated iatrogenic events in an already critically ill patient (post-injury MOF).

9.2.1 Analgesia

Analgesia is usually provided by i.v. opioid continuous infusion contrary to obvious
harmful side effects on intestinal motility and respiratory function in a spontane-
ously breathing patient. Morphine should be avoided for the risk of overdosing,
especially in patients with acute renal failure. Opioid agents should be administered
as the first sedative at the lowest effective dose, and multimodal analgesia should be
implemented to reduce opioid consumption.

Non-opioid agents are useful in reducing opioid’s dose. Systemic Acetaminophen
1 g/4-6 h, local anesthetic epidural continuous infusion, epidural clonidine
75-150 mcg/4 h, and other non-opioid drugs should be considered, if tolerated.
Non-steroid analgesic drugs should be carefully considered for the increased risk of
nephrotoxicity and for their intrinsic anti-platelet effect, especially in traumatic
brain injury. Ketamine, an N-methyl-d-aspartate receptor antagonist, is the only
available intravenous drug with simultaneous analgesic and hypnotic effects.
Among sedative drugs, it has the least depressive effect on cardiovascular system.
Intravenous Ketamine infusion can be combined with opioids when there is need to
sedate the patient or to improve synchrony with mechanical ventilation. It is usually
started with an i.v. bolus before continuous infusion. Ketamine is also useful to treat
procedural pain [4].

9.2.2 Sedation

Deep sedation and analgesia are crucial parts of targeted temperature management,
increased intracranial pressure, refractory status epilepticus, and severe respiratory
failure. All these conditions and therapeutic modalities may also require neuromus-
cular blocking agents.

Continuous infusion of hypnotic drugs is inappropriately and extensively used to
prevent accidental extubation and self-removal of other devices by the uncoopera-
tive yet active patient, despite the global guidelines of eCASH.

Different hypnotic agents may be suitable to different situations. Due to the fre-
quent cardiovascular compromise in early MOF, medications with less intrinsic car-
diovascular depressant effect are preferable.

Ketamine is less likely to cause hypotension than other sedatives, which makes it
probably the first choice in i.v. continuous infusion until hemodynamic normaliza-
tion. Combining both analgesic and sedative effects, KET may represent an alterna-
tive to other drugs for both sedation and pain control. KET can also serve as
opioid-sparing agent to minimize prolonged gut dysfunction and ileus, as
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demonstrated in burned patients [5, 6]. Propofol (PPF) and Dexmedetomidine (DEX)
can be used as better alternatives in hemodynamically not compromised patients.
Because of its short half-life, PPF is very effective when daily awake trials are sched-
uled, especially in severe TBI. DEX is the most recent hypnotic drug available and
down-titrating infusion rate is rather easy to allow gradual shifting from deep to
conscious sedation (RASS —1 to +1), minimizing the risk of delirium occurrence.
Given the very limited data available, DEX cannot be recommended at the present
time for daily sedation of TBI patients. Benzodiazepines (BDZ) continuous infusion
should be avoided because they are more susceptible to tissue accumulation and
prolong the time to awakening and confound clinical assessment. Tachyphylaxis can
lead to increasingly higher doses and withdrawal symptoms may occur at drug dis-
continuation. BDZ have also been linked to ICU delirium [7, 8]. Long half-life BDZ
may have a role in transient treatment of alcohol withdrawal syndrome.

Sleeping disorders are common in ICUs and can trigger delirium. Avoiding BDZ
is a crucial part of delirium prevention together with non-pharmacologic measures
to improve nighttime sleep, such as reducing noise and light, targeting mechanical
ventilation to minimize respiratory efforts, limiting nursing procedures or invasive
procedure execution during night shifts. Antidepressant drugs (trazodone, amitrip-
tyline, mirtazapine), antihistamines (diphenhydramine, doxylamine) and “z-drugs”
(non-benzodiazepine agonists of GABAA receptor such as zolpidem, zopiclone)
are widely used to promote sleep during nighttime in ICUs. Other non-pharmacologic
measures are the fist-line treatments used to manage delirium and include daily
awakening trials, continuous reorientation of the patient by nursing staff, keeping
clocks and calendars visible, and prompt removal of restraints and catheters. There
are no double-blind, randomized, placebo-controlled trials which are adequately
powered to prove the efficacy or safety of any antipsychotic agent in the manage-
ment of delirium in ICU patients, although these are still commonly used by inten-
sivists [9].

9.3  Airway Managementin ICU

9.3.1 TheTracheal Tube

Most MOF patients are managed with endotracheal intubation due to the co-
existence of central nervous system and respiratory failure. Orotracheal intubation
(OT) is the first choice of airway management for patients needing secure airway on
ICU [10]. Compared to alternatives such as nasotracheal intubation (NT) and tra-
cheostomy (TT), OT requires deeper analgesia and sedation, which makes mouth
care more difficult. The eCASH concept recommends NT or TT when hemody-
namic status is improving and awake trials are to be considered.

Together with above described advantages, early TT seems to reduce Ventilator
Associated Pneumonia (VAP), especially in trauma patients with severe TBI [11,
12] and it is mandatory in case of cervical Spinal Cord Injury (SCI). NT is very
infrequently utilized in ICU due to the increased risk of epistaxis, sinusitis, and
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VAP. These complications are likely due to the requirement for deep sedation and
supine position. In some institutions, NT is getting more popular because it is supe-
rior to OT in reaching eCASH approach goals [13]. OT can be easily changed to NT
by skilled physicians in awake fiberoptic nasal intubation, maintaining active
mechanical ventilation and allowing transient hyperoxygenation through OT. Using
pharyngeal and laryngeal local anesthesia, associated with incremental low dose
analgesia and minimal sedation, an OT tube can be withdrawn when vocal cords are
well visualized, and eventually a NT tube can be safely inserted through vocal cords
on fiberoptic guidance. This approach is reasonable when there are no clear-cut
indications for early TT and the likelihood of weaning from mechanical ventilation
and extubation are high within few days. Awake fiberoptic NT during High Flow
Nasal Oxygen (HFNO) could be the first choice in reintubating an ICU patient when
extubation fails.

9.3.2 Bronchoalveolar Secretions Clearance and Airway Patency

Accumulation of bronchoalveolar secretions is a common problem in mechanically
ventilated patients, which frequently leads to nosocomial or ventilator associated
pneumonia.

Scheduled blind aspiration attempts should be discouraged because of the risk of
mucosal injury.

If the patient is able to cough (RASS —1 to +1 and effective respiratory muscles),
blind aspiration of the tracheal tube (avoiding to trigger cough reflex) after active
cough can be enough to clear airway from secretions.

As blind aspiration should be routinely discouraged, it can only be advisable if
either sudden desaturation occurs while awaiting for differential diagnosis or when
ventilator flow traces suggest secretion/water in the proximal respiratory circuit. In
addition to secretion, HME filters can lead to water accumulation in the circuit.
Daily planned (or more frequently in patients on NMB medication) secretion clear-
ance with flexible fiberoptic bronchoscopy is reasonable in these conditions.

Active warming and humidification must be implemented if mechanical ventila-
tion support is expected to last more than 48 hours to facilitate secretion clearance
(Fig. 9.2).
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Fig.9.2 Effect of airway secretions in flow traces on mechanical ventilators
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High frequency percussive ventilation could be a viable mechanical ventilation
strategy in severe hypoxemic patients when all above described procedures are inef-
fective, because it may also have a percussive effect that loosens thickened secre-
tions and improves airway clearance mechanism [14].

9.4 Respiratory Failure Management and Interactions

Resuscitation with isotonic crystalloids proposed in the late 1960s contributed to a
decrease in mortality and acute renal failure, but it was implicated in the emergence
of Acute Respiratory Distress Syndrome (ARDS) as a major source of morbidity
and mortality in ICUs.

Ischemia-reperfusion damage and direct injuries to remote organs, such as the
gut, induce multiple organ dysfunctions through the release of danger signals, which
are transported via the lymph from the splanchnic system to the lung and to the rest
of the body. As the lung is the first organ exposed to mesenteric lymph (via the tho-
racic duct), this might explain the clinical observation that the lung is often the first
organ to fail [1].

In addition to direct injury and secondary inflammatory-mediated damage, the
lung is also subject to ventilator-induced lung injury (VILI). While mechanical ven-
tilation (MV) is an essential therapy for respiratory failure, on the other hand MV
can result in VILI that is functionally and histologically identical to that seen
in ARDS.

Post-injury MOF patients usually require MV to correct hypoxemia and/or
hypercarbia, to reduce the work of breathing or to surrogate spontaneous ventilation
in case of procedural sedation needed for invasive and painful maneuvers.

9.4.1 Mechanical Ventilation

Contributing effects of MV to the incidence of MOF were demonstrated in the
“ARDS Network lung-protective ventilation” (LPV) trial [15] and current evidence
supports LPV as the standard therapy for patients at risk of ARDS [16].

Basic variables to consider a positive pressure MV as “protective” are: a Tidal
Volume (Vt) of 6 ml/kg of Ideal Body Weight (IBW), an end-inspiratory Plateau
Pressure (Pplat) < 30 cm H,O, and a Driving Pressure (DP = Pplat-
PEEP) < 15 cm H,0. Even in LPV range settings, positive pressure MV induces
alterations in compartments and organ functions with a direct proportional relation-
ship to mean airway pressure [17, 18]. The protective effect on lung can be detri-
mental to other (frequently already compromised) organ functions.

Positive End-Expiratory Pressure (PEEP) is set to enhance alveolar volume,
improving functional residual capacity through the recruitment of collapsed alveoli.
Together with increasing Oxygen Inspiratory Fraction (FiO,), PEEP can improve
oxygenation in hypoxemic patients. Improvements in arterial O, partial pressure
(Pa0,), peripheral hemoglobin oxygen saturation (SpO,), and arterial CO, partial
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pressure (PaCO,) obtained by increasing mean airway pressure can nevertheless
lead to a worse Oxygen Delivery (DO,) (Fig. 9.3) because of MV detrimental effects
on Cardiac Output (CO), overwhelming improved gas exchange (Fig. 9.4) [19].
Central venous oxygen saturation (ScVO,) can be introduced as a surrogate of
hemodynamic status: if both pO, and ScvO, increase after augmenting PEEP, it is
likely that CO isn’t worsened by changes of MV settings.

Judicious selection of ventilation targets (Table 9.2) and decrease of mean air-
way pressure according to these targets are probably the best guidance to manage
MV in post-injury MOF patients. Again, eCASH and selection of sedative drugs
with less depressive cardiovascular effect are a cornerstone of treatment.

This comprehensive approach to MV may decrease requirement for vasoactive
drugs and i.v. fluid administration, with positive effects on both cardio-pulmonary
function and intra-abdominal pressure coupled with renal function.

First choice sedative in this scenario should be KET because of no inhibitory
effect on spontaneous respiratory activity, its indirect bronchodilation effect and
very limited cardiovascular depressant effect [20]. Coexisting TBI has to be taken
into account, because permissive hypercarbia and low arterial pH, which are

[rate of oxygen delivery (ml/min)] [hemoglobin concentration (g/L)]

DO2 = CO x (1,39 x [Hb] x Sa02 + (0.003 x Pa0?2)) ] . amount of
dissolved oxygen

in the blood (ml)
[cardiac output (L/min)} (for every TmmHg
hemoglobin oxygen saturation | | of oxygen tension
[Oxygen binding capacity} expressed in a fraction 0,003ml of oxygen

of hemoglobin 1.39ml/g | |(ex. 95% is expressed as 0.95)| | gas is dissolved in
100ml of blood)

Fig. 9.3 DO, calculation formula
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Table 9.2 Gas exchanges targets

NO severe TBI coexisting severe TBI
pO, 55-80 mmHg pa0, 100 mmHg
SpO, 88-95% SpO, 99%

pCO, to pH > 7.20 paCO, 35-40 mmHg

recommended in case of severe cardio-pulmonary failure, must be avoided for the
induced cerebral arterial vasodilation and consequent ICP increase.

Pressure Support Ventilation (PSV) is an assisted spontaneous flow-cycled ventila-
tion modality which has proved to be effective in gaining better gas exchange with
lower levels of mean airway pressure. If spontaneous respiratory activity is valid, PSV
should be implemented to reach both LPV range and gas exchange targets, minimiz-
ing cardiovascular interferences. Patient-Ventilator asynchrony can be difficult to deal
with, particularly in flail chest affected patients and in case of pre-existing chronic
respiratory failure. Neurally Adjusted Ventilation Assist (NAVA) can play an impor-
tant role when fine tuning of pressure support, PEEP and expiratory trigger is ineffec-
tive in correcting asynchrony. The technique uses a special nasogastric feeding tube,
which is positioned to detect diaphragm electrical activity, allowing NAVA-enabled
ventilator to cycle between inspiration and expiration according to diaphragm depo-
larization, without any airway flow interferences [21]. Esophageal Pressure (Pes)
gained recent popularity among intensivists. Continuous monitoring of Pes could help
to determine if PSV should be carried on without any further risk for additional
VILI In case of excessive Pes swings, the actual ventilation strategy might not be
“protective” at all. PSV can also be inadequate in cases of insufficient spontaneous
breathing activity or persistent therapy persistent tachypnea. Starting or increasing
KET infusion to RASS-3 to -4, even with NMB infusion, induces suppression of
spontaneous breathing efforts, which allows to switch MV to passive controlled ven-
tilation modes. Transpulmonary pressure (PL) is defined as the difference between
airway pressure and Pes. In passive ventilated patients, PL allows the differentiation
between chest wall and lung compliance, which redefines the concept of LPV with
more meaningful monitored parameters (Table 9.3). PL can also guide the selection of
the optimal PEEP value and establishing a true patient tailored ventilation. This is
characterized by a PEEP just above the end-expiratory Pes based on the optimal lung
compliance approach and can be beneficial in avoiding under-ventilation of patients
with low chest wall compliance [22, 23].

In most severe cases, when deep sedation, controlled MV and vasoactive drugs
are required, continuous Pes monitoring is recommended and frequently considered
in conjunction with gastric pressure monitoring as a proxy for intra-abdominal pres-
sure (IAP) which is normally measured via the urinary bladder.

9.4.2 Extracorporeal Respiratory Support
Veno-Venous Extracorporeal Membrane Oxygenation (VV-ECMO) has been

renowned for the treatment of ARDS since 1972, in tertiary care centers capable of
advanced ventilation management. Blood is withdrawn from the venous system into
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Table 9.3 Lung-protective ventilation criteria

Airway pressure criteria Transpulmonary pressure criteria
Vt =6 ml/kg IBW APL (end insp.PL-end exp.PL) <12 cm H,O
PIP < 30 cmH,O End insp.PL < 25 cm H,O
FiO, < 60% End exp.PL >0 cm H,0
FiO, < 60%

an extracorporeal circuit by a mechanical pump before entering an oxygenator, and
then it is returned again to the venous system.

A membrane within the oxygenator provides a blood—gas interface for gas diffu-
sion. Recently, technological advancements in vascular cannulas, circuitry, pumps,
and oxygenators have been instrumental in improving safety and promoting a wider
adoption of this treatment.

According to the Extracorporeal Life Support Organization (ELSO) guidelines,
the use of ECMO should be considered when the PaO,/FiO, ratio is <150, whereas
ECMO is indicated when the ratio is <80. A PaCO, > 80 mm Hg or a Pplat>30 cm
H,O0 is also considered as an indication for ECMO in patients with ARDS [24].

An anticoagulation strategy is always suggested when extracorporeal organ sup-
port is carried out: attention has to be paid in patients at high risk of re-bleeding
(severe ABI, Open Abdomen, retroperitoneal hematomas, etc.). Bleeding may occur
at the surgical site, at the cannula site, or into the site of a previous invasive procedure,
intrathoracic, abdominal, or retroperitoneal hemorrhage may also occur. Bleeding risk
is also increased by platelet dysfunction and clotting factor hemodilution. Coagulation
factor consumption can be triggered by circuit clotting which requires membrane
change. The need of relatively high blood flow is a contraindication to regional anti-
coagulation, but it is possible to reduce systemic demand for anticoagulation in the
first 72 h with new heparin-coated circuits, thus diminishing VV-ECMO bleeding risk
[25]. Intracerebral hemorrhage or infarction can also occur during ECMO: ICHs are
sometimes related to rapid decarboxylation during VV-ECMO, whereas infarctions
are more frequent during VA-ECMO due to embolism. Heparin-induced thrombocy-
topenia (HIT) can occur in patients receiving ECMO. When HIT is proven, heparin
infusion should be stopped or replaced by a non-heparin anticoagulant. Septic compli-
cations may also result because the ECMO circuit represents a large intravascular
device, and frequent manipulation increases the risk of infection.

When respiratory failure is so severe to touch the need of VV-ECMO criteria,
continuous CO monitoring is mandatory.

9.5 Cardiocirculatory Support after Damage
Control Resuscitation

The topic of this section is how to manage hemodynamics after an injury that caused
critical bleeding and shock, when bleeding has already been stopped.

Typically this scenario starts with a sedated, intubated, mechanically ventilated
and hypotensive patient, without further active bleeding and at high risk of further
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complications. Hypothermia, acidosis, and acute kidney injury often coexist
together with the post-resuscitation global increased permeability syndrome (GISP).
Increased permeability is associated with traumatic shock and interventions aimed
to improve tissue perfusion and reverse shock will produce some degree of addi-
tional tissue injury [26].

Analgesia and deep sedation with the least hemodynamic altering drugs is con-
tinued together with lung-protective mechanical ventilation.

The detailed discussion of these medications is beyond the scope of this book
and also the scientific evidence on the choice of the medication is limited [2].

9.5.1 Fluid Resuscitation and De-resuscitation

While isotonic crystalloid solutions are ideal for those who have significant free
water and lesser amounts of electrolyte losses, their role in the resuscitation of those
with near-exsanguinating hemorrhage has been under intense investigation.
Numerous studies during decades failed to demonstrate superiority of any fluid type
in traumatic shock, which resulted in adherence to isotonic crystalloid solutions due
to their well-known side effect profile and inexpensiveness. The Fluid and Catheter
Treatment Trial (FACTT) by the ARDSNet group conducted in the post-resuscitative
period demonstrated significantly fewer ventilator days in a group of critically ill
patients that received less crystalloids [27].

Evaluation of fluid available options must be done with the aim of minimizing
reperfusion injury instead of just on the basis of the efficacy of restoration of mean
arterial pressure and similar endpoints of resuscitation.

Many researches explored predictors for fluid responsiveness and have demon-
strated that it is quite easy to improve the hemodynamics after a fluid challenge. The
improvement is instant but rather transient!

This cyclic resuscitation with fluid challenges results in repeatedly diminished
preload (“empty heart”) but over-flooded interstitium, which further compromises
tissue perfusion. Going on with zealous fluids infusion, interstitial edema will raise
the pressure in all of four major body compartments: head, chest, abdomen, and
extremities, and eventually the polycompartment syndrome will break through.

Treatments aimed to correct coexisting coagulation disorders must be instituted
as soon as possible and continued concurrently to other procedures.

Cardiac Output monitoring is mandatory at this time, and Continuous Cardiac
Output Pulmonary Artery Catheter (CCOPAC) might be superior to trans-pulmonary
thermo-dilution (TPTD) in this phase (see following subsection). Guided by
CCOPAC parameters, vasoactive and inotropic drugs can now be started or titrated,
to get the best compromise between hemodynamics and respiratory function aiming
for the best achievable DO..

As stated above, patients pay the price of our treatment side effects: physi-
cians should avoid overtreatment while striving for strict oxygen/lactate/glucose/
etc. values. As patient’s conditions start getting better, physicians should stop
resuscitation.
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Renal replacement therapy, even in absence of severe acute kidney injury, is
helpful in controlling excessive fluid overload, while some fluid is inevitably given,
such as nutritional support (see following subsection) and drugs. Hypertonic saline
(3% and 7.4% NaCl), human albumin solution, and packed red blood cells (PRBC)
are probably the best “fluid challenges” at this time, but it is difficult to postulate
which one is the best option [28].

Other measures aimed to reduce GIPS duration and severity could be iv admin-
istration of high dose ascorbic acid and thiamine, high volume Continuous Veno-
Venous Hemofiltration (CVVHF) or extracorporeal selective adsorption of
inflammation mediators, together with stress-dose corticosteroids [29, 30].

9.5.2 Invasive Cardiac Output Monitoring

Trans-thoracic ultrasound evaluation can guide further treatment in post-injury
MOF patients, but cannot be considered as a continuous monitoring tool. Continuous
CO monitoring is essential in most severe MOFs, so that a bedside pulmonary and
cardiac echography could guide in choosing the most appropriate method to do that.

In context with the frequently coexisting or imminent respiratory failure, trans-
pulmonary thermo-dilution (TPTD) can be useful in managing capillary leak by
providing the extravascular lung water index value and being less invasive than
PAC. The limitation of this method is its accuracy in patients with left ventricle ejec-
tion fraction <40% or in severe depression of arterial vascular tone. This is due to
the fact that continuous cardiac output is only a calculated one (not directly mea-
sured) based on the invasive arterial waveform.

When heart failure coexists, particularly with right ventricle involvement,
CCOPAC can provide more accurate picture about hemodynamics from measured
(instead of calculated) continuous CO, stroke volume values and with right ventricle
function indexes (Right Ventricle Global End Diastolic Volume and Right Ventricle
Ejection Fraction) [31].

9.5.3 Extracorporeal Cardiovascular Support

Veno-Arterial ECMO (VA-ECMO) is performed by withdrawing blood from the
inferior vena cava into an extracorporeal circuit: blood is pumped by a mechanical
pump through an oxygenator, and then returned into a femoral artery. In this con-
figuration, VA-ECMO is capable to add blood flow into the descending aorta, when
cardiac function remains severely depressed despite specific treatments such as ino-
tropes and other less invasive cardiac mechanical supports. With the same harmful
complication above described, VA-ECMO is more difficult to manage than
VV-ECMO because the provided adjunctive blood flow is opposite to heart native
blood flow, and catheterization of femoral artery with large bore cannulas often
determines ipsilateral lower limb ischemia. Complications occurring during can-
nulation include vessel perforation with hemorrhage, arterial dissection, distal
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ischemia, and incorrect location or development of pseudoaneurysm at the site of
insertion.

A specific complication of VA-ECMO is the Arlequin Syndrome: fully saturated
blood infused peripherally into the femoral artery from the ECMO circuit will pref-
erentially perfuse the lower extremities and the abdominal viscera. If respiratory
failure coexists, blood ejected from the heart will selectively perfuse the heart,
brain, and upper extremities. As a result, cardiac and cerebral hypoxia can arise and
be unrecognized if oxygenation is monitored only in the lower extremity. It is named
Arlequin syndrome as upper extremity appears cyanotic while lower one appears
pink. To avoid this complication, arterial oxyhemoglobin saturation should be mon-
itored in both the upper extremity and the lower extremity. In case of Arlequin
syndrome, VA-ECMO support should be discontinued if the heart seems to be
recovering or a venous cannula can be implemented for VAV support.

Recent data suggests that VA-ECMO should be a salvage extreme procedure to
resuscitate a patient from a refractory MOF in centers where ECMO is usually pro-
vided for other indications.

9.6 Gut Resuscitation and Nutritional Issues

About 25-30% of the entire cardiac output is directed to the gastrointestinal system.
The abdominal parenchymal organs (pancreas, spleen, and liver) are making the
abdominal compartment the largest blood reservoir of the entire body. During
shock, splanchnic perfusion is reduced by vasoconstriction mediated by endoge-
nous catecholamines, which is further enhanced by exogenous vasoactive drugs.
The gut is the last organ to have its circulation restored after ischemia, and it is
thought to play a pivotal role in the pathogenesis of post-injury MOF. Another
important issue about the abdomen is the potential discrepancy between container
and content, because the gut volume could increase much more than the abdominal
wall could expand. It is now clear that the gut can be both a victim and an instigator
of MOF, and treatment has to be set to limit this unavoidable vicious cycle. The
development of abdominal compartment syndrome (ACS) can lead to polycompart-
ment syndrome with increased intrathoracic and intracranial pressure.

9.6.1 Abdominal Organs Ischemia-Reperfusion
and Intra-abdominal Pressure

Gut ischemia-reperfusion causes capillary leak and gut barrier failure. Experiments
clearly demonstrated that the mesenteric lymph mediates between the gut and the
systemic circulation, allowing gut-derived inflammatory mediators to reach sys-
temic circulation [31, 32] with ongoing capillary leak creating peripheral edema,
visceral organ edema and ascites in the peritoneal space. The visceral edema and
ascites result in intra-abdominal hypertension (IAH) and when it is coupled with
organ dysfunctions it leads to ACS (Fig. 9.4).
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Aggressive fluid resuscitation and vasoactive drugs may exacerbate the capillary
leak syndrome and its relationship to IAH and ACS. Limiting fluids and vasoactive
drugs and early de-resuscitation strategies are measures that can prevent and even
treat IAH/ACS.

Acute renal failure is frequently part of the clinical picture of ACS, and CVVHF
can be an effective method to de-resuscitate the MOF patient without “stressing” the
kidneys with high dose diuretic drugs.

Decompressive laparotomy is the standard method to treat severe IAH/ACS and to
protect against their development in high risk situations. It has been reported to result
in an immediate decrease in AP and in improvements in organ function. Before surgi-
cal abdominal decompression, medical management can help gain some time: body
positioning, nasogastric/colonic decompression, promotility agents, diuretics and
continuous renal replacement therapies, NMB infusion associated with high dose
KET infusion must be contemplated to reduce IAH and reverse ACS.

9.6.2 Enteral Feeding as a Specific Treatment

Early enteral nutrition (EN) is associated with decrease in infectious complications
among critically ill patients, when compared to parenteral nutrition (PN) or late EN
[5]. Intraluminal nutrients have been shown to reverse shock-induced mucosal
hypoperfusion and restore impaired intestinal transit when given after a gut isch-
emia/reperfusion insult [33]. Improved transit should decrease ileus-induced bacte-
rial colonization and translocation. Moreover, enteral nutrition attenuates the gut
capillary leak that is induced by critical illness [34]. Finally and most importantly,
the gut is a major immune organ and its optimal trophism is essential for immuno-
logical barrier function and ability to fight against infections.

Although there is controversy over the safety of feeding the hypoperfused small
bowel of a shocked patient, evidence supports the feasibility of enteral nutrition in
this setting [35].

In early shock phase, enteral infusion of glutamine counteracts the shock-induced
vasoconstriction, promotes protein synthesis in the gut mucosa and protects against
oxidant and cytokines induced apoptosis [36].

As shock is reversed, and if no absolute contraindications exist, EN with various
enteral formulas should be instituted and progressively increased to reach nutri-
tional goals.

9.6.3 Nutritional Goals

All trauma patients will benefit from early nutritional support, especially those who
are severely injured or with pre-existing malnutrition prior to the accident. Severely
injured patients are at high risk for developing a hypermetabolic state, and subse-
quent malnutrition. Ideal Body Wight (IBD) must be used over actual body weight
in setting a proper nutritional support [37].
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A caloric goal of 20-25 kcal/kg IBW/day is beneficial during the acute and ini-
tial stress response. After clinical stabilization, patients enter an anabolic recovery
phase: at the present time, the aim should be to provide slightly more energy, from
25 to 30 kcal/kg IBW/day. Both predictive equations and indirect calorimetry can be
used for calculating target energy goals. As for protein intake, the ASPEN/SCCM
guidelines recommend 1.5-2.5/kg IBW/day, with the higher range value for obese
patients [38].

With available EN formulas is often difficult to reach protein intake target with-
out exceeding in calories, even with enteral glutamine support and particularly in
obese patients, so that parenteral protein solutions usually have to be infused to get
to the goal.

If EN is contraindicated or not tolerated despite prokinetic therapies, balanced
PN solution should be administered.

References

1. Tsukamoto T, Chanthaphavong RS, Pape HC. Current theories on the pathophysiology
of multiple organ failure after trauma. Injury. 2010;41(1):21-6. https://doi.org/10.1016/].
injury.2009.07.010.

2. Gutteling J, Girgbes ARJ. Vasoactive medications and RCT: an impossible marriage. A review
and introduction the concept of enough. ICU Manag Pract. 2018;3(18):164-70.

3. Vincent JL, Shehabi Y, Walsh TS, Pandharipande PP, Ball JA, et al. Comfort and patient-centred
care without excessive sedation: the eCASH concept. Intensive Care Med. 2016;42(6):962-71.

4. Devlin JW, et al. Clinical practice guidelines for the prevention and management of pain, agita-
tion/sedation, delirium, immobility, and sleep disruption in adult patients in the ICU. Crit Care
Med. 2018;46(9):e825-73. https://doi.org/10.1097/CCM.0000000000003299.

5. Ciesla DJ, Moore EE, Johnson JL, Burch JM, Cothren CC, Sauaia A. The role of the lung in
postinjury multiple organ failure. Surgery. 2005;138(4):749-57.

6. Edrich T, Friedrich AD, Eltzschig HK, Felbinger TW. Ketamine for long- term sedation and
analgesia of a burn patient. Anesth Analg. 2004;99(3):893-5.

7. Oddo M, Crippa IA, Mehta S, Menon D, Payen JF, Taccone FS, Citerio G. Optimizing seda-
tion in patients with acute brain injury. Crit Care. 2016;20(1):128. https://doi.org/10.1186/
s13054-016-1294-5.

8. Fraser GL, Devlin JW, Worby CP, et al. Benzodiazepine versus non- benzodiazepine-based
sedation for mechanically ventilated, critically ill adults: a systematic review and meta-
analysis of randomized trials. Crit Care Med. 2013;41(9 Suppl 1):S30-8.

9. Patel RP, Gambrell M, Speroff T, et al. Delirium and sedation in the intensive care unit: survey
of behaviors and attitudes of 1384 healthcare professionals. Crit Care Med. 2009;37(3):825-32.

10. Dodek P, Keenan S, Cook D, Heyland D, Jacka M, Hand L, et al. Canadian critical care trials
group; Canadian critical care society. Evidence-based clinical practice guideline for the pre-
vention of ventilator-associated pneumonia. Ann Intern Med. 2004;141:305-13.

11. Durbin CG Jr, Perkins MP, Moores LK. Should tracheostomy be per- formed as early as 72
hours in patients requiring prolonged mechanical ventilation? Resp Care. 2010;55(1):76-87.

12. Andriolo BN, Andriolo RB, Saconato H, Atallah AN, Valente O. Early versus late tracheos-
tomy for critically ill patients. Cochrane Database Syst Rev. 2015;1:CD007271.

13. Hariri G, Baudel JL, Dubee V, Dumas G, Joffre J, Bourcier S, Bige N, AitOufella H, Maury
E. Nasotracheal intubation in ICU: an unfairly forgotten procedure. Minerva Anestesiol.
2018;84(8):997-8. https://doi.org/10.23736/S0375-9393.18.12655-1.


https://doi.org/10.1016/j.injury.2009.07.010
https://doi.org/10.1016/j.injury.2009.07.010
https://doi.org/10.1097/CCM.0000000000003299
https://doi.org/10.1186/s13054-016-1294-5
https://doi.org/10.1186/s13054-016-1294-5
https://doi.org/10.23736/S0375-9393.18.12655-1

The Principles of Treatment, Modern Therapeutic Targets 103

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

Hall JJ, Hunt JL, Arnoldo BD, Purdue GF. Use of high-frequency percussive ventilation in
inhalation injuries. J Burn Care Res. 2007;28:396—400.

Acute Respiratory Distress Syndrome Network, Brower RG, Matthay MA, Morris A,
Schoenfeld D, Thompson BT, Wheeler A. Ventilation with lower tidal volumes as compared
with traditional tidal volumes for acute lung injury and the acute respiratory distress syndrome.
N Engl J Med. 2000;342(18):1301-8. https://doi.org/10.1056/nejm200005043421801.
Petrucci N, De Feo C. Lung protective ventilation strategy for the acute respiratory distress syn-
drome. Cochrane Database Syst Rev. 2013;2:CD003844. https://doi.org/10.1002/14651858.
Marini JJ, Ravenscraft SA. Mean airway pressure: physiologic determinants and clini-
cal importance--Part 1: physiologic determinants and measurements. Crit Care Med.
1992;20(10):1461-72.

Marini JJ, Ravenscraft SA. Mean airway pressure: physiologic determinants and clinical
importance--Part 2: clinical implications. Crit Care Med. 1992;20(11):1604-16.

Collino F, Rapetti F, Vasques F, Maiolo G, Tonetti T, Romitti F, Niewenhuys J, Behnemann
T, Camporota L, Hahn G, Reupke V, Holke K, Herrmann P, Duscio E, Cipulli F, Moerer O,
Marini JJ, Quintel M, Gattinoni L. Positive end-expiratory pressure and mechanical power.
Anesthesiology. 2019;130(1):119-30. https://doi.org/10.1097/ALN.0000000000002458.
Jabre P, Combes X, Lapostolle F, et al. Etomidate versus ketamine for rapid sequence intuba-
tion in acutely ill patients: a multicentre randomised controlled trial. Lancet. 2009;374:293.
Patthum A, Peters M, Lockwood C. Effectiveness and safety of Neurally Adjusted Ventilatory
Assist (NAVA) mechanical ventilation compared to standard conventional mechanical ven-
tilation in optimizing patient-ventilator synchrony in critically ill patients: a systematic
review protocol. JBI Database System Rev Implement Rep. 2015;13(3):31-46. https://doi.
org/10.11124/jbisrir-2015-1914.

Akoumianaki E, Maggiore SM, Valenza F, Bellani G, Jubran A, Loring SH, Pelosi P, Talmor
D, Grasso S, Chiumello D, Guérin C, Patroniti N, Ranieri VM, Gattinoni L, Nava S, Terragni
PP, Pesenti A, Tobin M, Mancebo J, Brochard L. PLUG Working Group (Acute Respiratory
Failure Section of the European Society of Intensive Care Medicine). The application of
esophageal pressure measurement in patients with respiratory failure. Am J Respir Crit Care
Med. 2014;189(5):520-31. https://doi.org/10.1164/rccm.201312-2193CI.

Mauri T, Yoshida T, Bellani G, Goligher EC, Carteaux G, Rittayamai N, Mojoli F, Chiumello
D, Piquilloud L, Grasso S, Jubran A, Laghi F, Magder S, Pesenti A, Loring S, Gattinoni L,
Talmor D, Blanch L, Amato M, Chen L, Brochard L, Mancebo J. PLeUral pressure work-
ing Group (PLUG—Acute Respiratory Failure section of the European Society of Intensive
Care Medicine). Esophageal and transpulmonary pressure in the clinical setting: meaning, use-
fulness and perspectives. Intensive Care Med. 2016;42(9):1360—73. https://doi.org/10.1007/
s00134-016-4400-x.

General Guidelines for all ECLS Cases. Extracorporeal Life Support Organization. Available
at: http://www.elso.org/Portals/0/IGD/Archive/FileManager/929122ae88cusersshyerdocumen
tselsoguidelinesgeneralalleclsversionl.3.pdf. Accessed 4 Mar 2015.

Arlt M, Philipp A, Voelkel S, et al. Extracorporeal membrane oxy- genation in severe trauma
patients with bleeding shock. Resuscitation. 2010;81(7):804-9.

Duchesne JC, Kaplan LJ, Balogh ZJ, Malbrain ML. Role of permissive hypotension, hyper-
tonic resuscitation and the global increased permeability syndrome in patients with severe
hemorrhage: adjuncts to damage control resuscitation to prevent intra-abdominal hyperten-
sion. Anaesthesiol Intens Ther. 2015;47(2):143-55. https://doi.org/10.5603/AIT.a2014.0052.
Wiedemann HP, Wheeler AP, Bernard GR, et al. Comparison of two fluid management strate-
gies in acute lung injury. N Engl J Med. 2006;354:2564-75.

Cordemans C, De Laet I, Van Regenmortel N, et al. Fluid management in critically ill patients:
the role of extravascular lung water, abdominal hypertension, capillary leak and fluid balance.
Ann Intensive Care. 2012;2(Suppl 1):S1.

Vincent JL. How I treat septic shock. Intensive Care Med. 2018;44(12):2242—4. https://doi.
org/10.1007/s00134-018-5401-8.



https://doi.org/10.1056/nejm200005043421801
https://doi.org/10.1002/14651858
https://doi.org/10.1097/ALN.0000000000002458
https://doi.org/10.11124/jbisrir-2015-1914
https://doi.org/10.11124/jbisrir-2015-1914
https://doi.org/10.1164/rccm.201312-2193CI
https://doi.org/10.1007/s00134-016-4400-x
https://doi.org/10.1007/s00134-016-4400-x
http://www.elso.org/Portals/0/IGD/Archive/FileManager/929122ae88cusersshyerdocumentselsoguidelinesgeneralalleclsversion1.3.pdf
http://www.elso.org/Portals/0/IGD/Archive/FileManager/929122ae88cusersshyerdocumentselsoguidelinesgeneralalleclsversion1.3.pdf
https://doi.org/10.5603/AIT.a2014.0052
https://doi.org/10.1007/s00134-018-5401-8
https://doi.org/10.1007/s00134-018-5401-8

104

E. Gamberini et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Marik PE, Pastores SM, Annane D, et al. Recommendations for the diagnosis and manage-
ment of corticosteroid insufficiency in critically ill adult patients: consensus statements from
an international task force by the American College of Critical Care Medicine. Crit Care Med.
2008;36(6):1937-49. https://doi.org/10.1097/ccm.0b013e31817603ba.

Mehta Y, Arora D. Newer methods of cardiac output monitoring. World J Cardiol.
2014;6(9):1022-9.

Magnotti LI, Upperman JS, Xu DZ, Lu Q, Deitch EA. Gut-derived mesenteric lymph but not
portal blood increases endothelial cell permeability and promotes lung injury after hemor-
rhagic shock. Ann Surg. 1998;228(4):518-27.

Grossie VB Jr, Weisbrodt NW, Moore FA, Moody F. Ischemia/ reperfusion-induced dis-
ruption of rat small intestine transit is reversed by total enteral nutrition. Nutrition.
2001;17(11-12):939-43.

De-Souza DA, Greene LJ. Intestinal permeability and systemic infections in critically ill
patients: effect of glutamine. Crit Care Med. 2005;33(5):1125-35.

Zaloga GP, Roberts PR, Marik P. Feeding the hemodynamically unstable patient: a critical
evaluation of the evidence. Nutr Clin Pract. 2003;18(4):285-93.

Larson SD, Li J, Chung DH, Evers BM. Molecular mechanisms contributing to
glutamine-mediated intestinal cell survival. Am J Physiol Gastrointest Liver Physiol.
2007;293(6):G1262-71.

Kreymann KG, Berger MM, Deutz NEP, et al. DGEM (German Society for Nutritional
Medicine), Ebner C, Hartl W, Heymann C, Spies C, ESPEN (European Society for Parenteral
and Enteral Nutrition). ESPEN Guidelines on Enteral Nutrition: Intensive care. Clin Nutr.
2006;25(2):210-23.

McClave SA, Martindale RG, Vanek VW, et al. A.S.P.E.N. Board of Directors, American
College of Critical Care Medicine, Society of Critical Care Medicine. Guidelines for the pro-
vision and assessment of nutrition support therapy in the adult critically ill patient: Society of
Critical Care Medicine (SCCM) and American Society for Parenteral and Enteral Nutrition
(A.S.P.E.N.). J Parenter Enter Nutr. 2009;33(3):277-316.


https://doi.org/10.1097/ccm.0b013e31817603ba

®

Check for
updates

Neurological Dysfunction in Multiple 1 0
Organ Failure in Trauma

Cynthia Bierl

10.1 Introduction: Acute Cognitive Dysfunction Secondary
to MOF in Trauma

Neurological dysfunction in MOF from trauma can be described from the bedside
assessment, the proposed pathological mechanisms, or retrospectively by the long-
term neurological outcomes associated with the syndrome. The heralding feature of
neurological dysfunction in MOF is the presence of delirium [1]. Delirium is a
syndrome of acutely altered mental state which fluctuates over time [2]. It presents
in three phenotypes of hyperactive, mixed, or hypoactive delirium [3]. Altered
arousal, disorganised thinking, inattention, anhedonia, perceptual disturbances,
psychosis and altered sleep-wake cycle are distributed across phenotypes. Delirium
is associated with adverse outcomes including functional decline, permanent defi-
cits in cognition and increased mortality [4].

10.2 Proposed Pathological
Mechanisms: Neuroinflammation

Major trauma results in severe local and systemic inflammatory cascade initially
from the direct injury to tissue from impact and physical injury, and secondarily
from the resuscitative surgical and hemodynamic measures to repair damaged and
re-perfuse ischemic tissues.

The initial response is termed the systemic inflammatory response (SIRS). In
SIRS, powerful pro-inflammatory immunomediators, like NF-Kb, IL-1 and TNF-
alpha, cause endothelial dysfunction which in turn cause increased capillary perme-
ability, vasodilation and activation of the coagulation cascade [5—7]. Simultaneously
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with the pro-inflammatory mediators the compensatory anti-inflammatory regula-
tors (CARS) are also triggered, which act to immunosuppress and immune-regulate
but predispose to infection. Sustained, out of control hyper-inflammation and/or
infection is hypothesized to fuel a persistent pro-inflammatory state [7]. The
‘immune dissonance’ among regulatory mechanisms leads to a cytokine and endo-
crine storm thought to cause many of the observations at the critical care bedside in
polytrauma: vasodilatory shock, fever, tachycardia, thrombosis, infection and organ
dysfunction [8].

Neuroinflammation in MOF has predominantly been explored in the post-
operative and septic patient, but likely shares a common pathway in trauma [5, 8].
The neuroinflammatory hypothesis poses that an acute stressor, such as surgery,
infection or trauma, triggers SIRS that extends into the brain and ultimately can lead
to long-term cognitive dysfunction. Similar to systemic hypotheses, the proposed
mechanism is the disruption of the blood-brain barrier, via endothelial dysfunction
triggered by overzealous or sustained low-grade systemic inflammation [8]. The
invasion of brain interstitium by humoral and cellular elements cause neuroinflam-
mation and microglial activation. This elevation of pro-inflammatory mediators in
the brain has been shown to cause deficits in attention, memory and executive func-
tion [9].

Of importance, age is an independent and strong predisposing risk factor for
poor cognitive outcomes in MOF, partially due to impaired ability to regenerate and
heightened inflammatory state [10, 11]. The immune system is predisposed to
chronic inflammation as the body ages. This baseline pro-inflammatory state,
termed ‘inflammaging’, likely contributes to the dysregulation of SIRS and CARS
in MOF [11, 12]. Interestingly, many of the mediators of neuroinflammation in
MOF pathologically converge with better studied chronic neuroinflammatory con-
ditions, e.g. Alzheimer’s type dementia. The shared pathways explain why patients
with pre-existing cognitive decline have worse cognitive outcomes and also provide
some explanation for the cross-over in symptoms in PICS with dementia-type cog-
nitive decline [13]. High-income countries have aging populations with higher pre-
sentations of multi-trauma in the elderly and frail, many of whom have clear
expectations for acceptable cognitive outcomes in their health-care. This under-
scores the need for a clear prognostic understanding of the impact of MOF on long-
term cognitive morbidity to help guide expectations for clinical teams and patients.

10.3 Early Neurological Failure: Delirium

The best available tools for monitoring and diagnosing acute confusion and delir-
ium are the Confusion Assessment Method for the ICU (CAM-ICU) or the Intensive
Care Delirium Screening Checklist (ICDSC) [3]. Both tools measure elements of
level of consciousness, inattention, disorientation, psychosis, psychomotor agita-
tion or slowing, mood and sleep/wake cycles [3].

Delirium is classified into three phenotypes of hyperactive, mixed motor type
and hypoactive delirium. Hyperactive phenotypes are characterized by higher
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incidence of agitation, hallucintations, and acute psychosis. Hypoactive delirium
has less psychosis features and more anhedonia, inattention, and drowsiness. With a
more subtle bedside presentation, hypoactive delirium is underdiagnosed, but has
greater mortality, longer length of stay, worse quality of life and greater frequency
of re-hospitalisation. Evidence further suggests in studies that actively screen for
delirium, 50% of delirium diagnoses are of the hypoactive phenotype [14].

The burden of delirium in trauma patients is high with one study reporting 24%
of patients in intensive care and step-down high dependency units positive for delir-
ium. Although not independent, mechanical ventilation is strongest surrogate pre-
dictor for delirium where evidence suggests up to 80% of patients are affected.
Other predictors of delirium include pre-existing cognitive disorders, hypertension,
older age, medication (especially benzodiazepines and opioids) and metabolic aci-
dosis. Up to 50% of patients with acute delirium will have long-term cognitive defi-
cits at 12 months [15]. With a strong correlation to cognitive impairment and
in-hospital mortality, systems are moving towards incorporating surveillance meth-
ods to measure it.

10.4 Late Neurological Failure: Post-intensive
Care Syndrome

While early diagnosis and differentiation of neuroinflammation from MOF in
trauma is sometimes obscured by confounding and complex clinical presentations,
the longer-term sequelae of declines in cognitive, physical and psychiatric function
continue post-acute hospitalisation. The Society of Critical Care Medicine created
the term Post-Intensive Care Syndrome (PICS) to describe these impairments, spe-
cifically excluding direct tissue damage aetiology like traumatic brain injury or
stroke [16]. The pathology of PICS is still considered multifactorial, but within
PICS it is estimated that 80% of adult intensive care survivors have longer-term
cognitive impairment. This is characterised by impairments in memory, processing
speed and attention. Neuroinflammation of MOF contributes to the cascade of fac-
tors leading to this outcome [17, 18].

10.5 Impact of Neurological Failure on Outcomes in MOF

To measure the impact of MOF in Trauma, composite scoring systems of organ
dysfunction correlate and predict mortality and morbidity. Unfortunately, existing
composite scores are poorly sensitive for neurological dysfunction [19]. Organ fail-
ure is usually defined and diagnosed by either the support that is required to help
that failing system or the physiologic derangement that resulted in that support [19].
However, both of these diagnostic measures are difficult to numerically quantify in
neurological dysfunction where the observable derangements, like fluctuating con-
fusion and attention, and therapeutics aren’t on a predictable spectrum or titratable
to a response. Additionally, attributing the diagnosis of acute neurological
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dysfunction to MOF alone is also difficult in polytrauma patients with the con-
founding presence of traumatic brain injury, secondary brain injury due to hypoper-
fusion of metabolic derangements or the presence of sedation, analgesia and
anaesthesia.

There are many scoring systems utilised to measure and diagnose MOF in
trauma. These include the SOFA, Denver, APACHE, SAPS and MODS scores [20,
21]. The composite values utilise measures ubiquitous in modern bedside critical
care and make their universal calculation useful for research and defining severity
and predicting prognosis. Some of them diagnose MOF as an all or nothing phe-
nomenon and some describe it rather on the continuous spectrum of multiple organ
dysfunction syndrome (MODS). They have validated predictability in outcomes
and prognosis and can be used for quality measures [20]. However, only four of the
scoring systems incorporate measures of neurological dysfunction and for this, they
incorporate the Glasgow Coma Score (GCS).

The GCS was developed in 1974 by neurosurgeons with measures for eye-
opening, motor and verbal responses. The aggregate score is summary score for
overall severity and is a useful field measure for severity of acute direct brain injury
[22]. However, its sensitivity and specificity in discerning the neurological dysfunc-
tion in MOF is questionable. The heralding feature of brain failure in MOF is an
acute confusional state and delirium. Diagnosis of delirium requires identification
of confusion, impaired attention, impaired cognition, and/or psychosis with tempo-
ral fluctuation in the same. The GCS does not measure these symptoms and there-
fore current MOF scoring systems likely poorly quantify neurological failure.
Therefore the impact, severity and prevalence of neurological dysfunction in MOF
is also poorly described.

However, delirium and acute confusional states are strong and independent pre-
dictors of higher healthcare costs, poorer longterm function and increased mortality.
For this reason, bedside measures of delirium are being incorporated into hospital
early warning systems and are increasingly being reported as hospital-acquired
complications [23]. Given the impact of delirium on patient outcomes, a MOF score
that incorporates it may significantly improve the accuracy of these scores in pre-
dicting outcomes for the severe trauma population.

10.6 Management and Prevention

In complex trauma, the path to central neurological dysfunction has multiple ori-
gins. First, the direct insult to the brain due to regional energy deprivation or tissue
injury from the traumatic event. The direct insult could cause regional hypoxia,
hypoglycaemia, infarction and/or acidosis leading to metabolic strain. The neuroin-
flammatory hypothesis poses that subsequent to the original trauma a distinct indi-
rect insult occurs in the brain due to the aberrant stress responses of the body in
inflammation [4, 24]. In addition, trauma patients are given analgesia, sedation and
often anaesthesia which all have independent risks for acute neurocognitive dys-
function. At the bedside, these mechanisms converge into similar symptoms,
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probably share driving mechanisms, and therefore differentiating between the driv-
ers of cognitive dysfunction becomes difficult. However, bedside diagnosis of the
driving cause of delirium is academic, as there is a lack of targeted therapeutics for
neurologic support in neuroinflammation. The support of the directly injured brain
is outside the scope of this chapter although many of the principles of neuroprotec-
tion are the same.

With a lack of specific therapeutics, management and prevention of neurological
dysfunction remains multifaceted and thought to be best implemented by a multi-
disciplinary team that include critical care nurses, physiotherapists, pharmacists and
respiratory therapists. The ABCDEF bundle represents an example of an evidence-
based protocolised approach to supportive care of the critically unwell patient with
a focus on delirium management and prevention [3, 16]. The principles will be
discussed here.

A. Assess, Prevent and Manage Pain. Pain is an underdiagnosed and undertreated
but frequent symptom in the critically injured trauma patient. Pain increases
agitation, increases the stress response, and poor management of pain likely
contributes to delirium and predisposes to long-term sequelae of chronic pain.
Despite this, evidence suggests in critically unwell patients it is often poorly
measured [3].

B. Both spontaneous awakening and spontaneous breathing trials.

For the ventilated patient, daily interruption of sedation and when appropriate,
breathing trials, have been shown to decrease ventilation time and decrease inci-
dence of delirium. Sedation should be monitored, titrated and not be used to
treat pain. Interestingly, a trial of no sedation in ventilated intensive care patients
has been evaluated, which similarly showed the benefits of decreased ventilation
time but at a cost of increased hyperactive delirium. Deep sedation has consis-
tently been shown to be associated with longer ventilation times and increased
mortality [3].

C. Choice of analgesia and sedation. The ideal agents for sedation and analgesia
should be patient specific. There is a clear association between benzodiazepines
and increased delirium. Recreational and prescibed psychotropic withdrawal
may contribute to delirium. Therefore, early surveillance through collateral
pharmacological and drug and alcohol history are critical in preventing subse-
quent delirium. Alpha-2-agonist sedatives have mixed evidence of reduced inci-
dence of delirium and at least, less harmful than benzodiazepines. However, this
is at the cost of potential hemodynamic effects of bradycardia, hypotension, and
in severe cases, sinus pause. However, it is widely used to control agitation in
delirium and neuro-recovery [3].

D. Delirium: assess, prevent, manage: The majority of intensive care patients
develop delirium with average onset on the second or third day of admission.
Validated tools like the CAM-ICU or the ICDSC should be used for surveillance
and monitoring of delirium. Once identified, patients benefit from a protocolised
approach to management and treatment of reversible causes, like alcohol or opi-
ate withdrawal or electrolyte abnormalities. Alpha-agonists, at best, probably
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don’t aggravate delirium. Anti-psychotics assist to prevent self-harm and sedate
in agitated delirium. There are no proven pharmacological therapeutics avail-
able to reverse delirium. Environmental factors and staffing have some evidence
of benefit for the delirium. These interventions include promoting good sleep
hygiene, access to natural light, clustering of nursing cares to minimise sleep
disruption cares, and presence of family and familiar carers [3].

E. Early engagement and mobility. Early mobility has been proven to decrease
days of delirium. To achieve early mobility in the sedated severely injured
patient requires multidisciplinary engagement of teams. Trauma surgical teams
need to promptly complete the primary and secondary survey. Radiological ser-
vices need to promptly review images and rule-out spinal injury so patients can
be woken safely. Extended days of ventilation and sedation due to spinal insta-
bility and the need for spinal precautions dramatically increases the risk for
ventilator-acquired pneumonia, secondary infection, and thrombosis. Immobility
also leads to stress, acute weakness and long-term functional limitation.
Therefore, timely clearance or stabilisation of the axial skeleton and long bones
is essential for optimal positioning and mobilisation. Physiotherapy is feasible,
safe and complicated patients on advanced supportive therapies should not be
viewed as an impediment to mobilisation. However, safe staffing and trained
critical care physiotherapy teams are critical to implementing it.

F. Family engagement and empowerment. In critical care, family members are sur-
rogate decision-makers, care advocates and helpful at the bedside to re-orient
recovering critically ill patients.

Strategies targeting the bundled approach to care have been shown in randomised-
control trials to significantly reduce duration of delirium, decrease ventilation
time and improve functional outcomes at hospital discharge [25-27].

10.7 Future Directions

Evidence shows a strong repeated association between the systemic inflammatory
response, neuroinflammation, acute delirium, and patient death and poor neurologi-
cal outcomes. The potential for length of stay, need for community support and
long-term functional disability also carry significant financial and community bur-
dens. Despite this there are no targeted therapies or recent trials of targeted therapies
for preventing neurological dysfunction in MOF. However, immunotherapies
designed for autoimmune conditions may prove useful in combating the detrimental
effects of SIRS [28]. Interleukin-6 (IL-6) is a cytokine involved in the inflammatory
regulatory cycle. Anti-IL 6 receptor antibodies, or tocilizumab, have been given
therapeutically for autoimmune conditions with success and may extend utility in
preventing the organ dysfunction in SIRS [29]. Neuroinflammation is widely under-
diagnosed but with significant and meaningful impacts for patients who survive
MOF. Advancing therapeutics in immunomodulation are promising but not
yet proven.
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Post-injury Multiple Organ Failure: 1 1
Respiratory Failure

Joseph Galante and Eric Shurtleff

11.1 Introduction

Post-injury respiratory failure is defined as inadequate gas exchange secondary to
dysfunction of the chest wall, alveoli, pulmonary circulation, or central nervous
system [1]. Acute Respiratory Distress Syndrome (ARDS) develops in 12-25% of
traumatically injured patients, and the lungs are the most common organ system
affected in post-injury multiple organ failure (MOF). Mortality in injured patients
with ARDS and MOF has been reported to range as high as 34-64% [2].

The etiologies of hypoxia and hypercapnia of post-injury respiratory failure
include both direct chest trauma and extra-thoracic or indirect injury. Direct blunt
chest injuries precipitating respiratory failure include rib fractures, flail chest,
pneumothorax, and pulmonary contusions, all of which trigger a systemic inflam-
matory response. Penetrating chest trauma is also a cause of respiratory failure, as
it affects the lung tissue directly as well as initiating a systemic inflammatory
response. High mortality rates are reported in patients requiring operative manage-
ment, ranging from 62% for pneumonectomy, 35% for lobectomy to 22% for
wedge resection [3].

Traumatic brain injury (TBI) is an extra-thoracic cause of post-injury respiratory
failure resulting from impaired central nervous system (CNS)-mediated respiratory
drive and other pathophysiologic response to brain injury. Up to 33% of TBI patients
develop respiratory failure to some extent [4]. Venous thrombosis, pulmonary
embolus, and primary pulmonary thrombosis which are commonly identified early
in the post-injury phase, are another indirect cause of respiratory failure [5, 6].
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Femur fractures represent another mechanism of an extra-thoracic, indirect cause of
post-injury respiratory failure [7].

Finally, severely injured polytrauma patients commonly require shock resusci-
tation, infused crystalloid and transfusion volumes can be massive. Risk of ARDS
is directly correlated with crystalloid infusion, transfusion of packed red blood
cells and fresh frozen plasma, and can be difficult to prevent given the life-saving
necessity of massive transfusion in the early post-injury period [8—10].

Understanding the causes of post-injury respiratory failure, while important
given the differing approaches to treating them, is not as important as grasping the
impact of invasive and noninvasive support. While invasive and noninvasive respi-
ratory support are necessary, if not implemented appropriately, either modality can
exacerbate post-injury respiratory failure by iatrogenic secondary injuries.

11.2 Pathophysiology

Acute respiratory failure is generally the result of two conditions: hypoxia and
hypercapnia, which can precipitate failure independently or simultaneously.
Hypoxia is defined as PaO, < 50 mmHg, and hypercapnia is defined as
PCO, > 45 mmHg, with decreased minute ventilation (see Table 11.1).

11.2.1 Hypoxia

One mechanism of hypoxia occurs when alveoli are perfused but not ventilated,
and therefore not oxygenated. This is defined as intra-pulmonary shunt, which
occurs in alveolar collapse, pulmonary edema, pulmonary contusions, ARDS, and
pulmonary collapse/pneumothorax. A second mechanism of hypoxia occurs when
alveoli are ventilated but not perfused. This ventilation/perfusion (V/Q) mismatch
dysfunction occurs at the alveolar capillary level and is provoked by pulmonary
embolism, primary pulmonary thrombosis, and pulmonary hypertension, wherein
alveolar circulatory compromise prevents the uptake of oxygen provided by the
ventilated lung.

Table 11.1 Hypoxia and Hypercapnia: definitions, etiologies, pathophysiology

Hypoxia Hypercapnia

Pa0, < 50 mmHg PCO, > 45 mmHg

Shunt: Alveolar collapse, pulmonary Hypoventilation: Pain, CNS depression due to

edema, pulmonary contusions, traumatic brain injury, narcotic-induced CNS

pneumothorax/collapse, ARDS impairment, poor compliance: Chest wall deformity,
obesity

V/Q mismatch: Primary pulmonary Decreased functional residual capacity (FRC)

thrombosis, embolus, pulmonary decreased minute ventilation (MV)

hypertension
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11.2.2 Hypercapnia

The primary etiologies of hypercapnic respiratory failure include: pain, central
nervous system (CNS) depression due to traumatic brain injury, narcotic-induced
CNS impairment, and poor compliance, i.e., chest wall deformity, obesity, where
compliance is defined as change in volume divided by change in pressure.
Hypercapnia is generally precipitated by two mechanisms. One mechanism is
decreased functional residual capacity (FRC) results from increased “dead space,”
which is the volume of air that is ventilated but not involved in gas exchange. Dead
space has two components, anatomic and physiologic. Anatomic dead space is
approximately 30% of the normal tidal volume (V;), and physiologic or total dead
space is the sum of anatomic dead space and alveolar dead space, which is defined
as the volume of air in the respiratory zone that does not exchange gas across the
alveolar epithelium. The anatomic dead space is a fixed value, whereas physiologic
dead space is increased in pathophysiologic states such as ARDS [11-13]. The
second mechanism is decreased minute ventilation (MV), which is defined as:
MYV = (V;) x (Respiratory Rate (f)) (see Table 11.2).

11.2.3 Pathophysiology due to Mechanism of Injury

The pathophysiology of acute respiratory failure due to ARDS stems from both
direct and indirect lung injury. Direct injuries precipitating ARDS include chest
wall trauma, pulmonary contusions, pulmonary lacerations, and pneumothorax.
ARDS develops in this setting due to provocation of the innate immune response
via enhanced reactivity of toll-like receptor 4 (TLR-4). This in turn induces exag-
gerated pro-inflammatory mediators known to evolve in the early phase of trauma:
IL-1beta, IL-6, IL-8, which induce a systemic pro-inflammatory response. This is
thought to sustain in the case of rib fractures and paradoxical chest wall motion in
flail chest, which exacerbate the underlying contused lung parenchyma with venti-
lation [16].

Severe extra-thoracic tissue injury due to trauma or surgery is a known indirect
cause of acute respiratory failure. In TBI, injury to the central nervous system

Table 11.2 Definitions of lung capacities and volumes, with normal values [14, 15]

Lung capacity/volume Definition Normal value (adult male)

Total lung capacity (TLC) IRV + ERV + RV + V;  4000-6000 mL

Vital capacity (VC) IRV + V;+ ERV 4800 mL (varies with age/body
size)

Functional residual capacity ERV + RV 1800-2200 mL

(FRC)

Inspiratory capacity (IC) Vi + IRV 2400-3800 mL

Tidal volume (V7) 500 mL (10% of VC, 6-8 mL/kg)

Inspiratory reserve volume (IRV) 1900-3300 mL

Expiratory reserve volume (ERV) 700-1200 mL

Residual volume (RV) 1200 mL (20-25 mL/kg)
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blunts respiratory drive, and increased endothelial permeability evolves at the
blood-brain and the blood-lung barriers [17, 18]. Further, increased intracranial
pressure in TBI has been demonstrated to precipitate pulmonary edema [19, 20].
Severe musculoskeletal injuries and subsequent surgeries are another indirect
cause of pulmonary complications and ARDS, independent of chest trauma [7].
One proposed mechanism relates to interleukin-6, which is a known systemic pro-
inflammatory mediator that increases risk of ARDS. IL-6 is increased in the plasma
both after femur fracture and after femoral intramedullary nail placement [21].

11.3 Diagnosis

The diagnosis of respiratory failure in the current era is hardly more complex than
in times prior to lab testing or sophisticated imaging modalities. Rapid and accu-
rate diagnosis of acute respiratory failure continues to rely predominantly on clini-
cal suspicion and evaluation of the patient at the bedside.

On physical exam, the patient with developing respiratory failure will typically
have tachypnea, accessory muscle use, abdominal breathing, and diminished breath
sounds on auscultation. Of these physical signs, tachypnea is probably the most reli-
able indicator of impending respiratory failure. On bedside monitoring, the percent-
age of oxygenated hemoglobin (SpO,) will be decreased and/or the end-tidal carbon
dioxide (ETCO,) will be elevated. In some cases, there will be no sign of impending
respiratory failure, and the patient will decompensate precipitously. In all cases, rapid
diagnosis and treatment can be life-saving.

Measurement of arterial blood gas (ABG) is the gold standard for confirmation
of the clinical diagnosis of acute respiratory failure. Caution must be exercised in
interpreting the relationship of SpO, and the oxyhemoglobin dissociation curve,
i.e., SpO, greater than 90% does not necessarily equate with a normal PaO,.
Peripheral venous blood gas is not as reliable and while it can be a surrogate, there
are wide variations in PaO, and PCO,, rendering it inferior to the ABG for estab-
lishing the diagnosis of respiratory failure definitively [22].

Chest radiographs and computed tomography (CT) of the chest are useful
adjuncts to determine the underlying etiology precipitating respiratory failure, but
are not necessary to diagnose the clinical condition. Both imaging modalities are
best utilized after respiratory failure has been diagnosed and treatment has been
implemented to stabilize the patient.

11.4 Treatment

The main principles of respiratory failure treatment are: (1) support the patient
while identifying and treating the underlying cause, and (2) prevent further pulmo-
nary injury while supporting recovery. The ARDSnet mechanical ventilator proto-
col provides an evidence-based means to implement these principles in patients
with PaO,/FiO, ratios <300, bilateral infiltrates consistent with pulmonary edema,
and no evidence of left atrial hypertension (See Fig. 11.1) [23]. The lung-protective
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Acute Respiratory Failure Diagnosis:

-Clinical signs: tachypnea, accessory respiratory muscle use, abdominal
breathing, diminished breath sounds on auscultation.

-Direct or indirect underlying cause present

-Hypoxic: ABG shows PaO2 < 50 mmHg.

-Hypercapnic: ABG shows PCO2 > 45 mmHg

!

Management (ARDSnet):
Lung protective ventilation principles:
-In general, use volume or pressure control ventilator modes
-Set V1 to 6-8 mL/kg using predicted body weight (PBW):
Males = 50 + 2.3 [height (inches) - 60]
Females = 45.5 + 2.3 [height (inches) -60]
-Target plateau pressure (Pp5) < 30 cm Hy0 if volume control. Set
inspiratory pressure to 30-35 cm H20 if pressure control, then decrease to
target V1 of 6-8 mL/kg
-Set positive end-expiratory pressure (PEEP) and FiO2 to achieve SpO,
equal to 88-95% and PaO, 55-80 mmHg.
-Set respiratory rate of 4-35 breaths/minute to achieve pH > 7.3
-Draw ABG 30 minutes after ventilator changes to calculate PaO2:FiO,
(P:F) ratio and to evaluate response.

Imaging/Diagnostics
To identify underlying cause of respiratory failure:
-Chest X-Ray: pulmonary contusions, lobar collapse/pneumothorax, chest
wall trauma, pulmonary edema, bilateral pulmonary infiltrates (ARDS)
-Chest CT: pulmonary embolism, (etiologies listed above in chest X-Ray)
-Echocardiogram: evaluate for cardiac source of pulmonary edema,
volume overload, interstitial infiltrates.

Adjunct Interventions

If strategy above fails despite ventilator optimization, consider:
-Neuromuscular blockade for 48 hours to optimize patient/ventilator
synchrony

- Prone positioning in first 36 hours of severe ARDs

- Veno-venous Extracorporeal Membrane Oxygenation (wECMO) if the
following are present at 12 hours post-injury:

1) P:F ratio <100 or Pp5; > 30 mmHg

2) PCO, >70 mmHg and pH <7.25

3) Patient requires ARDS rescue therapies: PEEP >15, prone position,
inhaled Nitric Oxide, Neuromuscular blockade > 48 hours

4) Respiratory failure associated with barotrauma, with ongoing need for
support

Fig. 11.1 Management of acute respiratory failure
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ventilator strategy outlined by the ARDSnet group has further been demonstrated
to improve outcomes in patients who do not have ARDS but require mechanical
ventilation for another cause of respiratory failure, and therefore should be imple-
mented where possible [24-26].

Other important principles of lung-protective ventilation include “driving pres-
sure,” permissive hypercapnia, and absorptive atelectasis, which represent normal
physiologic and anatomic limitations of the lung. These concepts are essential to
ongoing management of respiratory failure once ARDSnet protocol has been
initiated.

Driving pressure is defined as AP = V;/Crs (Where AP = change in pressure,
Vr=tidal volume, and Cgs = compliance of the respiratory system, which is directly
related to the volume of aerated lung). AP values of 7 cm H,O are associated with
increased mortality. Therefore, limiting V7 in the face of the decreased Crs found
in ARDS, chest trauma, pulmonary contusions, etc. is critical for survival.
Compliance of the respiratory system is anatomically limited by the intra-thoracic
diameter, and thus the upper limit of PEEP that can be tolerated is generally:
(0.8) x (intra-thoracic diameter). Applying this clinically, “Driving Pressure” = P, —
PEEP; and therefore Py, should be maintained at 30 mmHg or less, which can be
achieved by reducing V; to 4-6 mL/kg, and PEEP should be titrated to maintain
Pa0O, 55-80 mmHg [27].

In order to achieve plateau pressures less than 30 mmHg and tidal volumes of
6 mL/kg, hypercapnia can result. The term, “permissive hypercapnia,” describes
the acceptance of elevated PCO, in ARDS in order to protect the lung from baro-
trauma. Permissive hypercapnia is well-described, generally well-tolerated, and is
a useful means to reduce mortality and improve outcomes with lung-protective
ventilation [28, 29].

At FiO, levels of 100%, absorptive atelectasis occurs due to washout of alveolar
nitrogen. This process is not readily reversible by decreasing FiO, once it has
occurred, and other means of alveolar recruitment become necessary [30]. In gen-
eral, maintaining FiO, less than 60% will prevent absorptive atelectasis and other
consequences of hyper-oxygenation.

When the ARDSnet lung-protective ventilator strategy fails, adjunctive rescue
therapies can be attempted. These include prone positioning, veno-venous extra-
corporeal membrane oxygenation, high frequency oscillatory ventilation, and
inhaled nitric oxide (iNO).

Prone positioning early in the course of post-injury ARDS can be used to
enhance ventilatory support. Prone positioning improves alveolar aeration by dis-
placing the weight of the heart, the lungs, and the chest wall anteriorly, allowing
the posterior lungs to expand freely. Prone positioning in severe ARDS has been
shown to improve oxygenation and reduce ventilator-associated lung injury [31,
32]. Prone positioning, within the first 36 h after the development of severe ARDS,
was further shown by the PROSEVA randomized controlled trial to improve 28-
and 90-day mortality, versus supine positioning [33].

Veno-venous extra-corporeal membrane oxygenation (VV-ECMO) is a rescue
therapy used with increasing frequency in failure of lung-protective ventilation, as
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has been shown to improve survival in adult trauma patients without significant
increase in ICU or hospital length of stay, and further demonstrated no significant
increase in hemorrhagic complications versus controls [34]. In general, VV-ECMO
needs to be initiated early, before pulmonary-induced cardiac failure, and should
be considered in severe respiratory failure at 12 h. While no universally accepted
indications for VV-ECMO in respiratory failure currently exist, generally accepted
indications, relative contraindications and contraindications are as follows:

11.4.1 Indications

— Severe hypoxemia (e.g., ratio of PaO, to Fio, < 80, despite the application of
high levels of PEEP [typically 15-20 cm of water]) for at least 6 h in patients
with potentially reversible respiratory failure.

— Uncompensated hypercapnia with acidemia (pH < 7.15) despite the best
accepted standard of care for management with a ventilator

— Excessively high end-inspiratory plateau pressure (>35-45 cm of water, accord-
ing to the patient’s body size) despite the best accepted standard of care for
management with a ventilator

11.4.2 Relative Contraindications

— High-pressure ventilation (end-inspiratory plateau pressure >30 cm of water)
for >7 days

— High Fio, requirements (>0.8) for >7 days

— Limited vascular access

— Any condition or organ dysfunction that would limit the likelihood of overall
benefit from ECMO, such as severe, irreversible brain injury or untreatable
metastatic cancer

— Any condition that precludes the use of anticoagulation therapy [35]

VV-ECMO should therefore be considered in patients who develop the follow-
ing at 12 h post-injury: (1) P:Fratio < 100 or P, >30 mmHg, (2) PCO, > 70 mmHg
and pH < 7.25, (3) Patient requires ARDS rescue therapies: PEEP >15, prone posi-
tion, inhaled nitric oxide, neuromuscular blockade >48 h, and (4) Respiratory fail-
ure associated with barotrauma, with ongoing need for mechanical ventilator
support. While historically TBI was a contraindication to ECMO due to intracra-
nial bleeding risk, recent practice advances allow for initiation of VV-ECMO with-
out heparinizing the circuit, and therefore use in patients with concomitant TBI and
severe ARDS [36].

High frequency oscillatory ventilation (HFOV) is a modality used in children,
and rarely in adults in the modern era. Two limitations of this ventilator mode are
that the oscillator is traumatic to injured lung with low compliance and requires
tolerance of high PCO,. The main goal of HFOV is to deliver an extremely low V;
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with rapid oscillations to decrease mechanical injury and barotrauma; however, the
resulting hypercapnia and acidosis require reducing the oscillatory frequency such
that V; approaches that applied by conventional mechanical ventilator modes, and
the frequency with which the oscillator delivers these volumes induces volu-
trauma [37].

The role of inhaled nitric oxide (iNO) in ARDS and post-injury respiratory fail-
ure is as yet undefined. While iNO does improve oxygenation transiently, it has not
been shown to reduce mortality. Further, iNO is associated with renal injury and
failure [38].

11.5 Outcomes and Long-Term Effects

The over-arching disease severity of post-injury respiratory failure/ARDS is under-
scored by outcomes in the adult population, with in-hospital mortality reaching
40% and 5-year mortality at 60% [38, 39]. Long-term pulmonary sequelae are
generally related to reduced diffusion capacity, but this has been found, in long-
term observational studies, to have less impact on overall function as the neuro-
muscular and neurocognitive consequences of the disease [38]. This is not to say
that the pulmonary fibrosis that persists after the disease has run its course is insig-
nificant. Current thinking proposes that, contrary to the previous hypothesis that
ARDS followed a generalized progression of endothelial and epithelial damage,
exudation and inflammation, fibroproliferation; it may be that fibroproliferation,
exudation and inflammation actually occur simultaneously [40]. Ultimately, why
the lung recovers or progresses to fibrosis is unknown, but trials are ongoing to
determine if IV corticosteroid therapy or other anti-fibrotic regimens have a role in
the mitigation of fibrosis in late ARDS [41].

11.6 Conclusion

Respiratory failure and ARDS are devastating consequences of severe traumatic
injury. Unlike other injury-associated disease states, diagnosis continues to rely
upon clinical assessment at the bedside and ABG analysis alone, despite the tech-
nologic sophistication of medicine in the modern era. Treatment can be generally
divided into two main goals: (1) support the patient’s respiratory function while
identifying and treating the underlying cause of failure; and (2) avoid further iatro-
genic injury to the lung with support. Both goals can be accomplished by utilizing
the relatively simple ventilator strategies outlined in the ARDSnet lung-protective
ventilator strategy protocol. Adjunctive rescue therapies when ARDSnet fails, such
as prone positioning and ECMO, are possible but limited by resources in many
practice environments.
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Kazuhide Matsushima and Demetrios Demetriades

12.1 Introduction

Of multiple organs affected in patients with multiple organ failure (MOF), the inci-
dence of cardiac failure is around 20% in a large multicenter study from the USA,
while more than half of study patients developed pulmonary failure [1]. In contrast,
a more recent study from 29 UK trauma centers in which multiorgan dysfunction
syndrome (MODS) was defined using the Sequential Organ failure Assessment
(SOFA) scoring showed that both cardiac and pulmonary dysfunction were the
greatest contributors to the diagnosis of MODS (91.0% and 97.1%, respectively)
[2]. Although these discrepancies in the incidence of post-injury cardiac failure
might be due to the two different scoring systems used in each study (the Denver
MOF scoring system and SOFA scoring system), it is noteworthy that cardiovascu-
lar dysfunction was the most prominent during the initial days in the intensive care
unit (ICU) and up to 24% of patients died in this phase. In addition, systemic inflam-
matory and immune responses induced by traumatic injury and subsequent compli-
cations (e.g. sepsis) can lead to persistent inflammation, immunosuppression, and
catabolism syndrome (PICS) which aggravates the initial cardiac damage. Along
with the results in another prospective study, it is suggested that cardiac failure
would be the major component of MODS in the era of modern trauma care [3].
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12.2 Etiology

Following traumatic injury, it is well known that cardiac failure can be caused by vari-
ous conditions including preexisting comorbidities and/or specific injury patterns
(Table 12.1). As the population ages, an increasing number of elderly patients have
been admitted for the management of various injuries [4]. Approximately 3% of all
trauma patients admitted to the hospital have a history of heart failure [5]. A retrospec-
tive study using the National Trauma Data Bank (NTDB) showed that 28.7% of
trauma patients with history of congestive heart failure developed major complica-
tions, and once they developed complications during the hospital stay, the mortality
rate almost tripled (7.8% without complications vs. 21.8% with complications) [6].
Similarly, patients with history of myocardial infarction were 40% more likely to die
after major complications. Direct injuries to the heart are more frequently seen, com-
pared to blunt trauma, in patients presenting following penetrating thoracic trauma
(gunshot wounds, stab wounds). Interestingly, an autopsy study from Los Angeles
County showed that 32% of fatal blunt trauma victims (69.1% died at scene) were
found to have cardiac injuries and most of them sustained transmural rupture [7].

A resuscitative thoracotomy (emergency department thoracotomy: EDT) is often
indicated in the patient who presented pulseless to the emergency department fol-
lowing both blunt and penetrating trauma [8]. In addition to open cardiac massage,
cross-clamping of the thoracic aorta is routinely performed to maintain adequate
blood flow to the myocardium and brain. Although these maneuvers would improve
the rate of successful return of spontaneous circulation (ROSC), removal of aortic
cross-clamp often results in significant hemodynamic and metabolic derangements
that lead to MOF. Cardiac failure is commonly seen in these cases and often associ-
ated with severe myocardial dysfunction caused by multiple mechanisms including
ischemic insults and release of inflammatory mediators [9]. In a modern series of
EDT at a level 1 trauma center by Moore et al., 35% of patients were rescued from
circulatory arrest following EDT, whereas 14% ultimately survived to hospital dis-
charge [10].

Table 12.1 Etiologies of post-injury cardiac failure

Preexisting conditions
¢ Acute on chronic heart failure (ischemic, non-ischemic)
* Acute myocardial infarction
Trauma-related conditions
* Cardiac injury (blunt rupture, penetrating)
* Blunt cardiac injury/contusion
* Post-cardiac arrest (resuscitative thoracotomy, cross-clamping of the thoracic aorta)
* Air embolism to the coronary artery
» Traumatic brain injury, spinal cord injury (neurogenic cardiomyopathy)
* Status post-pneumonectomy
Other conditions
* Massive pulmonary embolism
* Dysrhythmia
* Systemic inflammatory response (often associated with infection)
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Although rarely seen, acute onset of right heart failure in patients undergoing
total pneumonectomy for high-grade lung injuries has been reported in previous
case series [11]. Aside from uncontrollable hemorrhage and pulmonary infectious
complications, high mortality following pneumonectomy is also likely attributed to
postoperative acute right heart failure [12]. Bronchopulmonary vein fistula second-
ary to thoracic trauma, often penetrating injury to the lung, can lead to air embolism
of the coronary artery system [13] (Fig. 12.1). Sudden onset of cardiac collapse can
be seen following endotracheal intubation with positive ventilation. Another rare
clinical entity related to post-injury cardiac failure is known as neurogenic cardio-
myopathy or neurogenic cardiac injury in patients with traumatic brain injury [14].
While its mechanism remains unclear, it is proposed that cardiac injury is caused by
stress-induced catecholamine release [15].

In severely injured patient, the systemic inflammatory response syndrome (SIRS)
is known to be caused by the release of endogenous factors due to significant tissue
injury and hemorrhage [16]. SIRS and resultant immune system dysfunction are
associated with an increased risk of infectious complications, and this “second hit”
further aggravates a vicious cycle of MOF [17]. It has been proposed that myocar-
dial injury caused by these inflammatory mediators often present with an increased
troponin level, even in patients without preexisting cardiac dysfunction or mechani-
cal cardiac trauma.

Fig.12.1 Air embolism to
the coronary veins with
multiple air bubbles seen
(arrows). Source:
Demetriades D, Inaba K,
Velmahos G. Atlas of
Surgical Techniques in
Trauma, 2nd edition.
Cambridge University
Press: 2020
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12.3 Clinical Signs and Symptoms

Patients with cardiac failure in the early post-injury period usually sustain multisys-
tem trauma with high injury burden [2]. Upon admission to the ICU, patients are
often intubated and sedated while resuscitation being still ongoing. Furthermore,
these patients often develop concurrent organ injuries (e.g. acute kidney injury,
acute respiratory distress syndrome: ARDS) as a result of inadequate perfusions to
end organs and SIRS [1]. Therefore, symptoms commonly seen in different stages
of heart failure (e.g. dyspnea on exertion, fatigue) are rarely appreciated, or even if
the symptoms are present, they may not be caused by heart failure. Hypovolemic
shock due to hemorrhage is the most common cause of circulatory shock during the
immediate post-injury period. Cardiogenic shock should also be considered in cases
with persistent hypotension (systolic blood pressure <90 mmHg) with/without
vasopressor support and evidence of endo-organ damage despite appropriate hem-
orrhage control and resuscitation.

12.4 Diagnostic Workup

The detailed information regarding patient’s comorbid conditions and medication
list should be obtained as soon as possible, ideally during the initial resuscitation
period in the emergency department. However, it is often challenging to confirm
with the patient who presented with altered mental status. If the patient has a known
history of chronic heart failure, it is crucial to obtain additional information regard-
ing the etiologies (e.g. ischemic, non-ischemic) and baseline cardiac function (e.g.
exercise tolerance, result of recent echocardiography).

In patients presenting with penetrating wounds to the chest and upper abdomen,
an evaluation for cardiac injury should be a part of the initial trauma assessment. Of
note, cardiac injury can be associated with external penetrating wounds outside of
the classic “cardiac box,” particularly following gunshot injuries [18]. The patient
can be asymptomatic and hemodynamically stable, thus routine use of FAST in the
trauma bay enables to identify those with subclinical cardiac injury with pericardial
effusion (hemopericardium) deteriorating into extremis. While the reported sensi-
tivity of pericardial FAST reaches nearly 100%, the result of FAST can be falsely
negative in cases with violated pericardium. In these cases, the patient is found to
have a negative FAST with large amount of hemothorax, often in the left chest [19,
20]. The utility of laboratory tests for the diagnosis of cardiac injury remains con-
troversial; however, a normal cardiac enzyme (e.g. troponin) level and electrocardi-
ography (ECG) can be used to rule out clinically significant blunt cardiac
injuries [21].

Despite the comprehensive workup without any evidence of ongoing blood loss,
if the patient remains hemodynamically unstable, cardiogenic shock should be a
part of differential diagnoses. As shown in Table 12.1, trauma-related etiologies
including cardiac injury need to be ruled out first. As previously described, a com-
bination of negative FAST, chest radiography, troponin level, and ECG can reliably
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rule out blunt and penetrating cardiac injuries. If the results of ECG and troponin
suggest blunt cardiac injury or acute myocardial ischemia, further workup should
include echocardiography for the evaluation of: (1) intracardiac pathology (e.g. val-
vular disease), (2) contractility (e.g. ejection fraction), (3) volume status (e.g. infe-
rior vena cava and ventricular size), and (4) further evaluation of pericardial effusion.
While transthoracic echocardiography (TTE) is often chosen as it can be readily
performed at bedside, appropriate visualization of the heart can be challenging due
to associated injuries such as multiple rib fractures and pneumothorax, body habi-
tus, severe pain, particularly in patients with severe thoracic injuries. Transesophageal
echocardiography (TEE) can be considered as an alternative in those cases. Although
it is rarely seen in the acute trauma setting, when acute coronary syndrome is sus-
pected based on ECG findings, the indication for an emergency percutaneous coro-
nary intervention (PCI) should be discussed with interventional cardiologists.

In most cases with suspected cardiogenic shock, the patient is also being resus-
citated with blood products simultaneously, while diagnostic workup for hemor-
rhagic shock is still ongoing. Furthermore, those with multisystem trauma often
undergo emergent surgical or endovascular interventions before the workup is com-
pleted [22]. The use of vasopressors/inotropes in these setting can mask ongoing
hemorrhage and delay the definitive hemorrhagic control. Real-time monitoring
with point-of-care echocardiography or intraoperative transthoracic echography
may be useful to guide the resuscitation during hemorrhage control procedures in
the operating room or interventional radiology suite.

12.5 Management in the Intensive Care Unit
12.5.1 Postoperative Management of Cardiac Trauma

The large majority of patients with cardiac injuries that survive postoperatively to
the ICU should have undergone a primary repair of cardiac injuries. It is extremely
rare that those patients were placed on cardiopulmonary bypass intraoperatively for
coronary or valvular procedures [23]. However, the patient is often admitted to the
ICU after cardiac repair while receiving hemostatic resuscitation with blood prod-
ucts and inotrope/vasopressor support. As the diagnostic workup is often not com-
pleted preoperatively, hemodynamic instability can be secondary to undiagnosed
hemorrhage from associated injuries in the cavities that were not evaluated intraop-
eratively (abdomen, retroperitoneum) [22]. In addition, the output from different
types of surgical drains should be carefully monitored for any signs of ongoing
hemorrhage (e.g. pericardial drain, thoracostomy tube, negative pressure therapy
device). Of note, a patient who underwent cardiac procedures can develop cardiac
tamponade postoperatively despite the pericardial space being drained with surgical
drains. In these cases, the pericardial drain is not functioning appropriately, and its
output is usually low despite ongoing bleeding into the pericardial space. An emer-
gent bedside ultrasound is the diagnostic modality of choice and if it is positive, an
emergent decompression of the pericardial space is required. A routine
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echocardiography is recommended to evaluate any injury to internal structures of
the heart including valves and septum [24].

12.5.2 Evaluation and Management of Cardiogenic Shock

While other causes of circulatory shock are evaluated, it is important to assess car-
diac function for the patient with persistent hemodynamic instability despite ongo-
ing resuscitation from the emergency department to the ICU. This can be
accomplished using different types of assessment tools [25]. In recent years, point-
of-care TTE (ECHO) at bedside has been utilized more frequently in the trauma
setting and proven to be accurate and effective for the assessment and guidance of
treatment in unstable patients in the emergency department and surgical ICU [26,
27]. The data obtained include: (1) ventricular function (e.g. ejection fraction), (2)
motion abnormalities, (3) valvular disease/dysfunction, (4) right heart function and
pressure, (5) others (e.g. pericardial effusion). While these studies are often per-
formed by ultrasound technicians from cardiology or radiology, an increasing num-
ber of trauma surgeons and surgical residents/fellows are now trained to perform
ECHO with comparable quality of images to be used for evaluation [28].
Furthermore, ECHO can be used not only for the initial evaluation of volume status
and cardiac function, but also for serial assessment of the interventions based on the
data obtained.

The management of cardiogenic shock should be tailored based on assessments
developed with the results of diagnostic tests. Although the use of vasopressors and/
or inotropes might be required for cardiac dysfunction, it should be reminded that
associated hemorrhagic shock is common, especially during the immediate post-
injury phase. In contrast, cardiac dysfunction in the post-resuscitation phase can be
a part of MOF caused by PICS. Pharmacologic measures to support cardiac func-
tion should be guided by the data obtained with hemodynamic monitoring such as
echocardiography or pulmonary artery catheter. Proposed strategies to mitigate the
risk of inflammation-mediated organ failure after trauma include: (1) modulate
SIRS, (2) stimulate natural immunity, and (3) prevent microbial proliferation,
although further research is still warranted [16].

For cardiogenic shock, often associated with pulmonary failure refractory to con-
ventional treatments including optimizing volume status and non-invasive cardio-
pulmonary support, mechanical support of cardiopulmonary system may be
indicated. Intra-aortic balloon pump (IABP) can be a useful adjunct in patent with
refractory cardiogenic shock. IABP can improve cardiac output by increasing blood
flow to the coronary arteries and decreasing afterload. IABP is contraindicated in
patients with aortic injury. In the case with persistent arrhythmia causing hemody-
namic instability following open cardiac procedures, temporary epicardial pacing
can be considered to improve cardiac function (Fig. 12.2a, b).

Along with other indications, the use of extracorporeal life support (ECLS) in
trauma patients has been proposed and there are several studies showing favorable
results associated with the use of ECLS over the last decades (Fig. 12.3) [29, 30].
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Fig. 12.2 (a, b) Epicardial pacing of a patient who underwent resuscitative thoracotomy follow-
ing traumatic cardiac arrest. Source: Demetriades D, Inaba K, Velmahos G. Atlas of Surgical
Techniques in Trauma, second edition. Cambridge University Press: 2020

Fig. 12.3 Veno-arterial
ECMO for right heart
failure following traumatic
pneumonectomy. ECMO
extracorporeal membrane
oxygenation

An initial experience in the use of ECLS by Lin et al. showed that the overall hos-
pital survival rate of 51.6% in 43 patients who underwent extracorporeal membrane
oxygenation (ECMO) for post-traumatic cardiopulmonary failure [29]. Of those
who underwent veno-arterial ECMO (VA-ECMO), 41.2% (7/17) survived to hospi-
tal discharge. In a retrospective study using the ECLS registry between 1989 and
2016, Swol et al. identified a total of 279 patients undergoing ECLS (<1% of all
patients in the ECLS registry) [30]. Of those, 196 patients were managed with
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ECLS after 2009. Of note, the large majority of indications were respiratory failure
and only 11.5% underwent ECLS for cardiac support. Although the highest survival
was observed in the patient who underwent ECLS for respiratory indications (61%),
it is important to note that the outcome of trauma patients undergoing ECLS for
cardiac support was comparable to the non-trauma patients (50% vs. 41%). ECMO
has been also used for trauma patients undergoing resuscitative thoracotomy.
Owattanapanich et al. identified 26 patients (0.6% of resuscitative thoracotomies) in
the American College of Surgeons Trauma Quality Improvement Program database
(2007-2017) that received ECMO within 1 h after resuscitative thoracotomy [31].
Of note, ROSC was achieved in 96% and the mortality rate of ECMO patients
was 52%.

12.6 Prognosis

In patients with penetrating cardiac injuries presenting to the emergency depart-
ment, the overall survival rate was reported to be 36.6% (stab wounds: 68.0%, gun-
shot wounds: 14.3%) by Asensio et al. at a level 1 trauma center [32]. In contrast,
only 16.2% of patients that underwent EDT survived to hospital discharge. While
the incidence of blunt cardiac rupture among patients survived to hospital admission
is exceedingly low, a retrospective study by Teixeira et al. showed that 11.5% of
those with signs of life upon arrival survived to discharge [33]. Trauma patients that
developed infectious complications in ICU were more likely to have subsequent
cardiac injury [17]. An elevated troponin level in ICU patients with suspected post-
injury cardiac failure is shown to be associated with an increased risk of hospital
mortality [34].
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Liver Dysfunction and Failure: Clinical 1 3
Presentation, Pathophysiology,
and Management

Osamu Yoshino

13.1 Historical Perspective and Definition

Multiple organ failure (MOF) remains a leading cause of late trauma death. Since
the term MOF was coined by Eiseman and colleagues in 1977, extensive efforts
have been made to understand this condition [1, 2]. Postinjury liver failure is a
part of MOF with dramatic clinical features that can result in death. It is a tempo-
rary or permanent reactive sequence of reversible or irreversible hormonal, inflam-
matory, and immunological alterations during severe injury and subsequent
prolonged recovery. One of the most commonly validated definitions of MOF, the
Denver score, uses four organ score systems: cardiovascular, hepatic, renal, and
pulmonary function (Table 13.1). In the Sequential Organ Assessment Score
(SOFA) and Marshall Multiple Organ Dysfunction Score (MODS), platelet counts
and serum bilirubin levels are used for liver function assessment [3]. The scores’
sensitivity and specificity are lower for the liver than other organs [3]. This low
diagnostic value is probably due to the characteristics of serum bilirubin values,
which tend to be influenced by extrahepatic factors, including transfusion, hemo-
lysis, and infection. Platelet count can be significantly affected by initial hemor-
rhage and resuscitation, as well as fluid status. Nevertheless, we define liver
failure according to the Denver score’s definition (bilirubin >137 pmol/L) in this
chapter (Table 13.1).

Abnormal liver test results—such as hyperbilirubinemia and elevated gamma-
glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), alanine aminotrans-
ferase (ALT), and aspartate aminotransferase (AST) levels—are commonly
observed among critically ill patients in the ICU [12]. The exact etiology underlying
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Table 13.1 Summary of the Denver Score, SOFA, and MODS
Grade 0 Grade 1 Grade 2 Grade 3 Grade 4

Denver score

PaO,/FiOs  >208 208-165 165-83 <83

(mmHg)

Serum <34 34-68 69-137 >137

bilirubin

(pmol/L)

Serum <159 160-210 211-420 >420

creatinine

(pmol/L)

Inotropes No inotrope 1 inotrope  Any inotrope  Any inotrope at
requirement at a small at moderate large dose or >1

dose dose or >1 agent at
agent at small moderate dose
dose

SOFA

PaO,/FiOs  >400 <400 <300 <200 <100
(mmHg)

Platelet >150 <15 <100 <50 <20
count (10%/

pL)

Serum <20 20-32 33-101 102-204 >204
bilirubin

(pmol/L)

Serum <110 110-170 171-299 300-440 >440
creatinine

(pmol/L)

Inotropes No MAP Dopamine <5 Dopamine >5 or Dopamine >15
requirement hypotension <70 mmHg or any Adrenaline <0.1 or Adrenaline
(ug/kg/min) Dobutamine or Noradrenaline >0.1 or

<0.1 Noradrenaline
>0.1

GCS 15 13-14 10-12 6-9 <6
MODS

PaO,/FiOs  >300 226-300 151-225 76-150 <76
(mmHg)

Platelet >120 81-120 51-80 21-50 <21
count (10%/

uL)

Serum <21 21-60 61-120 121-240 >240
bilirubin

(pmol/L)

Serum <101 101-200 201-350 351-500 >500
creatinine

(pmol/L)

PAR <10.1 10.1-15.0  15.1-20.0 20.1-30.0 >30.0
GCS 15 13-14 10-12 6-9 <6

PAR = Heart Rate x Central Venous Pressure/Mean Arterial Blood Pressure
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the alterations in the liver enzymes described above is not fully understood. Whether
these abnormal values truly reflect liver dysfunction or are simply consequences of
physiological stresses remains debated. Cholestasis, for example, is commonly
observed in sepsis and can be observed as an elevation of serum bilirubin, GGT and
ALP, or less frequently AST and ALT. Nevertheless, the association between abnor-
mal serum bilirubin and liver failure is poorly understood [13].

13.2 Epidemiology

Liver failure is a rare postinjury organ dysfunction with a reported incidence
between 0.14% and 4.9% among severely injured patients (ISS > 16) and up to 10%
among patients with MOF [2, 14, 15], depending on the definition applied. Postinjury
MOF is a bimodal phenomenon comprising early MOF, with an onset within 48 h
after the initial injury, and late MOF, with an onset >48 h after the initial injury [14].
Liver failure is more prevalent in late MOF than early MOF; however, whether this
failure occurs because the liver is more vulnerable to a second hit such, as infection,
or is a consequence of series of physiological insults remains unclear [14, 16].
Because the incidence of MOF has been significantly decreasing, few patients cur-
rently experience postinjury liver failure [2, 17].

13.3 Pathophysiology of Postinjury Liver Failure

13.3.1 Shock Liver: Initial Ischemia and Reperfusion Injury
in the Liver

One proposed mechanism of postinjury MOF is the “two-hit theory” [18, 19]. Early
liver failure may be due to pre-existing liver disease, such as cirrhosis and nonalco-
holic steatohepatitis, or primary or secondary liver injury, such as shock liver due to
massive hemorrhagic shock [20]. Pre-existing liver disease can rapidly worsen after
significant injury, even with resuscitation. The patients tend to show abnormal coag-
ulation functions including hypercoagulation and hypocoagulation, owing to an
imbalance in coagulation factors, a lack of platelets and its function. The diseased
liver tends to be vulnerable to external stress, such as hemorrhage, associated fluid
resuscitation and infection, and thus is associated with high mortality [21].

Ischemia/reperfusion injury (IR injury) is the main contributor to postinjury liver
failure [22, 23]. IR injury has been reported in many clinical settings, including
hemorrhagic shock, trauma, liver surgery, liver transplantation, and sepsis [24, 25].
The liver appears to tolerate ischemia to some extent, as has been well demonstrated
in liver surgery [26, 27]. Most of the knowledge in regard to the alterations in liver
function and injury from IR injury comes from animal experiments.

The main factors contributing to liver injury appear to be active vasoconstriction
and cell entrapment in sinusoids, leading to obstructive microcirculation and immu-
nological dysfunction of hepatic sinusoids resulting in uncontrolled inflammation
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Fig. 13.1 Pathophysiology of postinjury liver failure. Significant local inflammation due to isch-
emia and reperfusion leads to failure of microcirculation in liver, which stimulate systemic inflam-
mation [4]. Kupffer cells appear to play in an important role in this inflammatory cascade [5-7]

[4]. During the initial ischemic phase, reactive oxygen species (ROS) are produced,
and the liver and other distant organs experience oxidative stress [28]. In the liver,
ROS activate Kupffer cells, thereby stimulating further formation of ROS and cyto-
kines. In the sinusoids, vasoconstriction occurs because of an imbalance between
endothelin-1 and nitric oxide [5, 6]. Excessive inflammation during reperfusion
occurs immediately after ischemia and is recognized as a key mechanism underly-
ing subsequent liver failure [29]. Increased production of interleukin-1b and tumor
necrosis factor-o (TNF-a) leads to the migration of neutrophils, macrophages, T
lymphocytes, and platelets into the liver. In hepatocytes, surface adhesion molecules
(intracellular cell adhesion molecule and vascular cell adhesion molecule) are sig-
nificantly expressed, thus resulting in endothelial and inflammatory cell adhesion in
the constricted sinusoids. Consequently, microcirculation failure occurs because of
endothelial cell swelling with mechanical obstruction due to inflammatory cells as
well as microthrombi [30, 31]. Local inflammation in the sinusoids with microvas-
culature failure further stimulates inflammation through the production of granulo-
cyte-macrophage colony-stimulating factor, interferon gamma, and TNF-f, which
amplify Kupffer cells and increase cytokine release, thus leading to a self-propagat-
ing negative cascade [7]. Interestingly apoptosis or necrosis, which is an ultimate
consequence of excessive inflammation, is not a characteristic of postinjury liver
failure and further work is warranted to deepen the understanding of the pathophysi-
ology of shock liver (Fig. 13.1).

13.3.2 Sepsis and Its Immune Reactions in Liver Failure

Infection and sepsis constitute significant physiological insults. Sepsis, as a second
hit, is associated with postinjury MOF and subsequent mortality. The liver, in
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addition to the gut, is now recognized as a second line of defense in eliminating
bacteria and bacterial products [32]. The gut and surrounding immune system play
a pivotal role in preventing the translocation of intestinal bacteria [33]. This com-
plex system is imperative to inhibit and eliminate bacteria and its products. Patients
with cirrhosis, for example, have an increased risk of bacterial infections, which
commonly originate from the intestine [34, 35].

The liver accepts the entire bloodstream from the intestines and therefore is an
important part of immunological defense. The entire portal bloodstream, which can
potentially be contaminated with bacteria, is filtered through the liver. Immune sur-
veillance and bacterial elimination occur mainly in the hepatic sinusoids; this process
is also called microcirculation of the liver [36]. In the case of bacterial translocation
via the portal vein, immune reactions between bacteria and immune cells, including
hepatic sinusoid endothelial cells, hepatic stellate cells, Kupffer cells, and migrated
immune cells, induce inflammatory responses. This local inflammation in the hepatic
sinusoids is essential to clear bacteria and associated toxins. One study has demon-
strated that >60% of intravenously injected bacteria are trapped in the liver within
10 minutes [37]. Hepatic macrophages can directly eliminate invasion by some bacte-
ria and otherwise activate systemic immune responses including migration of leuko-
cytes, neutrophils, and macrophages. Neutrophils provide immune protection through
phagocytosis and neutrophil extracellular traps (NETs), although NETSs appear to
impair microcirculation and thus lead to mild ischemic hepatic injury [38].
Interestingly, these immunological defense mechanisms might be sufficiently sophis-
ticated to switch their own reactions between immunological tolerance via regulatory
T cell responses and opposite cytotoxic T cell responses [6]. Nevertheless, the immune
response from the liver is a double-edged sword that may contribute to organ damage
if its own inflammatory responses are excessive [37].

13.3.3 Cholestasis

Prolonged cholestasis is observed after the initial phase of liver failure [39, 40] and
may occur through two potential mechanisms: impaired bile formation at the hepa-
tocellular level or altered bile transportation. In a laboratory study, proinflammatory
cytokines and mediators have been found to downregulate the expression of mem-
bers of the hepatocellular transport system, such as the canalicular bile-salt export
pump and basolateral sodium taurocholate cotransporter [41, 42].

Impaired bile flow has been relatively less investigated and is not well under-
stood. Cholangiocytes can provoke more inflammation through secretion of cyto-
kines such as TNF and IFNy, thus leading to periductular inflammation, which
inhibits chloride and bicarbonate ion transportation and leads to impaired bile
flow [43].

Increased serum bile acid concentrations in cholestatic conditions negatively
affect organ function, thereby resulting in impaired glucose and lipid metabolism,
impaired renal function, immunosuppression, and vasodilatation. High bilirubine-
mia in patients with liver failure is strongly prognostic for short-term mortality
[40, 44].
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13.3.4 Secondary Sclerosing Cholangitis

Secondary sclerosing cholangitis is a rare complication in patients with postinjury
MOF. It is characterized by initial ischemic-reperfusion injury, subsequent inflam-
mation, and fibrotic destruction of the bile ducts [45]. One study has reported that
all five patients examined experienced major trauma and subsequently showed con-
sistently elevated bilirubin and GGT, and all developed cirrhosis and subsequently
died [46]. Cholangiography demonstrated multifocal strictures and dilatations.
Although the etiology is not yet clearly defined, IR injury might play a pivotal role
in inflammation of biliary epithelial cells, which are exceptionally vulnerable to
hypoxic injury.

13.3.5 Effects of Liver Failure on Other Organ Systems

Postinjury liver failure is often associated with other organ injuries. Respiratory
failure is common in the setting of severe liver failure with ventilatory support.
Patients are vulnerable to nosocomial infection such as ventilation-associated pneu-
monia, bacterial translocation, or intraabdominal infection. Abnormally increased
intra-pulmonary venous-arterial shunt is a unique pathophysiology in the context of
hepatopulmonary syndrome [8], although its incidence in postinjury MOF has not
been described elsewhere (Fig. 13.2).

Hepatorenal syndrome may be explained by fluid and electrolyte imbalance,
decreased cardiac output as part of MOF, increased intrahepatic vascular resistance,
and inappropriate splanchnic vasodilation secondary to various factors, including
disruption of arginine synthesis [9]. Nevertheless, most cases of renal failure in a
setting of postinjury MOF are likely to be due to other causes, such as hypovolemic
shock leading to acute renal injury [47].

Global effects of liver failure

Cardiac/Respiratory System

Central Nerve System - Perfusion mismatch
@ - Low glucose level - Hepatopulmonary syndrome
- Encephalopathy - Pneumonia

- Hyperdynamic shock

Renal system

- Activation of renin-angiotensin
‘] - Fluid and Na retention

- Hypophosphatemia

Gastrointestinal system - Lactate acidosis

- Intestinal failure - Hepatorenal dyndrome
- Bacterial translocation Coagulation
- Spontaneous peritonitis - Coagulopathy

- Low platelet production
- Malfunction of platelet

Fig. 13.2 Global effects of liver failure [7-11]
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13.4 Clinical Presentation, Management, and Prognosis
13.4.1 Diagnosis

Diagnosis of early liver failure can be challenging because of the influence of many
factors including pre-existing liver disease, resuscitation with blood transfusion,
intraabdominal injury, and infection. Resuscitation must be completed, because
early MOF with liver failure is extreme rare, and such a clinical presentation might
reflect inadequate resuscitation. Hyperbilirubinemia must be investigated cautiously
in a timely manner. Common etiologies such as acalculous cholecystitis secondary
to ischemia and choledocholelithiasis must be excluded in the setting of abnormally
elevated liver enzymes. Bile duct obstruction due to duodenal hematoma has been
well reported in the literature [48]. Doppler ultrasound and cross-sectional imaging
can provide useful information on bile duct anatomy, liver vasculature patency (e.g.,
portal vein thrombosis due to blunt trauma), and any primary hepatic pathology.
Occasional infections including hepatitis, cytomegalovirus, Epstein-Barr virus, her-
pes simplex virus, and HIV must be routinely verified. Other laboratory tests include
toxicology screening, hepatitis serology screening, autoimmune markers such as
anti-nuclear antibody and anti-smooth muscle antibody, serum copper levels, and
ammonia (Table 13.2).

13.4.2 Early Liver Failure

Postinjury liver failure in the early phase is due to severe ischemia and reperfusion,
particularly among patients with prolonged hypovolemic shock with massive trans-
fusion or cardiac arrest [20]. These patients often simultaneously develop other

Table 13.2 Screening laboratory test for liver failure

Hematology Complete blood count, prothrombin time, and INR factor V activity, factor
VII activity

Biochemistry Liver function test (AST, ALT, GGT, indirect and direct bilirubin), albumin,
electrolytes (Na, K, Ur, creatinine, Mg, and PO,), glucose, ammonia
Amylase and lipase

Arterial blood pO,, pCO,, base excess, lactic acid

gas

Blood group Blood type

Toxicology Serum acetaminophen level, serum copper level, iron study, and toxicology
screening

Hepatitis Anti-HAV IgM, HBsAg, anti-HBcIgM and anti-hepatitis E virus

screening

Autoimmune Anti-nuclear antibody, anti-smooth muscle antibody, liver and kidney

markers microsomal antibody, immunoglobulin level

Infection Epstein—Barr virus, herpes simplex virus, and HIV

AST aspartate transaminase, ALT alanine aminotransferase, GGT gamma-glutamyl transpeptidase,
HAV hepatitis type A virus, HBsAg Anti-hepatitis B Surface Allergy, HBclgM hepatitis B core
immunoglobulin type M antibodies
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organ failure, such as circulatory and respiratory failure. Ongoing fluid resuscitation
and inotropic support are required with ventilator support. Laboratory patterns in
early liver failure, such as elevation of ALT and AST rather than ALP and GGT,
represent hepatocellular damage. Management for early liver failure is the best sup-
portive care, with optimization of fluid resuscitation. Clinicians must be aware of
several principles of fluid resuscitation: (1) minimization of the use of crystalloid;
(2) early hemostasis with damage control surgery to minimize second physiological
insults; (3) early administration of blood products; (4) judicious use of blood prod-
ucts; (5) if intraabdominal injury requires intervention, monitoring of intraabdomi-
nal pressure to avoid abdominal compartment syndrome; and (6) correct
coagulopathy. Management for early liver failure is a part of the initial
resuscitation.

13.4.3 Late Liver Failure

Late presentation of liver failure is more complex and is frequently associated with
early moderate physiological insults with a subsequent second hit, such as second-
ary surgery, infection or abdominal compartment syndrome. Given that the treat-
ment is largely supportive, preventive measures including optimization of fluid
resuscitation, carefully considered secondary interventions with a damage control
strategy and minimization of complications, such as sepsis and abdominal compart-
ment syndrome, are more practically beneficial than treating postinjury liver failure.

13.4.4 Infection

Sepsis has a pivotal role in the development of liver failure. Infection control among
postinjury patients is difficult because of their immunosuppressed status [49].
Secondary infection leading to sepsis is frequently observed as a second hit in
patients with postinjury MOF.

Aggressive source control, particularly for intraabdominal infection, including
radiological and surgical drainage, is essential together with the use of broad spec-
trum antibiotics with antifungal agents.

13.4.5 Supportive Multiorgan Care

After liver failure develops, patient management is challenging, and the mortality
rate may reach 40% [17, 50]. Liver failure must be managed to prevent further com-
plications and provide the best environment possible for liver regeneration. A mul-
tiorgan approach is key to managing postinjury liver failure. Respiratory support is
often required because of altered consciousness, although respiratory failure is
commonly observed in postinjury MOF [2, 50]. The respiratory failure may be due
to primary torso injury, such as multiple rib fractures, pulmonary contusion and
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pneumohemothorax, or to hospital-acquired pneumonia. Protective lung ventilation
should be used to prevent further lung injury, because positive pressure ventilation
can cause ventilator-induced lung injury or exacerbate existing lung damage [51].

Adrenal insufficiency after trauma is relatively common and should be actively
investigated in patients requiring vasopressors. Although the benefits of steroids in
severely injured patients remain debatable, if clear evidence of adrenal insufficiency
exists, the supplementary administration of steroids must be strongly considered
[52, 53].

Optimization of fluid balance with euvolemia is essential. Aggressive use of
diuretics may be required, and restriction of sodium intake is important. Concomitant
infection of ascites can readily occur if ascites accumulate. In particular, intraab-
dominal injury and surgery can complicate the management.

13.4.6 Intracranial Hypertension

If the liver failure is severe, intracranial pressure (ICP) must be continuously moni-
tored [54]. ICP increases, thereby influencing cell integrity in the brain and leading
to encephalopathy. The normal ICP in adults is below 15 mmHg, and intracranial
hypertension (ICH) is defined by a sustained pressure of 20 mmHg or above [55].
ICH in liver failure occurs because of the rapid development of cerebral edema. Two
hypotheses may potentially explain this observation: (1) loss of cerebral autoregula-
tion leading to tissue edema, circulation of secondary inflammatory mediators, and
disruption of the blood—brain barrier and (2) ammonia’s effects on osmotically
active glutamine by astrocytes leading to cerebral edema [10]. Strategies to manage
ICH have been extensively investigated in the neurosurgical and intensive care set-
tings, including infection control, fluid and electrolyte management, glycemic con-
trol, tight control of respiratory indices, head elevation, and possibly hypothermia
and osmotherapy with mannitol or hypertonic saline [56]. The use of hypertonic
saline requires careful attention. If serum sodium levels change rapidly, myelinoly-
sis may cause irreversible injury to the brain [57]. Aggressive use of lactulose is
essential, and continuous hemofiltration to minimize ammonia production may be
considered, because serum ammonia levels correlate with the severity of hepatic
encephalopathy [58].

13.4.7 Renal Management

Acute impairment of renal function in a setting of liver failure, as diagnosed by an
increase in serum creatinine, is underestimated. Impairment of the hepatic produc-
tion of creatinine, significant catabolic status, and inaccurate calorimetric methods
in the presence of elevated serum bilirubin make its diagnosis challenging [59].
However, continuous monitoring of urinary output and serum/urine sodium and cre-
atinine levels is inexpensive and diagnostic. Continuously maintaining urinary out-
put, electrolytes, and fluid balance is critical. Drainage of ascites, if intraabdominal
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hypertension is suspected, is essential. Because of sodium retention, restriction of
sodium intake and fluids, together with daily correction of serum electrolytes, is
important. Aggressive use of diuretics is often required [59]. Continuous hemofil-
tration or dialysis is useful for fluid management in the setting of concomitant liver
failure, because these modalities can also remove ammonia [60].

13.4.8 Nutrition

Postinjury liver failure is generally not associated with pre-existing malnutrition.
The systemic inflammatory responses after trauma result in hypermetabolism, thus
leading to protein degradation and catabolism. In the liver, the hepatic synthesis of
proteins switches from constitutive hepatic proteins to acute-phase proteins such as
haptoglobin and c-reactive protein [61]. The hepatic acute-phase responses are
directed at restoring homeostasis; nevertheless, an exacerbated process can lead to
hypermetabolism and catabolism [62].

A significantly catabolic response secondary to liver failure requires nutritional
support, not only to maintain nutrition balance, optimize metabolic arrangements,
and meet energy requirements to minimize the effects of complications, but also to
ameliorate human immune responses to infection [63].

Enteral feeding is preferable to parenteral feeding in patients with postinjury liver
failure. Enteral feeding might be immunologically superior to parenteral feeding.
Early enteral nutrition has been shown to be associated with a lower incidence of
nosocomial infection [63]. Oral intake should be encouraged, although patients with
MOF may be unconscious because of concomitant head injury or respiratory status
or may be incapable of oral intake because of gastrointestinal injury and associated
surgeries. Severe encephalopathy, in which the aspiration risk is high, or anorexia
may prevent oral intake. Nasogastric or nasojejunal feeding is safe and readily per-
formed in the ICU. In the case of delayed gastric emptying, postpylorus feeding
might be required. Caution should be taken in enteral feeding in the setting of liver
failure, which is often associated with intestinal failure with various clinical presen-
tations including ileus, significant diarrhea leading to volume loss, malabsorption,
and bacterial translocation [64]. Parenteral feeding may cause complications.
Nosocomial infections are often associated with a central line, which is very fre-
quently colonized. Multidrug resistant bacterial infections are more prevalent among
patients with TPN, and such infections increase mortality [65]. Insulin has been dem-
onstrated to decrease the incidence of MOF and mortality [66], since better glucose
control provides anti-inflammatory effects. Several studies have suggested that insu-
lin control of glucose serum levels attenuates the inflammatory response by decreas-
ing proinflammatory cytokines and increasing anti-inflammatory cytokines [67].

13.4.9 Liver-Specific Treatment
Liver regeneration, including functional and structural recovery, is the ultimate goal

of managing postinjury liver failure. The difficulty of understanding in liver failure
has contributed to a lack of innovation in liver failure management. Blood
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purification treatment, including hemodialysis and hemofiltration with or without
plasma exchange, has been utilized to treat liver failure. Plasma exchange with
hemodiafiltration appears to be capable of removing toxins leading to the improve-
ment of coma in liver failure [68], although it failed to improve patients’ survival
[69]. Molecular adsorbent recirculating system (MARS) has been utilized as an
advanced purification method for the last two decades, in which both water-soluble
toxins and albumin-bound toxins can be eliminated through polysulfone membrane
[70]. It was demonstrated that MARS improved short-term survival and has been
utilized as a bridge to orthotopic liver transplantation [71]. The ultimate solution for
postinjury liver failure is liver transplantation. Although the indications have not
been described, several case reports of primary liver injury resulted in liver failure
have been described in the literature. The indication highly depends on individual
health systems and institutions [72].

13.5 Future Directions

Although postinjury liver failure is progressively becoming less common, it remains
a highly lethal clinical condition. Currently, only supportive treatment measures are
available. Artificial liver support systems can be utilized, nevertheless, all these sys-
tems are based on currently available hemodialysis techniques or plasmapheresis.
New measures including hepatocyte or stem cell transplantation, tissue engineered-
liver, and bioartificial liver system are currently under investigation. Bioartificial
liver is an experimental device where hepatocytes are stored as a biological source
of liver function and it aims to replace the whole liver function as a device [73].
Tissue-engineered liver has been explored to provide transplantable liver tissues or
ultimately a whole liver, nevertheless, there are still many challenges remaining
before this technology becomes applicable to clinical medicine [74]. The patho-
physiology of liver failure, the hepatic inflammation cascade, complex immune sys-
tem, and regeneration of the liver must be further explored. Organ bioengineering
could be a vital area of interest in the future.

13.6 Summary

Liver failure in postinjury MOF is rare. Liver failure occurs in approximately one-
fifth of trauma patients after the initial shock. Nevertheless, the majority of the
patients only develop transit mild-moderate liver failure and reversible. Once per-
sistent liver failure in the setting of late postinjury MOF is developed, its clinical
management remains challenging despite advances in critical care management,
and the associated mortality remains high. Preventive strategies including optimal
resuscitation, early definitive surgery, if possible, and supportive ICU management
are imperative. After liver failure is established, multiorgan supportive care is the
best management. Further investigation of the complex immune mechanism and the
pathophysiology of liver failure will be essential to improve the outcomes of postin-
jury liver failure.
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14.1 Definition of Gastrointestinal Failure

Definition of GI failure depends on the focus on specific functions of gastrointesti-
nal organs. Besides absorption, digestion, and excretion these functions include
endocrine and immune functions among others. Working Group on Abdominal
Problems of European Society of Intensive Care Medicine (ESICM) has proposed a
term Acute Gastrointestinal Injury (AGI) to describe GI dysfunction as a part of
multiple organ dysfunction syndrome (MODS) [1]. AGI is descriptively divided
into four levels of increasing grade (see Table 14.1 with clinical examples). In the
context of post-injury GI dysfunction, direct lesions, including those caused by sur-
gery, and side effects of treatment are of special interest. The examples include
bowel edema due to massive fluid resuscitation, splanchnic hypoperfusion due to
high-dose vasoconstrictor administration—mostly in the context of insufficient
fluid replacement/ongoing hemorrhage—and bowel paralysis resulting from opi-
oids (see Sects. 14.3.3 and 14.5.1).
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Table 14.1 Acute gastrointestinal injury (AGI) and grades of severity (modified after [2])

Grade Description  Definition Rationale Examples
AGI  Risk of The function of the GI ~ Occurrence of GI Postoperative nausea
Grade developing tract is partially symptoms after an and vomiting, absent
I GI impaired, expressed as  insult, which bowel sounds after
dysfunction  GI symptoms related to expectedly has abdominal surgery
or failure a known cause and temporary and
perceived as transient  self-limiting nature
AGI GI The GI tract is not able  Acute GI symptoms  Gastroparesis with
Grade dysfunction  to perform digestion requiring therapeutic  high GRVs, paralysis
II and absorption interventions for of the lower GI tract,
adequately to satisfy achievement of diarrhea, IAP
the nutrient and fluid nutrient and fluid 12—15 mmHg, visible
requirements of the requirements. This blood in gastric
body. There are no condition occurs content or stool
obvious changes in without previous GI
general condition of the interventions or is
patient related to GI more severe than
problems might be expected in
relation to the course
of preceding
abdominal procedures
AGI  GI failure Loss of GI function, Sustained intolerance High GRVs and
grade where restoration of GI to EN without persisting GI
111 function is not achieved improvement after paralysis despite
despite interventions treatment (e.g. treatment, occurrence
and the general erythromycin, or worsening of
condition is not post-pyloric tube bowel dilatation,
improving placement), along progression of IAH to
with persistence or grade II (IAP
worsening of MODS  15-20 mmHg)
AGI  GI failure AGTI has progressed to ~ Situation when AGI ~ Bowel ischemia with
grade with severe ~ become directly and has led to an acute necrosis, GI bleeding
v impact on immediately life- critical deterioration  leading to
distant organ  threatening, with of the general hemorrhagic shock,
function worsening of MODS condition of the Ogilvie’s syndrome,
and shock patient with distant abdominal
organ dysfunction(s) compartment
syndrome

EN enteral nutrition, G/ gastrointestinal, GRV gastric residual volume, /AH intra-abdominal hyper-
tension, /AP intra-abdominal pressure, MODS multiple organ dysfunction syndrome

14.2 Pathophysiology and Impact on Outcome

14.2.1 Primary and Secondary Gl Injury

Primary GI injury comprises mainly penetrating and non-penetrating injuries of the
GI tract including pancreas, bile duct, and mesenteric vessels. Pathophysiology
depends on the mechanism and magnitude of trauma and concomitant involvement
of other body regions such as thorax and retroperitoneum, which may increase
intra-abdominal pressure (IAP) and thereby decrease venous return [3]. Furthermore,
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damage control resuscitation may also increase IAP and cause or aggravate
AGI. Even though an open abdomen approach is effective in reducing IAP, it can
also result in major complications. Respective management guidelines have recently
been published by the World Society of Emergency Surgery [4].

In GI tract injuries, large amounts of GI fluids may be lost. If the colon is
involved, abdominal infection, often with sepsis, will occur. Pancreatic trauma is
relatively rare but associated with significant mortality rates, probably related to
associate (vascular) injuries [5]. In animal models, pancreatic injury is associated
with cytokine release and aggravates secondary AGI and MODS [6].

Secondary GI injury after trauma or hemorrhage outside of GI system results
from hypovolemia due to fluid/blood loss and bowel ischemia in case of severe
hemorrhage [7], especially if combined with vasoconstrictors. Hypoxemia, vaso-
constriction, and bacterial translocation after brain trauma [8] are additional triggers
without major blood loss. The so-called danger signals (danger-associated molecu-
lar patterns, DAMP), substances released from “stressed” cells, are increasingly
recognized as part of the post-traumatic immune response [9]. In general, such mol-
ecules exhibit intracellular physiological roles but acquire new functions when
released into the extracellular space. They can trigger remote organ dysfunction
several days after trauma. Further, and more immediately, support of other than
abdominal organs can also bear the risk of impairing functions of gastrointestinal
organs. Examples are dialysis causing hypovolemia and high airway pressure
increasing IAP and impeding venous return and cardiac output, which may further
jeopardize bowel perfusion.

Pathophysiological mechanisms of primary and secondary AGI after trauma are
presented in Fig. 14.1.

14.2.2 Impact on ICU Outcome

In MODS in trauma patients, individual failing organs contribute to mortality [10].
GI failure defined as presence of acalculous cholecystitis, stress ulcer, or GI bleed-
ing was initially included in the first multiple organ failure score (MOF score) [11],
but excluded later due to rare incidence and lacking association with mortality [12].
Currently, GI dysfunction/injury is not directly included in any organ dysfunction
score [13] mainly due to the difficulty to score GI (dys)function. Conversely, several
concomitant signs and symptoms of GI injury such as high gastric residual volume,
absent bowel sounds, vomiting or regurgitation, diarrhea, bowel distension, and
gastrointestinal bleeding have been independently associated with unfavorable out-
comes, including mortality [14, 15]. The most important functions of the GI tract for
determination of outcome besides direct consequences of trauma are probably its
barrier and immune functions. However, there is merely indirect evidence and data
from animal experiments to support this assumption. Briefly, it has been shown that
GI hypo- and re-perfusion may damage the mucosal barrier and lead to inflamma-
tory and immunologic reactions as a result of translocation of biologically active
compounds into blood and mesenteric lymphatics [16, 17]. These reactions may
trigger remote organ failure, especially of the lung.


https://www.sciencedirect.com/topics/medicine-and-dentistry/role-playing
https://www.sciencedirect.com/topics/medicine-and-dentistry/extracellular-space
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https://www.sciencedirect.com/topics/medicine-and-dentistry/gastrointestinal-bleeding
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Fig. 14.1 Main pathophysiological mechanisms of primary and secondary GI injury after severe
trauma (modified after [2]). GI gastrointestinal, CNS central nervous system, CVS cardiovascular
system, /AP intra-abdominal pressure
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14.3 Clinical Presentation
14.3.1 Abdominal Signs in Early Post-injury/Postoperative Period

GI dysfunction/AGI cannot usually be diagnosed very early in post-injury/postop-
erative period. Naturally, direct traumatic lesions to abdomen suggest the risk or
presence of AGI. Therefore, intraoperative observations such as edematous, discol-
ored, or distended bowel are not only important for choosing the surgical strategy
(formation of anastomosis vs. stoma, planning of “second look,” etc.), but also for
planning the postoperative enteral nutrition (EN).

After severe trauma the patient is often sedated and mechanically ventilated.
Large amounts of fluids have often been administered and the need for fluids may
continue. Accordingly, signs and symptoms commonly used for recognition of AGI
(addressed in Sect. 14.4.1) may not be possible to evaluate and correctly interpret.
However, repeated and standardized evaluation of GI symptoms needs to start
immediately after ICU admission. This will help to understand the dynamics of
MODS and to identify the need of (re)operation.

Current approach to AGI does not address specific situations after trauma sur-
gery. In damage control surgery, temporary closure of the abdomen is usually per-
formed, and reoperation is scheduled. In such cases attention should be paid to the
aspect of abdominal drainage (blood or feces) and blood lactate levels to detect
possible bleeding, perforation, or bowel ischemia (see also Sect. 14.4.4).

Abdominal injury may necessitate extensive bowel resection resulting in short
bowel syndrome. This does not necessarily lead to immediate unfavorable outcome
such as death or MODS, but rather to chronic intestinal failure [18].

Taken together, based on initial presentation it is not possible to predict whether
AGI will become relevant in promoting organ failure and thereby influencing short-
time outcome.

14.3.1.1 Abdominal Pain

Abdominal pain is important diagnostic sign in emergency medicine setting. In
severely injured and/or post-laparotomy ICU patients, assessment of pain is often
limited. If the patient is awake, systematic and regular assessment of pain by stan-
dardized procedure and documentation of Numerical Rating Scale (NRS) is recom-
mended [19].

14.3.1.2 Distended Abdomen

Abdominal distension is a subjective sign, difficult to assess and interpret.
Measurements of IAP are strongly advocated to overcome this subjectivity [20] (see
Sect. 14.3.2). This applies not only for abdominal trauma, but for severe polytrauma
patients in general. Increasing abdominal distension/IAP may refer to intra-
abdominal/retroperitoneal bleeding, perforation, or bowel distension possibly asso-
ciated with bowel ischemia. Triggers for immediate multidisciplinary re-evaluation
(surgeon, intensivist, anesthetist) as well as possible signs suggesting the need for
reoperation need to be discussed and agreed a priori.
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Presence/absence of relevant bleeding needs to be assessed repeatedly using
abdominal ultrasound additionally to frequently scheduled laboratory assessment
(hemoglobin level and lactate). Possible pitfalls (hemoglobin depending on hemo-
dilution, hyperlactatemia on global oxygen delivery, and ultrasound finding being
inconclusive in case of intra-abdominal/intra-luminal gas) need to be anticipated
and a plan for further diagnostics vs. immediate intervention established.

14.3.2 Intra-Abdominal Hypertension

Even though IAP does not reflect the GI function directly, it is the most valuable
parameter in the acute setting to monitor processes in abdominal compartment.
Intra-abdominal hypertension (IAH) rarely seems to occur without concomitant GI
symptoms [21], and several abdominal signs and symptoms were identified as being
independently associated with development of IAH during ICU stay [22]. However,
relationship between GI injury and IAP may be bi-directional. Applying measure-
ments of IAP to patients presenting with risk factors of [AH and monitoring dynam-
ics of IAP may not only detect IAH jeopardizing organ function, but also assist in
decisions regarding nutrition and early recognition of threatening.

14.3.3 GI Dysmotility

Motility is not a function of GI system, but is necessary prerequisite to perform
digestive function [23]. GI motility is a complex process, controlled by several neu-
rohumoral mechanisms [24], and is difficult to monitor [25]. Importantly, motility
is not only propulsion of bowel contents. Churning, mixing, and creating a reservoir
are equally important elements of this process. There are different concepts regard-
ing motility changes after injury or surgery [26]. Some evidence suggests that small
bowel is best preserved and gastric motility most impaired [27]. The prevalent
motility pattern in colon is retrograde, to allow sufficient time for absorption and
avoid overfilling of rectum (“rectosigmoidal brake”). Evaluating the bowel motility
based on frequency of stool passage therefore may not be correct. Still, bowel paral-
ysis after injury or surgery is concerning issue, as it may lead to severe bowel disten-
sion, ischemia, or perforation, thought to lead to bacterial translocation and thereby
(re)-commencing multiple organ dysfunction [28].

Conversely, too fast passage expressed as diarrhea is usually associated with
malabsorption. It has been shown that with a stool weight >350 g/day around 1/3 of
enterally administered calories are not taken up by the bowel [29].

Options to monitor motility are very limited. Gastric residual volume (GRV)
may help to roughly estimate gastric emptying. Importantly, one large study sug-
gesting that measurement of gastric residuals is obsolete was performed in medical
patients with already installed full EN [30]. Therefore, gastric aspirate volumes
(without EN) or GRV (with EN) still should be considered useful in patients after
abdominal surgery and during starting phase of EN [31]. In the future, ultrasound
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may offer an alternative to GRV and possibly also assist in evaluation of bowel
motility beyond stomach, but respective protocols should be developed first and
specific training is needed to reduce inter-observer variability [32].

Importantly, absence of peristalsis in auscultation does not mean complete qui-
escence of the bowel, whereas presence of peristalsis on auscultation does not indi-
cate normal motility pattern. Even though complete absence of bowel sounds is
abnormal and occurs commonly in most severely ill patients [15], any management
decisions (incl. on starting or withholding enteral nutrition) should not be based on
the presence or absence of bowel sounds [33].

14.3.4 Feeding Intolerance

Even though feeding intolerance is an important and well-accepted sign in manage-
ment of critically ill patients, it is not uniformly defined [34]. Gastric residual vol-
umes with different cut-offs are most often used to define feeding intolerance,
detected in one-fourth to one-third of ICU patients [35]. Feeding challenge is needed
to diagnose feeding intolerance; therefore, decision to test the tolerance needs to be
taken first [36]. Reasons to delay EN (not to test feeding tolerance) in critically ill
patients are uncontrolled shock, uncontrolled hypoxemia and acidosis, uncontrolled
upper GI bleeding, gastric aspirate volume >500 mL/6 h, bowel ischemia, bowel
obstruction or discontinuity, abdominal compartment syndrome, and high-output
fistula without distal feeding access [33].

14.4 Monitoring of Gl Function

Bedside assessment of GI function consists of thorough clinical examination
together with measurements of GRV and complementary monitoring of
IAP. Together with blood acid-base status and lactate measurements this should aim
for timely recognition of abdominal problems requiring radiological imaging and/or
intervention and take decisions regarding of EN.

14.4.1 Gl Symptoms

GI symptoms such as vomiting/regurgitation, large GRVs, bowel paralysis, bowel
dilatation and distension, melena, and diarrhea are frequent in intensive care
patients, including after multiple trauma [15, 37].

There is limited data on individual symptoms specifically in post-injury patients;
therefore, we address GI symptoms in general ICU population.

GRYV can be measured passively by gravity drainage or actively via aspiration,
whereas neither technique is validated nor standardized. Gastric ultrasound could be
an alternative to estimate gastric filling, but is observer-dependent and may be unre-
liable [32]. GRV thresholds vary largely, but usually GRV is considered being
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increased when exceeding 200 mL in a single measurement, or 1000 mL during
24 h [1]. However, GRV of 200 mL should not be used as a cut-off to neither delay
nor discontinue EN, whereas GRV above 500 mL/6 h should be considered a cut-off
to discontinue EN and should trigger search for undiagnosed abdominal problems
and if excluded, consideration of prokinetic therapy.

Paralysis of lower GI tract (paralytic ileus) is defined as absence of stool for 3 or
more consecutive days without mechanical obstruction, whereas bowel sounds may
be absent or present [1]. Bowel paralysis defined as described occurs in majority of
the patients staying in the ICU for 3 days or longer [38] and may be just observed
unless associated with bowel dilatation or distension and increase in IAP. At the
same time increased attention and daily re-evaluation is crucial, because lower GI
paralysis may be a sign of new/unresolved acute pathology in the abdomen (e.g.
peritonitis, ischemia).

Bowel dilatation is radiological diagnosis, not necessarily expressed in any clini-
cal symptoms. Bowel distension refers to expansion through increased intra-luminal
pressure, commonly manifesting in symptoms such as bloating or pain. Bowel dis-
tension may lead to vasovagal reactions, bacterial translocation, and subsequent
systemic inflammation [39] and eventually to bowel perforation. Next to bowel dys-
motility, excessive gas production by gut microflora has a role in pathogenesis of
bowel distension without mechanical obstruction.

Melena is defined as darkening of the feces by blood pigments. Of note, clini-
cally relevant bleeding may initially be masked by concomitant bowel paralysis.
Melena may also indicate presence of mesenteric ischemia and always should trig-
ger assessment of other GI symptoms, laboratory values, and consideration of
imaging.

Diarrhea is defined as simultaneous presence of three or more stools per day,
stool weight 200 g/day or higher, and consistency of stools categorized as 57 on
the Bristol Stool Chart [40]. Diarrhea occurs in 1/5 of patients in the ICU [40],
increasing to 2/3 in patients staying for 5 days and receiving EN for >3 days [41].
Diarrhea is often associated with prokinetic and laxative therapy, but may also be a
sign of intestinal ischemia. Importantly, diarrhea is associated with malabsorp-
tion [29].

14.4.2 Scoring Systems

Different scoring systems have been proposed in the past for description of GI fail-
ure [2]. The approach of researchers and experts is very different, depending to
some extent on the primary area of interest. Terminology, definition, and descriptive
grading of AGI (see Sect. 14.1 and Table 14.1) were proposed to overcome the con-
fusion in terminology, recommending a standardized approach to GI dysfunction in
critically ill patients.
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14.4.3 Imaging

Radiologic imaging is an integral part in initial phase of trauma management. Vast
majority of severe trauma patients receive computed tomography (CT) or ultra-
sound assessment to identify critical lesions requiring surgical care.

In postoperative/post-injury period the radiologic imaging remains important in
identification of abdominal complications as underlying reasons of AGI. The indi-
cation for imaging has to be substantiated by the clear hypothesis driven from
detailed clinical assessment (see above). There are no clear recommendations when
which imaging technique should be performed. During the early phase after trauma,
criteria for repeated imaging based on initial injury and surgery should be agreed in
advance. The cumulative exposure to radiation has to be kept in mind, especially in
children and young adults.

Ultrasound is a readily available first line investigation able to give a quick bed-
side image, especially in suspicion of intra-abdominal fluid collections. Ultrasound
is also useful for assessment of gall bladder and bile ducts for guiding of percutane-
ous drainages. In combination with Doppler imaging it allows assessment of blood
flow, being often used for qualitative single time-point evaluation of portal, hepatic,
and renal blood flow after respective injury/surgery. The limitations of ultrasound
are operator-dependency and disturbances caused by postoperative presence of
intra-abdominal air or CO,.

Plain X-ray of the abdomen is of limited utility. It may be indicated for follow up
of enteral tube positioning and for assessment of bowel diameter in suspicion of
bowel distension/acute colonic pseudo-obstruction (Ogilvie’s syndrome).
Diagnostic thresholds for bowel dilatation are 3 cm for small bowel, 6 cm for colon,
and 9 cm for caecum, respectively [42, 43]. Dynamic series of plain X-ray with
contrast media may give valuable information on bowel length and GI motility. The
oro-cecal transit time, measured by different methods, is highly variable, but the
approximate value in healthy individuals is 2-2.5 h [44].

CT imaging remains the method of choice in the diagnostic workout for most of
the cases. Enteral combined with intravenous contrast is commonly recommended
for assessment of the continuity of GI tract, possible continuing bleeding, the blood
supply to abdominal organs, and intra- or extraperitoneal fluid collections (hemato-
mas, abscesses). The contrast enhancement in arterial and venous phases (the bipha-
sic protocol) is recommended if mesenteric ischemia is suspected. The arterial
phase (with 1 mm slice thickness) enables accurate detection of vascular pathology
and detailed reconstructions of the main mesenteric arteries and even collaterals,
while the venous phase is required for the assessment of bowel wall and solid organ
perfusion and integrity.

Magnetic resonance imaging (MRI) can provide superior imaging in certain
clinical contexts (e.g. assessment of biliary anatomy/bile duct stones), but requires
longer image acquisition times and necessitates specific metal free equipment which
limits its use in the critically ill.
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Digital subtraction angiography is indicated for therapeutic interventions rather
than just plain diagnostics. Possible clinical scenarios include but are not limited to
ongoing hemorrhage, e.g. in pelvic fracture or spleen rupture.

14.4.4 Biomarkers

Specific serological biomarkers for enterocyte function and mesenteric ischemia
have been actively investigated during the last decade, but no new biomarker has yet
made its way into clinical practice [45]. Nonspecific markers such as blood lactate
and common inflammatory markers (C-reactive protein, procalcitonin, and leuco-
cyte count) are still the only tools next to clinical assessment to suspect abdominal
complications in the ICU. Increased blood lactate is suggested to be indicative of
transmural bowel ischemia [18], whereas an early marker would be needed to avoid
bowel necrosis. Moreover, in patients after severe trauma all abovementioned non-
specific markers are even less reliable due to extensive tissue trauma and systemic
inflammatory response reaction.

Novel possible biomarkers for mesenteric ischemia are summarized in a recent
systematic review [46]. Importantly, different assays and kits with different refer-
ence values are used and available studies are difficult to compare.

Citrulline is an interesting biomarker reflecting enterocyte mass in chronic GI
diseases [47, 48]. Whether this biomarker is able to assist in diagnosis of GI func-
tion (reflecting reduced function of enterocytes) in critical illness is currently
unclear. A major issue is that citrulline is metabolized in kidneys, and increased
levels (possibly masking low levels due to decreased synthesis in enterocytes) are
expected in acute kidney injury, common in critical illness, and even more so in
severe trauma.

14.4.5 Other

Gastrointestinal tonometry may be used to assess splanchnic perfusion/tissue
hypoxia as the gastric pCO, gap has been shown to correlate with outcome in ven-
tilated ICU patients [49]. Other methods to assess splanchnic perfusion include
refractance spectrophotometry, infrared spectroscopy, laser Doppler flowmetry,
indocyanine green plasma disappearance rate, and videomicroscopic imaging tech-
niques [50].

Monitoring of microbiome is currently thought to be promising in many medical
subspecialties. Existing preliminary evidence in critically ill and trauma patients
shows dysbiosis with reduced bacterial diversity, association with disease severity
and possibly outcome, but large interpersonal variations complicate the interpreta-
tion [51-53].

Recently, high-resolution impedance manometry for monitoring of GI dysmotil-
ity has been tested in a small study in mechanically ventilated patients in the ICU,
revealing grossly abnormal motility of the upper GI tract in all studied (n = 16)
patients [54].
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14.5 ICU Management of Gl Injury
14.5.1 General Principles

As for any organ function, sufficient global blood flow and oxygen delivery need to
be first achieved. However, hemodynamic coherence between macro- and microcir-
culation (situation where systemic resuscitation is effective in correcting organ per-
fusion and oxygenation) is often disturbed in critical illness [55]. Monitoring of
microcirculation would be especially desirable for GI system, but is currently not
available at bedside [56].

The following treatments applied in the ICU may influence GI function: (1) fluid,
glucose and electrolyte management; (2) vasoconstrictors; (3) sedation and analgesia.

Excessive fluid resuscitation leads to bowel edema and causes GI dysfunction.
However, insufficient fluid resuscitation leads to prolonged hypovolemia and vaso-
constriction impairing organ function. More renal complications were observed
with a restrictive approach of perioperative fluid management in abdominal surgery
in a recent large randomized controlled trial, whereas no difference in GI dysfunc-
tion [57]. Euvolemia should be aimed to minimize further damage, but tools to steer
fluid management to maintain euvolemia in critical illness with excessive stress
response and capillary leak are lacking.

Hyperglycemia has been shown to slow gastric emptying [58], whereas hypoka-
lemia and hypomagnesemia may impair bowel motility [59, 60]. Normal levels of
plasma electrolyte and glucose levels should be aimed, whereas there is no data to
support specific thresholds to improve GI motility.

Sufficient analgesia is crucial and often sedation is necessary in severely injured
patients, whereas opioid analgetics and different types of sedatives are known to
inhibit GI motility [60]. Multimodal analgesic regimens and morphine restriction
have been demonstrated to improve recovery of GI function after elective surgery
[61]. However, this may also be related to the positive effect of early mobilization
known to improve GI motility, but not usually applicable to severe trauma patients.

IAH impairs splanchnic blood flow and may exacerbate bowel edema, thereby
impairing GI function. However, there is no data that any intervention lowering IAP
is able to improve GI function [62].

It needs to be underlined that patients with severe trauma almost inevitably
develop substantial capillary leak leading to tissue (including bowel) edema and
potentially IAH. In most of the cases, these problems are likely to resolve with
redistribution of fluids after resolution of inflammatory state. However, monitoring
that allows timely recognition if, e.g. IAH itself becomes threatening is crucial.
Recognition of bowel edema or distension will call to caution regarding increase in
the amount of enteral nutrition.

14.5.2 Nutrition

Early EN has been shown to be beneficial in critically ill patients in several meta-
analyses [33, 63], including a specific analysis in trauma patients [64]. However, most
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of the studies on early EN on trauma patients are old and present low data quality [64].
Moreover, many strategies in management of critical illness in these older studies
(including surgical jejunostomy for EN) are not commonly used any more.

However, in the absence of contraindications to EN (see Sect. 14.3.4) early EN
is considered beneficial [33]. Importantly, “early” is defined as within 48 h and early
EN should always be started slowly and increased gradually under monitoring of GI
symptoms (tolerance of enteral feeding) and IAP.

Parenteral nutrition (PN) has until recently been thought to be harmful but this
belief has been challenged by recent studies [65, 66]. Additionally to results from
several studies [65-68], recognition of concepts of endogenous energy production
and suppression of autophagy by nutrients [69, 70] has led to understanding that
achieving 100% of energy expenditure via any route early in the acute phase of
severe illness is harmful. Additionally, early full EN in shock patients has recently
been shown to result in more GI cases with intestinal ischemia as well as Ogilvie’s
syndrome [66].

Presence of bowel edema and distension are signs that call to caution regarding
EN; however, they are not easy to assess at bedside. The concept of EN helping to
maintain mucosal integrity is still valid. Therefore, hypothetically, feeding bowel
mucosa and microbiome with a low amount of EN and adding supplemental PN
after the early acute phase [71] could be an option in injured bowel. However,
respective evidence is scarce, showing that trophic EN is not inferior to full EN [72,
73] and adding supplemental PN after the early acute phase may be slightly benefi-
cial [74].

14.5.3 Specific Aspects of Primary Gl Injury

Specific aspects in the management of primary GI injury are related to primary
lesions in GI tract. Presence of bowel anastomosis should not be a reason to delay
EN, whereas edematous and distended bowel may necessitate very careful progres-
sion of EN. Mesenteric vascular injuries may require anticoagulants or antiplatelet
drugs, whereas pro-contra arguments in the early phase after severe trauma need to
be carefully weighed.

There is lacking evidence but physiological rationale to delay EN in pancreatic
injury in fear of promoted development of pancreatic fistula due to stimulation of
secretion with EN.

14.5.4 Specific Aspects of Secondary Gl Injury

Secondary GI injury after severe trauma is always a part of MODS. The concept of
AGI includes assessment of general condition of patient (dynamics of other organ
dysfunctions together with GI dysfunction) (Table 14.1 and Fig. 14.2). Such
approach may help to better follow the course of illness at bedside and identify the
role of GI dysfunction in MODS.
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14.6 Unsolved Issues/Future Directions

Developments in monitoring of GI function allowing inclusion of GI dysfunction in
scoring systems for MODS are most warranted. A comprehensive spectrum of
future studies on GI function in critically ill, including monitoring, management,
and pathophysiological mechanisms, has been recently outlined through multiple
systematic reviews [75].

Substantial changes in intestinal microflora related to severe injury need to be
further explored and diagnostic and therapeutic targets linked to microbiome inves-
tigated [51].

Future studies with immediate practical value, especially important in post-
injury patients, should study:

» options for dynamic monitoring of bowel motility, bowel diameter, and edema;

 strategies to best steer fluid resuscitation to achieve optimal perfusion without
excessive fluid overload;

* nutrition strategies in patients with AGI (both primary and secondary).

14.7 Summary

Clinical signs and symptoms associated with GI tract dysfunction are common in
ICU patients, including after multiple trauma, and are related to impaired outcome.
Clinical evaluation, complemented with assessment of gastric filling and intra-
abdominal pressure, remains the main bedside tool to assess GI function and detect
possible problems requiring investigations or interventions. Acute gastrointestinal
injury (AGI) describes GI dysfunction as a part of MODS. AGI includes descriptive
grading for bedside management, while search for objective and reproducible scor-
ing system is continuing.
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Andrew Nguyen, Arnold Tabuenca, and Raul Coimbra

15.1 Definitions of Acute Kidney Injury

Qualitatively, renal failure describes the loss of the kidney’s various fluid and solute
management processes. Quantitatively, however, specific definitions have been
developed for renal insufficiency.

Chronic kidney disease (CKD) describes a long-term impairment in kidney
function beyond 3 months duration. Previously, staging of kidney disease was
based solely on glomerular filtration rate (GFR) [1]. The KDIGO group (Kidney
Disease Improving Global Outcomes) now classifies CKD based on the aggregate
of three domains: underlying cause, GFR category, and albuminuria category
(CGA). The aggregate of these three descriptors is the CKD staging. This more
descriptive staging strategy reflects the prognostic and treatment implications that
the underlying disease and albuminuria convey. CKD requiring renal replacement
therapy (dialysis) is described as End-Stage Renal Disease (Tables 15.1, 15.2,
and 15.3).

While acute renal failure is the abrupt decline of kidney function, its definition
has been more difficult. Over the past decades, more than 35 separate definitions of
acute kidney disease have been described [2].
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Table 15.1 GEFR categories in Chronic Kidney Disease (adapted from the KDIGO 2012 clinical
practice guideline for the evaluation and management of chronic kidney disease. Kidney Int
(Suppl.) 2013;3:1-150)

GFR category GFR (mL/min/1.73 m?) Terms

Gl >90 Normal or high

G2 60-89 Mildly decreased

G3a 45-59 Mildly to moderately decreased
G3b 3044 Moderately to severely decreased
G4 15-29 Severely decreased

G5 <15 Kidney failure

Table 15.2 Albuminuria categories in Chronic Kidney Disease (adapted from the KDIGO 2012
clinical practice guideline for the evaluation and management of chronic kidney disease. Kidney
Int (Suppl.) 2013;3:1-150)

Albuminuria category ~ Albumin excretion rate (mg/24 h) Terms

Al <30 Normal to mildly increased
A2 30-300 Moderately increased
A3 >300 Severely increased

Table 15.3 Prognosis of CKD by Stage (Green—Ilow risk if no other markers of kidney disease;
Yellow—moderate risk; Orange—high risk; Red—very high risk) (adapted from the KDIGO 2012
clinical practice guideline for the evaluation and management of chronic kidney disease. Kidney
Int (Suppl.) 2013;3:1-150)

Albuminuria category
A2 A3
G1 G1 A2 G1 A3
> G2 G2 A2 G2 A3
® aoa G3aAl  GBaA2
E G3b G3b A1
& G4
G5

One early definition for the trauma population was proposed by the American
College of Surgeons’ Committee on Trauma (ACSCOT) and defined acute renal
failure (ARF) as a serum creatinine >3.5, blood urea nitrogen (BUN) >100, or the
need for renal replacement therapy [3].

In May 2004, the Acute Dialysis Quality Initiative (ADQI) Group proposed the
RIFLE classification scheme (Risk, Injury, Failure, Loss of kidney function, and
End-stage kidney disease; Table 15.4) [4]. The system utilized serum creatinine,
GFR, or urine output to describe the severity of renal impairment. It also codified
the notion of renal dysfunction as a spectrum of disease, with the terminology acute
kidney injury (AKI) replacing acute renal failure (ARF). RIFLE was found to have
good clinical correlation, with an independent and stepwise increase in mortality as
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severity of acute kidney injury increased. Patients with RIFLE class R are at risk of
progressing to class I or F and have an increase in hospital length of stay [5]. The
RIFLE criteria were limited, however, by its reliance on baseline serum creatinine,
which often was not known for an acute patient. Attempts to utilize the Modification
of Diet in Renal Disease Study (MDRD) equation to estimate baseline renal func-
tion were limited by the equations’ overestimation of acute renal failure [6].

Three years later, in March 2007, the Acute Kidney Injury Network (AKIN)
proposed a modified version of the RIFLE criteria (Table 15.5) [7]. The revised
criteria encompassed elevations of creatinine above baseline, as well as absolute
elevations in creatinine or decrease in urine output. The AKIN definition is consid-
ered after adequate hydration and requires two serum creatinine measurements
within 48 h. Its non-reliance on baseline serum creatinine and its provision for ade-
quate resuscitation adds clinical context. In the trauma population, the AKIN modi-
fication was found to increase the capture of acute renal failure in comparison to the
ACSCQOT definition. Patients meeting AKIN criteria had longer ICU and hospital
length of stay and had increased incidence of multiple organ failure and death [3].
A limitation of the AKIN definition lies in its specification of creatinine measure-
ments within 48 h. It thus does not recognize AKI when creatinine elevation occurs
beyond 48 h. Also, the definition of AKIN Stage 3 includes the utilization of renal
replacement therapy, and there is variability for the initiation of renal replacement
therapy in clinical practice.

Table 15.4 The 2004 Acute Dialysis Quality Initiative (ADQI) RIFLE classification scheme for
acute kidney injury (adapted from Bellomo R, et al. Acute renal failure: definition, outcome mea-
sures, animal models, fluid therapy and information technology needs: the Second International
Consensus Conference of the Acute Dialysis Quality Initiative (ADQI) Group. Crit Care.
2004;8(4):R204-12)

GEFR criteria Urine output criteria
Risk  Increased serum creatinine x 1.5 or GFR decrease >25%  UO <0.5 mL/kg/h x 6 h
Injury Increased serum creatinine x 2 or GFR decrease >50% UO <0.5 mL/kg/h x 12 h
Failure Increased serum creatinine x 3, GFR decrease 75%, or UO <0.3 mL/kg/h x 24 h
serum creatinine >4 mg/dL (or acute rise >0.5 mg/dL) or Anuria X 12 h
Loss  Persistent acute renal failure (complete loss of kidney function >4 weeks)
ESKD End-stage kidney disease (>3 months)

Table 15.5 The 2007 Acute Kidney Injury Network (AKIN) modification of RIFLE criteria for
AKI (adapted from Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, Levin
A; Acute Kidney Injury Network. Acute Kidney Injury Network: report of an initiative to improve
outcomes in acute kidney injury. Crit Care. 2007;11(2):R31)

Stage Serum creatinine criteria Urine output criteria

1 Increase in serum creatinine >0.3 mg/dL or increase to more  <0.5 mL/kg/h for more
than or equal to 150-200% from baseline than 6 h

2 Increase in serum creatinine to more than 200-300% from <0.5 mL/kg/h for more
baseline than 12 h

3 Increase in serum creatinine to more than 300% from baseline <0.3 mL/kg/h for 24 h

(or serum >4.0 mg/dL with an acute increase of >0.5 mg/dL) or anuria for 12 h
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Table 15.6 Current disease staging in Acute Kidney Injury (adapted from the KDIGO 2012
Clinical Practice Guideline for Acute Kidney Injury. Kidney Int. Suppl. 2012;2:1-138)

Stage Serum creatinine criteria Urine output criteria
1 1.5-1.9 times baseline OR >0.3 mg/dL increase <0.5 mL/kg/h for
6-12h
2 2.0-2.9 times baseline <0.5 mL/kg/h for
>12h
3 >3.0 times baseline OR Increase in serum creatinine to >4.0 mg/  <0.3 mL/kg/h for
dL OR Initiation of renal replacement therapy OR In patients >24 h OR anuria for
<18 years, decrease in eGFR to <35 mL/min/1.73 m? >12h

The most recent consensus definition of acute kidney injury was released by the
Kidney Disease: Improving Global Outcomes (KDIGO) group [8] and defines a
state of AKI as:

e Increase in serum creatinine by >0.3 mg/dL within 48 h;

e or increase in serum creatinine to >1.5 times baseline, which is known or pre-
sumed to have occurred within the prior 7 days;

e or urine volume <0.5 mL/kg/h for 6 h.

Once AKI is identified, it can be staged on a scale of 1-3 (Table 15.6).

A multi-national cross-sectional study has validated the KDIGO definition for
the general ICU population, noting that increases in AKI severity under the revised
definition were associated with significant stepwise increases in mortality. Patients
with AKI had worse kidney function at discharge in comparison to those without
AKI [9].

AKI, a description of the level of renal impairment, should be differentiated from
acute tubular necrosis (ATN), which lacks the same consensus definition as
AKI. During the Second World War, the syndrome of renal failure was described
and correlated with histologic finding of tubular necrosis [10]. Thus, for a time,
ATN and ARF were used interchangeably. While ATN now has a histologic descrip-
tion, only a small minority of patients undergo biopsy and pathologic review.
Instead, ATN has an alternate clinical description: a state during which there is
adequate renal perfusion to maintain the renal tubules, but insufficient to maintain
glomerular filtration. Thus, in today’s era, only a few “ATN” patients will have true
widespread renal parenchymal tissue necrosis [8].

15.2 Background and Incidence
15.2.1 Characteristics of the AKI Population
The prevalence of acute kidney injury in the trauma population ranges from less

than 1% to more than 26%, though variation in the definition of AKI makes com-
parison difficult [11-13]. AKI within trauma patients admitted to an ICU can range
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from 24% to 50% [14, 15]. Within the military population, rates of AKI seem to fall
within the above rates. A review of US military casualties between 2002 and 2011 in
Iraq and Afghanistan showed a 12.5% rate of AKI [16]. A more limited review for
the military ICU population between 2012 and 2013 for the same conflict showed
an AKI rate of 34.3% [17]. Some reviews suggest that the typical patient with AKI
is older than non-AKI patients (median age 63 vs. 53 in a study of patients from
Southern Taiwan [18] and mean age 47 vs. 41 in a review of the Inflammation and
the Host Response to Injury NIH database [13]). Frequently, patients with AKI are
male, with the two prior studies showing 71.8% and 70% males, respectively
[13, 18].

15.2.2 Injury Severity

Patients with AKI tend to have more injuries. The retrospective review of southern
Taiwanese trauma patients showed an ISS of 19.8 in those with AKI, while non-AKI
patients had an ISS of 8.9 [18]. That study also showed that patients with AKI had
higher rates of head and neck, thoracic, and abdominal injury. Those patients also
had higher rates of intracranial hemorrhage, liver injury, and rhabdomyolysis.
Patients without AKI, in contrast, had higher rates of extremity injury [18]. Multiple
studies have shown AKI to be associated with worse mortality in the trauma popula-
tion. AKI patients also tended to have higher rates of ICU admission and total hos-
pital length of stay.

The AKI population also exhibits, on average, decreased level of GCS [18].
These patients also have worse hemodynamic markers, tending towards worse
hypotension, tachycardia, and tachypnea. Patients also exhibited worse anemia.
AKI patients tended to have increased rates of invasive emergency department pro-
cedures, including cardiopulmonary resuscitation, mechanical ventilation, chest
tube insertion, and blood transfusion.

15.2.3 Association of Shock and AKI

While a precise correlation between shock in the setting of trauma and AKI is not
completely studied, patients with AKI do tend towards hypotension, elevated lac-
tate, and need for packed red blood cell transfusion [13]. More aggressive volume
resuscitation does seem to decrease the incidence of AKI [19].

15.2.4 Genetics and Pre-existing Conditions

In the 1990s, it became increasingly clear that pre-existing conditions contributed to
traumatic acute kidney injury. One early trauma study that identified renal failure by
ICD-9 coding noted that 40% of patients had a pre-existing condition. It appeared
that this group had diminished physiologic reserve: patients tended to be older but
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less injured than those without prior medical problems. Despite this, the additional
insult of post-traumatic renal failure produced a 77% multi-organ failure rate and a
mortality rate of 88% [11].

More contemporary studies show that patients with AKI have higher rates of
diabetes, hypertension, coronary artery disease, and cerebrovascular disease [18].
Patients with AKI also tend towards obesity [20]. AKI is also more common in
African Americans, though the mechanism for this is poorly understood [20]. AKI
is more common in those with blood type A, suggesting that ABO glycans play a
role in AKI susceptibility [19]. A Japanese study associated post-traumatic AKI
with the elderly and those with chronic kidney disease [21].

Thus, it appears that organ crosstalk and inter-organ connectivity may play a role
in worsening organ failure after trauma. The exact mechanism by which this occurs
remains to be elucidated. Independent of the cause, it appears that pre-existing con-
ditions exacerbate acute kidney injury and further contribute to post-traumatic mor-
tality [22, 23].

15.2.5 Relationship with Other Organ Systems

The kidney maintains significant endocrine functions that can be disrupted with
organ failure [24]. One area is fluid balance. Renin is produced by the juxtaglo-
merular apparatus in response to a decrease in arterial blood pressure, decrease in
sodium concentration, or increase in catecholamines. Renin goes on to cleave
angiotensinogen to angiotensin I; angiotensin I is converted to angiotensin II by the
enzyme ACE (angiotensin-converting enzyme). The results in an increase in antidi-
uretic hormone production and aldosterone secretion. The final effect is systemic
vasoconstriction and renal sodium and water reabsorption.

Other endocrine functions include hematopoiesis, calcium/phosphorus metabo-
lism, blood glucose management, and even some control of gastric acid production.
The renal cortex produces erythropoietin in response to hypoxia, thus stimulating
bone marrow production of red blood cells. Calcium homeostasis involves both the
liver and kidney. After liver conversion of Vitamin D3 into the 25(OH)D; form,
1-alpha hydrolase (produced by the renal proximal tubule) converts it into the active
form of 1-alpha,25(OH),D;. This active form of Vitamin D induces calcium release
from bone tissue and calcium absorption from the gut. Meanwhile, parathyroid hor-
mone induces the kidney to absorb calcium and reduce phosphorus absorption. The
kidney, furthermore, is the primary site of insulin degradation. Insulin is filtered
from the systemic circulation via proximal tubular reabsorption and glomerular fil-
tration. The kidney also appears to metabolize gastrin, and excess gastrin in renal
failure patients may contribute to peptic ulcer disease.

In addition to its endocrine function, there are other organ crosstalk effects that
are still being explored [25, 26]. Renal impairment and thus fluid overload can
affect lung function by inducing pulmonary edema, but circulating cytokines
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including interleukin (IL)-6 and IL-8 can induce lung inflammation and injury.
Renal dysfunction can also affect the heart, with 60% of AKI patients also develop-
ing heart failure. These effects appear to have a long-term component: even patients
who recovered from dialysis-requiring AKI had higher long-term risks of coronary
events. Neurologic function can be compromised by uremic toxins, inducing sei-
zures, altered mental status, and decreased attention. And while hepatorenal syn-
drome describes kidney dysfunction secondary to liver disease, it appears the
reverse may be true also: AKI-related toxic metabolites can negatively influence
liver function, though the exact interaction remains an area of study.

Thus, renal failure can begin a cascade of organ dysfunction throughout the
body. While exact mechanisms remain to be elucidated, the area of study brings
potential for future areas of treatment and disease management.

15.2.6 Mortality Rates

The correlation between renal failure and mortality is well established. In the gen-
eral ICU population, despite improvements in the management of acute renal fail-
ure, mortality rates have tended towards about 50% [27]. This mortality rate, in
particular, is despite the use of various renal replacement therapies [28]. At time of
hospital discharge, 5-20% of these AKI patients remain dialysis dependent [28].

In trauma patients requiring ICU admission, the development of renal failure
within the first 24 h is an independent risk factor for mortality. In a study of 1044
Scandinavian trauma patients admitted to the ICU, those with renal failure were
30-times more likely to have in-ICU mortality compared to their non-renal failure
counterparts [29]. In Australia and New Zealand, it was shown that worsening
degree of renal failure was also associated with increased mortality in a stepwise
fashion [30].

High mortality was also present in post-traumatic renal failure patients not
admitted to the ICU. Morality rates in the civilian trauma population with AKI have
been reported as high as 27-38% [12, 23], with those patients having three times the
risk of death compared to the baseline trauma population [13]. The combat casualty
population exhibits a similar behavior, with the mortality rate with AKI being
13.1-21.5% versus 1.5-2.3% for non-AKI patients [16, 31].

15.3 Individual Causes and Specific Management

The causes of acute kidney injury in the trauma population are often multifactorial.
Historically, renal insufficiency has been described as prerenal, intrinsic renal, or
post-renal [27]. This description is useful as it correlates to the underlying root
cause of renal failure.
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15.3.1 Prerenal Causes of Renal Failure

15.3.1.1 Hypovolemia and Hemorrhagic Shock

The kidneys together utilize 20-25% of cardiac output under normal conditions but
extract only 10% of oxygen from the blood [32]. Blood flow into and beyond the
glomerulus is regulated by afferent and efferent arteriole tone. While some effluent
is forced out of the glomerulus and into the renal tubules for solute management,
un-excreted blood continues beyond the glomerulus to provide oxygenation for the
nephron. In the setting of trauma, hypovolemia leads to decreased renal perfusion
pressure. At the expense of post-glomerular oxygen delivery, the renin—angioten-
sin—aldosterone axis is activated to maintain afferent and efferent arteriole tone.
Thus, while overall renal blood flow and oxygenation is decreased, glomerular fil-
tration is preserved. Renal oxygen demand of the nephron, however, remains high
to support sodium reuptake and volume retention. As arterial pressure continues to
fall, loss of autoregulation results in renal ischemia and decreased glomerular filtra-
tion. For trauma patients, this is the most common cause of renal insufficiency [27].
In the setting of hemorrhage, loss of oxygen carrying capacity can further ischemic
insults to the kidney [33]. Renal hypoperfusion may be exacerbated by further vaso-
constriction, which can be mediated by prostanoids, cytokines, and vasopressors
[27]. At the biochemical level, low tissue oxygenation induces the expression of
hypoxia-inducible factor-la (HIF-1a), which is an adaptive protein for hypoxia.
With continued hypoxia, there is the loss of the tubule brush border and desquama-
tion of tubular cells into the tubular lumen. These changes mark a histologic pres-
ence of acute tubular necrosis. With resuscitation and restoration of oxygen delivery,
oxygen-free radicals are produced, while superoxide dismutase activity drops, thus
triggering cell apoptosis. Other biochemical mediators implicated in renal injury
include nuclear factor-Kappa B, tumor necrosis factor-a, and IL-6. Experimentally,
lowering oxidative stress improves renal function and creatinine clearance [33].

Completeness of resuscitation remains at the vanguard of treating patients in the
prerenal state.

Alfred Blalock in the 1930s identified shock as a state of hypovolemia; previous
to this it was thought that shock was brought on by circulating toxins [34]. By the
Vietnam War era, it was recognized that simply returning blood volume to a bleed-
ing patient was insufficient. Owing to the “third spacing” of fluid, trauma patients
required additional resuscitation beyond their acute blood loss amount. An early
study highlighted the declining incidence of traumatic renal failure between the
1950s and 1980s, possibly owing to the improved resuscitation between these eras
[35]. Another study in trauma patients compared the first and second 10-year peri-
ods between 1972 and 1991. It was noted that with improved resuscitation (as well
as improved trauma care overall), renal failure rates dropped from 8.4% to 3.7% and
mortality improved from 37% to 22% [36]. This gave rise to an era of large-volume
crystalloid resuscitation. It was noted that resuscitation with a balanced solution,
such as Plasmalyte, may result in decreased hyperchloremic acidosis but it was
unclear if renal function or mortality were improved [33]. It became clear, however,
that over-resuscitation led to significant problems, including acute respiratory
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distress syndrome, abdominal compartment syndrome, and mortality. Investigations
began into alternatives to crystalloid solutions, such as synthetic colloids and hyper-
tonic saline. Resuscitation with hydroxyethyl starch (HES) solutions, a synthetic
colloid, theoretically maintains oncotic pressure. Multiple studies, including those
specific to trauma patients, have demonstrated an association between HES and
renal failure. The use of HES is no longer recommended [22]. Investigations into
hypotonic saline showed early mortality in trauma patients and overall no better
outcomes in comparison to standard fluids [37].

Currently, the focus on trauma resuscitation has now transitioned towards a
damage-control-resuscitation strategy, with relative permissive hypotension (espe-
cially in penetrating trauma) until bleeding control is obtained. Additionally, the
fluid of choice has transitioned to early administration of blood, though there have
been relatively few trial data to guide this. There has arisen, however, a focus on
giving whole blood if possible. Giving whole blood has been standard practice in
the military, though it had not been well studied in the civilian setting. In 2011, a
civilian retrospective cohort study with 353 massively transfused trauma patients
compared unrefrigerated whole blood to standard fractionated units. The whole
blood group had better coagulation laboratory markers but there was no difference
in amount of blood transfused or mortality [38]. Military studies regarding fresh
whole blood have been conflicting [39, 40].

The debate regarding whole blood continues. In 2013, a civilian randomized trial
of 107 trauma patients was published. Patients were randomized between modified
whole blood (leukocyte depleted cold-stored whole blood) versus component ther-
apy. There was no difference in overall transfusion volumes. In subgroup analysis of
patients without traumatic brain injury, however, the modified whole blood group
demonstrated less transfusion volume [41]. The optimal level and method of resus-
citation remains to be clarified.

15.3.1.2 Hypovolemia and Sepsis in the Trauma Patient

While severity of injury often dictates early mortality in trauma (including on-scene
deaths and mortality within the first 24-h at a trauma center), sepsis represents a
significant aspect of late (“trimodal”) deaths in the trauma population. A corner-
stone of sepsis management is early utilization of antibiotics and appropriate source
control. Early work by Shoemaker in the 1980s and 1990s suggested that attaining
optimal physiologic parameters for oxygen delivery would decrease mortality in
critically ill patients [42]. From this developed the notion of goal-directed therapy,
including volume expansion guided by central venous pressure and vasopressors to
attain adequate blood pressure. Rivers’ seminal 2001 study suggested that early
application of goal-directed therapy was key to improved outcomes [43]. Subsequent
randomized controlled trials of early goal-directed therapy vs. “usual care” (ARISE,
ProCESS, and ProMISe) failed to show improvement in mortality [44—46]. While a
criticism of these trials is that even “usual care” patients are receiving improved
resuscitation than in the past, it appears that large-volume resuscitation to attain
central venous pressure goals and central or mixed venous oxygenation values in of
themselves do not lend to improved mortality. While undoubtedly volume
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resuscitation remains important, the optimal physiologic marker remains to be seen.
As a result, the 2016 surviving sepsis campaign guidelines recommend frequent
reassessment of volume status [47]. Volume status can be assessed by passive leg
raise, cardiac ultrasonography, and pulse-pressure or stroke volume variation in
mechanically ventilated patients.

15.3.1.3 Abdominal Compartment Syndrome

Abdominal compartment syndrome can create a prerenal condition similar to shock.
Kron et al. published a series in 1983 of post-operative patients that developed
increased abdominal pressure (as evidenced by bladder-pressure measurements) as
well as new onset renal failure. The patients’ renal failure resolved with re-
laparotomy and abdominal decompression. We now define abdominal compartment
syndrome as bladder-pressure measurements higher than 20 mmHg with new-organ
failure. Abdominal compartment syndrome may be present in an upwards of 37% of
trauma patients, with pelvic or abdominal injuries leading to arise in intra-abdominal
pressure. In rare cases, patients without intraabdominal injury can get abdominal
compartment syndrome due to large-volume resuscitation. Fluid resuscitation vol-
ume has been linked to the risk of abdominal compartment syndrome in trauma
patients, as well as trauma patient mortality [48, 49]. The proportion of compart-
ment syndrome patients with AKI has been reported to be 42%.

Several hypotheses have been proposed in regard to the underlying pathophysiol-
ogy for abdominal compartment syndrome. One hypothesis is that abdominal pres-
sure causes external renal parenchymal compression, thus leading to decreased
renal perfusion pressure and decreased glomerular filtration rate (GFR). A 1982
study used anesthetized dogs in which intra-peritoneal bags were inflated to simu-
late abdominal compartment syndrome. As intra-abdominal pressure increased, car-
diac output, renal blood flow, and glomerular filtration rate all decreased. Volume
expansion corrected cardiac output, but renal blood flow and GFR remained low.
This suggested that compartment syndrome was not related to cardiac output
changes, but to the local pressure surrounding the retroperitoneum [50]. It appears,
however, that compression of the kidney itself is not sufficient to cause compart-
ment syndrome. A 2000 study using a swine model demonstrated that external renal
compression did not decrease GFR or renal artery flow [51]. Instead, it appears that
venous compression is the underlying pathophysiology. A separate swine model
study from the same group showed that increasing pressure on the renal vein pro-
duced the characteristic decrease in GFR and renal artery flow [52].

Regardless of the underlying cause, the World Society of the Abdominal
Compartment Syndrome recommends use of bladder pressure to measure intra-
abdominal pressure. Decompressive laparotomy is the historical and recommended
therapy for overt abdominal compartment syndrome. In a subgroup analysis of
patients with non-traumatic brain injury, it was found that neuromuscular blockade
decreased intra-abdominal pressure (as well as intracranial pressure) [53]. Thus,
brief trials of neuromuscular blockade are permissible as a temporizing measure.
Enteral decompression with nasogastric or rectal tubes may be beneficial. In set-
tings of large amount of ascites contributing to abdominal pressure, percutaneous
drainage is reasonable [54].
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15.3.1.4 Respiratory Compromise as a Cause of Renal Failure
Respiratory failure can influence renal failure by several mechanisms. Severe
hypoxemia (PaO, <40 mmHg) can lead to reduced renal blood flow and renal insuf-
ficiency. Though the evidence is less clear in mild hypoxia, even a smaller reduction
in PaO, can induce renal dysfunction. Additionally, mechanical ventilation induces
an increase in intra-thoracic pressure, initiating a decrease in cardiac preload and an
increase in right-heart afterload. The resulting decrease in cardiac output decreases
renal perfusion. Elevated levels of positive end-expiratory pressure (PEEP) can
exacerbate this effect. Furthermore, inflammatory mediators released from the lung
due to intrinsic lung disease and mechanical ventilation can enter the systemic cir-
culation and compound renal failure [55].

15.3.1.5 Traumatic Brain Injury

The use of mannitol in traumatic brain injury deserves specific mention. AKI can be
present in as much as 23% of patients with traumatic brain injury [56]. Patients with
AKI tended to be older, had lower GCS at admission, and had higher mortality and
worse outcomes. However, in a separate study of 171 TBI patients, use of mannitol
was identified as an independent risk factor for AKI. Furthermore, elevated doses of
mannitol were correlated with higher risks for AKI. While causation cannot be
inferred from the study, adequacy of resuscitation should be considered before giv-
ing mannitol [57].

15.3.2 Intrinsic Causes of Renal Failure

15.3.2.1 Rhabdomyolysis

Rhabdomyolysis, or the breakdown of striated muscle, is a significant cause of
intrinsic renal failure. Rhabdomyolysis in trauma patients usually occurs due to
crush injuries, seizure, prolonged immobilization, reperfusion after ischemia, or
significant hemorrhage into a muscle compartment [58]. The resulting release of
myoglobin into the systemic circulation can cause renal injury due to a direct cyto-
toxic mechanism, renal vasoconstriction, and renal tubular obstruction [59-62].
Hypovolemia, hyperthermia, electrolyte disturbances, and pre-existing conditions
can worsen the clinical syndrome [58]. As measuring myoglobin directly can be
more costly, creatine kinase (CK) levels are more often measured. In the largest
study of rhabdomyolysis in trauma to date, involving more than 2000 patients,
abnormal CK levels were measured in 85% of trauma patients [63]. The most con-
cerning implication, however, is the potential for renal injury. The level of CK asso-
ciated with an increased renal injury is unclear but has been reported between 500
and 75,000 units/L [63].

In the setting of traumatic rhabdomyolysis, it is important to survey for compart-
ment syndrome. Patients with compartment syndrome require urgent fasciotomy to
release compromised muscle groups. Following any required surgical therapy, med-
ical treatment strategies include vigorous hydration to promote renal perfusion and
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to dilute myoglobin levels, alkalization of urine to prevent myoglobin deposition
within the renal tubule, and mannitol for renal vasodilatation and free-radical
scavenging.

The volume of fluid resuscitation in rhabdomyolysis has been advocated as high
as 1.5 L NaCl 0.9% per hour during the prehospital phase than 12 L/day hypotonic
crystalloid (NaCl 110 mmol/L and bicarbonate 40 mmol/L in glucose 5%) after-
wards [33]. This is a large volume, however, and carries the risk of fluid overload
and respiratory failure. More contemporary volume goals are 3—6 L in the first 24 h
and use of hemodynamic monitoring to guide further resuscitation [33].

Though there are no randomized trials involving the use of mannitol, this osmotic
diuretic is thought to protect against rhabdomyolysis-induced AKI by its hydroxyl-
free radical scavenger action. Mannitol also increases the volume passing through
the renal tubule, potentially preventing myoglobin cast formation [64].

The addition of intravenous bicarbonate to alkalinize the urine is based on labo-
ratory data that at a urine pH >6.5, only 4% of myoglobin aggregates. In compari-
son, at a pH of less than 5, 70% of myoglobin aggregates. While the theoretical
underpinning for bicarbonate is reasonable, its clinical effectiveness remains con-
troversial. A 2004 study stratified 2083 trauma patients into those that had received
the combination of bicarbonate and mannitol, and those that did not receive combi-
nation therapy. Initiation of the bicarbonate and mannitol combination was deter-
mined by physician preference. The combination of bicarbonate and mannitol did
not prevent renal failure, dialysis, or mortality [63].

15.3.2.2 lodinated Contrast Nephropathy
Iodinated contrast materials were developed in the 1920s with the first contrasts
highly hyperosmolar, often up to 2200 mOsm/kg. This is much more concentrated
than the typical 300 mOsm/kg of normal serum [65]. Used initially to produce intra-
venous urograms, hyperosmolar contrasts induced fluid shifts from the extravascu-
lar space and into the vascular space, potentially predisposing patients to heart
failure. These contrast media also induced vasoconstriction in the kidney, poten-
tially decreasing renal perfusion. Contrasts also appeared to have a direct nephro-
toxic effect. The use of such hyperosmolar contrasts has declined in favor of less
hyperosmolar formulations (780-800 mOsm/kg) and later iso-osmolar formula-
tions. And while contrast formulations are technically improved from their earlier
versions, there has been no consensus definition for contrast-induced nephropathy.
There have been no randomized trials involving contrast, and existing studies
have been hampered by confounding variables such as sepsis, diabetes, and critical
illness. However, a 2009 study involved data from 5.9 million patients with multiple
disease processes; patients who had received iodinated contrast were matched to
those who had not received iodinated contrast. The risk of AKI in patients receiving
and not receiving contrast was identical (5.5% vs. 5.6%, respectively) [66]. In a
2012 study of 571 ICU-admitted trauma patients, use of iodinated contrast was not
found to be a risk factor for the development of AKI. [67] More recently, a consen-
sus statement from the American College of Radiology and the National Kidney
Foundation concluded that the risk of renal failure following intravenous contrast
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administration is lower than previously feared [68]. They suggest, nevertheless, vol-
ume expansion with normal saline prior to intravenous contrast administration in
patients with an estimated glomerular filtration rate less than 30 mL/min/1.73 m?.
Thus, while iodinated contrast materials still carry the potential of nephrotoxicity,
their judicious use in the trauma population appears safe.

15.3.2.3 Other Causes of Nephrotoxicity

In the trauma population, it is also important to consider the presence of nephro-
toxic agents. Toxic ingestions can precipitate renal failure. Multiple medications,
including antibiotics and nonsteroidal anti-inflammatory drugs, can induce and
worsen renal dysfunction [27]. While treatment usually involves removing the
nephrotoxic insult and supportive therapy, renal replacement therapy can be consid-
ered on an individual basis.

15.3.3 Post-renal (Obstructive) Causes of Renal Failure

Post-renal obstruction represents a minority of the causes of acute kidney injury in
the trauma population. Obstruction to the collecting system can occur due to neph-
rolithiasis or prostatic hypertrophy or direct traumatic injury. Urinary retention due
to various causes, as well as urinary catheter obstruction, can produce post-renal
failure. Treatment overall involves restoring the pathway for urine clearance.

15.4 Managing Persistent Renal Failure: Volume
Management and Renal Replacement Therapy

While we have described a specific approach to acute kidney injury based on under-
lying etiology, many patients worsen in their renal failure so that diuretic therapy or
renal replacement therapy is needed.

Diuresis is usually considered on an individualized basis to improve respiratory
status, manage potassium levels, or reduce total body edema. Its use, however,
should be judicious and thoughtful. A 2002 study involving 552 ICU patients con-
sidered the use of diuretics on the day of and first week after nephrology consulta-
tion. The use of diuretics in these critically ill patients with renal failure was
associated with mortality and non-recovery of renal function [69]. Though causa-
tion could not be inferred, the authors cautioned that the widespread use of diuretics
in renal failure should be discouraged. Thus, the most recent KDIGO guidelines
recommend against the use of loop diuretics given solely for the prevention of acute
kidney injury. The use of diuretics to control fluid overload in diuretic-responsive
patients is considered permissible [8].

Persistent renal failure may require renal replacement therapy (RRT). Traditional
indications for RRT are recalled by the AEIOU mnemonic: acidosis, electrolyte
abnormalities, toxic ingestions, fluid overload, and uremia (Table 15.7) [70].

There has been significant debate between early and late initiation of dialysis.
Early dialysis has the theoretical benefit of providing additional support and
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Table 15.7 Traditional indications for renal replacement therapy (adapted from Tandukar S,
Palevsky PM. Continuous Renal Replacement Therapy: Who, When, Why, and How. Chest.
2019;155(3):626—638. https://doi.org/10.1016/j.chest.2018.09.004)

Traditional indications for renal replacement therapy

Acidosis RRT may be initiated for pH less than 7.1-7.2 or serum bicarbonate less
than 12—15 mmol/L

Electrolyte RRT is used in a variety of electrolyte abnormalities, but a common

abnormalities threshold is hyperkalemia above 6.5 despite medical management

Ingestions of Toxic alcohols, lithium, salicylate, valproic acid, and metformin are

toxins or drugs dialyzable agents

Overload While there are no prospective data for specific volume thresholds, RRT is

used when volume overload is refractory to diuresis, or when it
compromises respiratory or cardiac functions

Uremia While RRT is indicated for late uremic complications (pericarditis and
encephalopathy), it is also used in persistent azotemia prior to the
precipitation of overt uremic manifestations

preventing worse organ failure or laboratory deterioration. In contrast, a delayed ini-
tiation strategy may prevent the need for dialysis at all. A recent trial of early and late
dialysis was published in 2016 and involved 620 patients with KDIGO Stage 3
AKI. The study randomized patients into early dialysis (at time of randomization) vs.
late dialysis (by threshold laboratory parameters or if persistent oliguria 72 h after
randomization). One hundred fifty-one patients in the late group did not undergo dial-
ysis. There was no difference in 60-day mortality. The delayed dialysis group, how-
ever, was noted to have earlier return of diuresis, a marker of renal recovery [71].

While multiple modalities of renal replacement therapy are available, of first
consideration is intermittent hemodialysis (IHD). A time efficient modality, IDH is
usually accomplished over about 3 h three times a week. In some patients, if required
for hemodynamic reasons or solute clearance needs, dialysis times can be extended
or dialysis performed more often.

Because of the hemodynamic changes brought on by intermittent dialysis, efforts
were made in the 1970s to develop a continuous form of renal replacement therapy
(CRRT). In 1977, Peter Kramer performed the first CAVH (continuous arteriove-
nous hemofiltration) treatment in Gottingen, Germany [72]. Inflow to a filter device
was supplied by an arterial cannula and dependent on the patient’s own cardiac
output. A venous cannula returned blood to the patient. With the development of
roller pumps and better double lumen catheters, veno-venous forms of CRRT
developed.

Perhaps the simplest form of continuous dialysis is sustained low efficiency dial-
ysis (SLED), which is used to provide fluid clearance without electrolyte
modification.

Continuous veno-venous hemofiltration (CVVHF) utilizes a “replacement fluid”
with a pre-set electrolyte concentration, which is introduced to the blood flow cir-
cuit in either a pre-filter fashion, post-filter fashion, or a combination of the two. In
this convective process, hydrostatic pressure pushes solute molecules and fluid out
of the filter to deliver fluid and electrolyte clearance of small molecules, such as
potassium, urea, and creatinine. A “solvent drag” effect contributes to the partial
clearance of some larger molecules, such as myoglobin.
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Continuous veno-venous hemodialysis (CVVHD) utilizes a dialysate with a pre-
set electrolyte concentration to flow through the filter in counter-current manner.
The resulting concentration gradient clears fluid and electrolytes by diffusion.
While CVVHD is more efficient than CVVHF at small molecules (such as potas-
sium, urea, and creatinine), its ability to clear larger molecules is limited.

Continuous veno-venous hemodiafiltration (CVVHDF) is the most complex pro-
cess and combines CVVHF with CVVHD. It utilizes a replacement fluid to produce
solute clearance by convection and a dialysate to promote solute clearance by diffusion.

Overall, however, there have been no firmly demonstrated outcomes benefits
from the use of continuous forms of dialysis over IHD. One early comparison of
CRRT and IHD showed that CRRT was associated with improved cardiac output,
improved blood pressure, and more stable intracranial pressure [73]. Not all studies
consistently showed this, however, and a crossover randomized clinical trial involv-
ing 27 patients failed to show improvement in hemodynamic parameters [74]. A
different randomized trial of 30 septic shock patients found that while CRRT
improved hemodynamic parameters, it did not improve makers of perfusion such as
gastrointestinal pH values [75].

While hemodynamic improvement is desirable, the true question lies regarding
clinical outcomes.

A multicenter, randomized, controlled trial involving 166 patients was conducted
comparing IHD and CRRT [76]. Initially, it appeared that continuous therapy was
associated with an increase in ICU mortality (59.5% vs. 41.5%, p < 0.02) and in-
hospital mortality (65.5% vs. 47.6%, p < 0.02) relative to intermittent dialysis. On
further analysis, despite randomization, it was found that the IHD group had better
baseline characteristics, and in particular lower hepatic failure rates, lesser APACHE
IT and IIT scores, and a lesser number of failed organ systems. After accounting for
the baseline differences in the groups, there was no difference in survival.

Other randomized trials with smaller accrual sizes also did not demonstrate a
survival benefit [77, 78]. Thus, while the Kidney Disease: Improving Global
Outcomes (KDIGO) Clinical Practice Guideline for AKI recommends the use of
CRRT for patients who are hemodynamically unstable, the strength of this recom-
mendation is low.

By definition of chronic kidney disease, patients who continue to have renal dys-
function after 3 months are characterized as having CKD. Many of these patients
require maintenance diuretic therapy. The fraction of trauma patients requiring renal
replacement therapy after discharge is uncharacterized. However, in the general ICU
population, patients with AKI requiring dialysis have a 50-60% mortality rate; 5-20%
remain dialysis dependent at time of discharge [28]. In those receiving CRRT, the
intensity of renal replacement therapy does not affect long-term dialysis need [79].

Renal failure in trauma continues to be a significant source of morbidity and
mortality. Management begins with addressing volume status, intrinsic renal pathol-
ogies, as well as potential urinary outflow issues. Many patients will progress to
needing diuresis or renal replacement therapy. A small minority may require ongo-
ing dialysis after discharge (Fig. 15.1). Successfully managing renal insufficiency
requires an understanding of the entire spectrum from acute kidney injury to chronic
kidney disease.
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Trauma patients at risk of Acute Kidney Injury

Management of Pre-renal
Pathologies:

- Adequate resuscitation
and source control of
hemorrhage

- Correction of abdominal
compartment syndrome

- Management of
respiratory failure

- Treatment of traumatic
brain injury with attention
to volume status

Management of
Post-Renal Pathologies

Management of Intrinsic
Renal Pathologies

- Correction of urinary
obstructive processes

- Management of
rhabdomyolysis with
attention to volume
resuscitation, mannitol for
osmotic diuresis once
volume status optimized,
potential use of
bicarbonate, and
fasciotomy when
indicated

- Attention to potential
contrast nephropathy

If refractory AKI despite management of underlying cause:

Consider careful diuresis to maintain respiratory and cardiac

end-organ function

Renal replacement therapy if indicated

Hemodynamically stable without
vasopressor requirement:
consider intermittent dialysis

Hemodynamically unstable or
significant vasopressor requirement:
consider continuous renal replacement
therapy

If long-term impairment in kidney function beyond three months duration:
Patient has progressed to Chronic Kidney Disease

- Management of medical comorbidities, diuresis, and/or renal replacement therapy as

needed on an ongoing basis

Fig. 15.1 A systematic approach to acute and chronic kidney injury in trauma
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16.1 Bone Marrow as an Organ
16.1.1 Bone Marrow Architecture and Function

Bone marrow is found in the bony matrix of trabecular bone within long and axial
bones and is an essential organ for the storage and maturation of haematopoietic
cells, which give rise to all cells of the blood and immune system. In addition to
haematopoietic progenitors, bone marrow contains stromal, non-haematopoietic
cells that are not only involved in the maintenance of bone and marrow tissue, but
are essential for the growth, differentiation and migration of haematopoietic pro-
genitors through their expression of growth factors, adhesion molecules and chemo-
kines. The cellular architecture within the bone marrow is highly organized and
heterogeneous, with the progenitor cells positioned in niches around the capillary
structure and stromal cells according to the level of maturation. These “haematopoi-
etic niches” allow specialized differentiation to occur; however, it should be noted
that the cell types and factors involved in different haematopoietic niches are still
areas of active discovery and what is presented here represents our current
understanding.

The vasculature of the bone marrow consists of sinusoidal capillaries concen-
trated close to the endosteum, comprising a discontinuous single endothelial layer
capillary networks with a central draining sinus which form the sites of bone mar-
row cell egress into the circulation, as well as free movement of plasma proteins and
molecules into the bone marrow tissue [1]. Endosteal bone surfaces contain osteo-
blasts (bone forming cells) and osteoclasts (bone absorbing cells) [2]. Adipocytes,
which make up 70% of bone marrow volume in adults are distributed throughout the
bone marrow and act as an energy source with additional endocrine roles and
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secretion of factors that can regulate haematopoiesis [3]. Mesenchymal stem cells
(MSCs) give rise to osteoblasts and adipocytes but have also been shown to play a
direct role in promoting haematopoiesis by localizing to sinusoids [2]. Similarly,
endothelial cells of the sinusoids also support haematopoiesis beyond direct contact
through secretion of paracrine factors [4]. Macrophages perform essential roles in
supporting and regulating haematopoiesis, particularly erythropoiesis [5]. Bone
marrow function is also controlled by autonomic inputs, which contact both bone
marrow blood vessels and bone marrow cells [6], particularly the stromal cells [7],
as a way of indirectly modulating haematopoiesis.

16.1.1.1 Haematopoiesis

Haematopoiesis refers to the expansion of haematopoietic progenitor cells and mat-
uration into mature blood cells. Haematopoiesis begins with pluripotent haemato-
poietic stem cells (HSCs) that are associated with the endosteum (endosteal niche),
ensuring that they remain in the bone marrow, or to a greater extent, with haemato-
poietic niches adjacent to sinusoids (perivascular niche) that are fostered by special-
ized MSCs [8]. Endosteal HSCs are relatively quiescent and are thought to be the
long-term reservoir of HSCs, while perivascular HSCs have higher proliferative
activity and are thus thought to meet haematopoietic demands over the short term or
be available for release into the circulation in their undifferentiated form [9]. The
first stage of haematopoiesis results in the differentiation of HSCs into multipotent
progenitors that expand and differentiate into either common myeloid or lymphoid
progenitors, which actively proliferate and give rise to cells of the myeloid lineage
(erythrocytes, megakaryocytes, monocytes, macrophages, dendritic cells, neutro-
phils, eosinophils, basophils and mast cells) and lymphoid lineage (B and T lym-
phocytes and natural killer cells) [10]. Active haematopoietic bone marrow is known
as red bone marrow, existing in all bones at birth. Over time, this is replaced by
yellow bone marrow (mainly in the extremities) [11], where MSC-derived adipo-
cytes accumulate and where the bone marrow no longer supports haematopoiesis
[3]. However, this process is reversible and dynamic in times of increased demand
[12]. Overall, the process of steady-state haematopoiesis is under a mixture of tran-
scriptional and environmental control according to the niche microenvironment, but
in times of acute changes to circulating blood cells, or requirements for increased
turnover, humoral and neuroendocrine control can accelerate, regulate and skew the
cellular output from the bone marrow by promoting the maturation of committed
progenitors, referred to as emergency haematopoiesis [13]. Haematopoiesis also
occurs outside the bone marrow (e.g. spleen, thymus); however, this will not be
discussed in this chapter.

16.1.1.2 Erythropoiesis

The process of erythrocyte maturation, erythropoiesis, begins with common myeloid
progenitors differentiating into committed megakaryocyte-erythroid progenitors,
which undergo a series of differentiation steps to form erythrocyte progenitor cells
(BFU-E and CFU-E) according to factors such as glucocorticoids and SCF for
BFU-E expansion and erythropoietin (EPO) for CFU-E expansion [14]. CFU-E
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cells differentiate into pro-erythroblasts that begin to condense chromatin, reduce
cell size, express the transferrin receptor for iron acquisition, synthesize haemoglo-
bin and associate into specialized units called erythroblastic islands that are distrib-
uted throughout the bone marrow. Erythroblastic islands consist of a central
macrophage encircled by a crown of up to 5-30 erythroblasts that are cradled by
dendritic processes [15]. As erythroblasts mature, this unit moves along the ECM
towards the sinusoids [16], the central macrophage providing growth factors and
iron for erythrocyte progenitors (although the form of iron is currently unknown)
[17]. Upon the maturation into reticulocytes, nuclei and mitochondria are extruded
and phagocytosed by the central macrophage [18]. Reticulocytes then contact sinu-
soids and enter the circulation, where they undergo the final stages of cytoskeletal
remodelling to develop the classical biconcave morphology of the mature erythro-
cyte [19]. From HSC to mature erythrocyte, erythropoiesis takes approximately
14 days in humans, resulting in an output of 2.5 million erythrocytes per second
amounting to 220 billion erythrocytes per day [20].

A major regulator of erythropoiesis is EPO, which under hypoxic conditions is
produced by the kidney and transported from the circulation into the bone marrow,
where it stimulates erythropoiesis, especially at the CFU-stage, increasing the num-
bers of cells surviving to maturity [21].

16.1.1.3 Megakaryopoiesis

Megakaryopoiesis, the process by which platelet-producing megakaryocytes are
formed, also begins with common myeloid progenitor-derived megakaryocyte-
erythroid progenitor cells; however, the maturation pathway is not as well under-
stood as erythropoiesis. Megakaryocytes can also be generated directly from
long-term HSCs [22]. Megakaryoblasts reside in the endosteal niche [23] and are
driven to proliferate via the actions of osteoblast-derived thrombopoietin (TPO)
[24] and mature and migrate towards sinusoids via stromal-derived chemokines and
growth factors [25]. Prior to being fully mature, megakaryocytes undergo a process
called endomitosis, where the genome and other cytoplasmic components are repli-
cated up to 64 times, producing a large (~150 pm) cell [26]. Mature megakaryocytes
then interact with the sinusoids, extruding long processes called proplatelets into the
vascular lumen, which directly release platelets into the circulation [27] and result-
ing in the turnover of 100 billion platelets per day [28]. More recently it has been
shown that megakaryocytes also migrate to the lungs to produce platelets [29].

16.1.1.4 Myelopoiesis

Myelopoiesis refers to the maturation of cells that ultimately become granulocytes,
monocytes, macrophages and dendritic cells. Granulopoiesis, the process by which
neutrophils, basophils, eosinophils and mast cells are formed, begins with common
myeloid progenitors differentiating into granulocyte—-monocyte progenitors.
Expansion of this pool is promoted by granulocyte-macrophage colony stimulating
factor (GM-CSF) [30]. Differentiation into myeloblasts is the first step of commit-
ted granulopoiesis, driven by circulating granulocyte colony stimulating factor
(G-CSF) [31] where cells will form increasing numbers of granules and undergo
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distinctive changes in nuclear morphology. At this point of differentiation, levels of
different cytokines govern the maturation into neutrophils, eosinophils, basophils
and mast cells, with neutrophils being the predominant endpoint, taking 12 days to
complete maturation [32]. A large number of mature neutrophils remain associated
at sinusoids for 4-6 days [33], available for rapid release during the inflammatory
response. Under non-disease states, granulopoiesis produces approximately
0.5-1 million cells per second, amounting to 50—100 billion cells per day [34].

Monoblasts develop from the granulocyte-monocyte progenitors and mature into
monocytes over 6 days [35]; however, a large storage pool of immature monocytes
exist in the bone marrow, which can undergo the final stages of maturation in 2 days
[36]. Unlike neutrophils, monocytes are released into the bloodstream upon matura-
tion without any mature bone marrow reservoir, after which they spend 1-3 days in
the circulation [36] and migrate into tissues where they can further proliferate and
differentiate into macrophages and dendritic cells.

16.1.1.5 Lymphopoiesis

Common lymphoid progenitor cells differentiate into either B-cell progenitors or
progenitors of T-cells and natural killer cells. B-cell maturation includes rearrange-
ment of the Ig heavy chain variable region [37] and occurs under the influence of
local stromal factors which also localize maturing B-cells to define niches accord-
ing to their maturation level [38]. Immature B-cells that express the B-cell receptor
then localize to sinusoids; however, they remain attached to the vascular lumen [39],
forming a transient vascular bone marrow niche prior to migrating to secondary
lymphoid tissues. Additionally, mature plasma B-cells can be found in the bone
marrow [40]. T-cell progenitors leave the bone marrow early in their maturation,
with the remainder of their maturation occurring in the thymus, after which they
enter the circulation as fully mature T-cells [41]. The development of natural killer
cells is poorly understood; however, early development is known to occur in the
bone marrow, driven by IL-15 [42], with immature natural killer cells moving to
secondary lymphoid tissues to develop further [41].

16.2 The Response of Bone Marrow to Injury and Shock
16.2.1 Clinical Signs

Critically ill trauma patients typically demonstrate an immediate and sustained sys-
temic inflammatory response which in some evolves over the following weeks into
an immunosuppressed state with sustained inflammation and catabolism, resulting
in recurrent nosocomial infections, referred to as critical care illness syndrome and
PICS (persistent inflammation immunosuppression and catabolism syndrome) [43],
which is likely brought about (at least in part) by bone marrow failure.

The most overt sign of post-injury bone marrow failure is anaemia [44], and
consequently most bone marrow failure research is focused on this compartment.
Traumatic injury and haemorrhagic shock result in massive and immediate loss of
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red blood cells and despite multiple transfusions, severely injured patients fail to
maintain adequate red blood cell counts and develop persistent anaemia that is not
fully explained by blood loss [44] which can last beyond discharge from hospital
[45]. Traumatic injury causes a sharp increase in the number of circulating neutro-
phils [46] and the appearance of circulating immature neutrophils, which are ini-
tially greater in number in those who subsequently develop MOF/PICS [47] and
remain elevated [48]. For lymphocytes, traumatic injury produces an immediate
increase in circulating natural killer cells, which is associated with lymphopenia at
48 h and subsequent MOF [49]. While severe injury and shock cause initial loss and
consumption of platelets, critically ill trauma patients typically display transient
reactive thrombocytosis after approximately 1 week. Patients with multiple organ
failure have a delayed thrombocytosis compared to those without MOF; however,
paradoxically, post-injury thrombocytosis is associated with survival rather than
death [50].

16.2.2 Mechanisms

Following traumatic injury and haemorrhagic shock, high numbers of haematopoi-
etic progenitors have been measured in the circulation in the weeks following injury
[51]. Animal models demonstrate that these circulating progenitors migrate to sites
of injury and are essential to tissue repair processes [52]; however, in both animals
and humans, movement of bone marrow progenitors into the circulation is associ-
ated with a concomitant loss of bone marrow cellularity [44]. Specifically, there are
reduced numbers of erythroid progenitors in the bone marrow following injury and
a progressive shift towards myelopoiesis and away from erythropoiesis over the fol-
lowing week [44, 53], consistent with the clinical signs of persistent anaemia and
neutrophilia. In terms of the mechanism, animal studies have shown that post-injury
release of haematopoietic progenitors from bone marrow is mediated by activation
of sympathetic efferents in the bone marrow. After injury, noradrenaline released
from sympathetic terminals activates bone marrow macrophages to release the
damage-associated molecular pattern, HMGB-1, which in turn causes G-CSF
release [54]. G-CSF downregulates expression of stromal adhesion molecules, thus
mobilizing HCS and allowing egress into the circulation [55]. G-CSF also directly
drives the proliferation of neutrophil progenitors, which may further drive common
myeloid progenitors towards myelopoiesis, restricting the generation of erythroid
progenitors.

In addition to the actions of noradrenaline from sympathetic terminals in the
bone marrow, traumatic injury and haemorrhagic shock induce high concentrations
of circulating catecholamines that can be sustained for at least a week. While physi-
ological concentrations of catecholamines promote haematopoiesis, elevated nor-
adrenaline directly and potently inhibits proliferation of erythroid progenitors in
ex vivo studies [56] and animal models [57] but has no inhibitory effect on common
myeloid progenitors [56], providing another mechanism for the post-injury shift
towards myelopoiesis. Elderly trauma patients have been shown to have 4 times the
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amount of circulating noradrenaline [58] than younger counterparts, which could
contribute to the higher incidence and severity of post-injury anaemia in elderly
trauma patients [59].

Hypoxic conditions following traumatic injury stimulate increases in EPO,
which is markedly elevated in trauma patient plasma [44, 53, 60]. Under normal
conditions, EPO should stimulate erythroid progenitor growth; however, this is not
the case in trauma patients. Studies of EPO in the bone marrow indicate that despite
the high plasma concentration, EPO in the bone marrow of trauma patients remains
low [53] and the mechanism for this is currently unknown. In addition, EPO recep-
tor expression is downregulated in the bone marrow post-injury [53] most likely due
to the loss of EPO receptor-expressing erythroid progenitors.

Anaemia of inflammation refers to a global response to infectious threats,
whereby hepcidin, the master regulator of iron absorption, is increased in response
to IL-6 and as a result, iron absorption, transferrin saturation and transferrin protein
levels are markedly reduced to prevent microbes’ scavenging of host iron. Post-
injury inflammation produces the same response [61]. Studies of iron regulation in
post-injury bone marrow indicate that transferrin and ferroportin are increased [53],
but transferrin receptors decreased. Again, this could be due to low numbers of
transferrin receptor-expressing erythroid progenitors in post-injury bone marrow.

The post-injury inflammatory response causes neutrophil margination and infil-
tration into the tissues. Given their short half-life, circulating neutrophils need to be
replaced from the bone marrow stores in the hours to days following injury, thus
driving emergency myelopoiesis. Both bone marrow and plasma G-CSF are ele-
vated after traumatic injury [53], which stimulate expansion of neutrophil progeni-
tors. Over the longer term for ICU-admitted trauma patients, neutrophilia is
maintained; however, it has been shown that the function of neutrophils is
impaired [62].

Post-injury bone marrow has been shown to accumulate immunosuppressive types
of myeloid cells named myeloid-derived suppressor cells (MDSCs), which are also
found in cancer, sepsis, traumatic brain injury and burns [62]. MDSCs can be either
granulocytic or monocytic; the former cannot differentiate into mature neutrophils,
while monocytic MDSCs retain the ability to mature under certain conditions [62].
MDSCs are immunosuppressive through their ability to suppress T-cell function [63].
As well as their appearance in high numbers in the bone marrow, granulocytic MDSCs
are present in the circulation within 24 h of injury and remain detectable for weeks,
while monocytic MDSCs appear at later timepoints [62]. MDSCs have been shown to
be present at injury sites [62], with their assumed role being to limit inflammation and
T-cell responses, although this is still an active area of investigation.

16.3 Prediction and Diagnosis of Bone Marrow Failure

While bone marrow failure is a well-known feature of critially ill truma patients,
this is not caputured in the current MOF scales due to the lack of a consensus
definition and diagnostic tools. The above evidence suggests certain cell types
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and circulating biomarkers that could be used to monitor the bone marrow in
critically ill trauma patients (beyond circulating blood cell counts). Plasma
G-CSF has been shown to correlate strongly with subsequent anaemia in trauma
patients [51] and not with age, gender of injury severity, potentially making it a
suitable biomarker. Given that a hypercatecholamine state leads to increases in
G-CSF, mobilization of haematopoietic progenitors and reduced erythropoiesis,
endogenous circulating noradrenaline is another candidate biomarker for bone
marrow status, however, given that critically ill trauma patients may receive
noradrenaline for shock management, this may confound its diagnostic utility.
Given that MDSCs are present in the circulation and represent dysfunctional
myelopoiesis, the number of circulating MDSCs may also allow the severity of
bone marrow dysfunction to be assessed; however, characterization of MDSCs
is not currently routine. Elevated hepcidin also has the potential to reflect the
extent and duration of anaemia [61]. Hepcidin is known to increase after blood
transfusions due to the free iron, so correcting for recent transfusions may be
required.

16.4 Therapeutic Options for Post-injury Bone
Marrow Failure

With anaemia being the most overt manifestation of post-injury bone marrow fail-
ure, therapies targeted to the erythroid compartment and maintenance of red cell
counts/haemoglobin levels are the standard of care, including packed red cell trans-
fusions. Given that the most drastic changes to bone marrow function occur shortly
after injury, the possibility remains that early preventative therapies aimed at pro-
tecting the bone marrow could be successful.

16.4.1 EPO Therapy

Recombinant human EPO (epoetin alfa) has been trialled in critically ill patients
with the aim of stimulating erythroid progenitor growth and maturation. Weekly
EPO for up to 3 weeks did not decrease transfusion requirements, but did lead to an
increased haemoglobin at Day 29, and in a subgroup analysis, trauma patient mor-
tality at Day 29 was significantly reduced [64]. The authors postulate that since
transfusions were not decreased by EPO, the reduction in mortality was due to non-
haematopoietic, antiapoptotic effects of EPO. However, another possibility is the
reduction in myelopoiesis that could result from driving erythropoiesis under condi-
tions of limiting upstream progenitors, thus limiting the negative effects of neutro-
phil activation and MDSC expansion. However, this study did not examine any
myeloid-related variables. In another study, recombinant EPO was found to produce
no change in long-term functional outcomes of critically ill trauma patients [65].
Clinical trials of EPO in trauma patients are ongoing to better understand the spe-
cific benefits in post-injury anaemia.
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16.4.2 Targeting Iron Dysfunction

While iron dysregulation is clearly a contributing factor to persistent anaemia fol-
lowing injury, a clinical trial of iron supplementation found no effect on alleviating
anaemia or reducing transfusion requirements [66], possibly due to the myriad of
other factors preventing the generation of erythroid progenitors that would utilize
the iron.

Inhibition of hepcidin synthesis is a promising therapeutic option, with phase I
and II clinical trials demonstrating the ability to alleviate anaemia in critically ill
patients, including the use of high dose vitamin D [67]. This approach would not be
without its risks in the critically ill trauma population. Given that the anaemia of
inflammation evolved to limit the growth of bacterial pathogens, increasing iron
availability through hepcidin inhibition may increase infection rates in this already
immunosuppressed cohort, and infection rates would be an important variable to
include in any study of hepcidin inhibition.

16.4.3 Sympathetic Activation

Strong evidence from animal models of trauma and haemorrhagic shock indicate
that blockade of sympathetic activation of the bone marrow via beta-adrenergic
antagonist, propranolol, decreases G-CSF levels, reduces haematopoietic progeni-
tor release and alleviates post-injury anaemia [68, 69]. However, use of propranolol
in a clinical trial of trauma patients did not reduce transfusion requirements or alle-
viate anaemia, although it did markedly reduce mobilization of erythroid progeni-
tors into the circulation [70]. Also, given that shocked or septic trauma patients may
require exogenous noradrenaline, use of propranolol as a therapy may not be practi-
cal in such patients, since this competes with noradrenaline for the same binding
site of B-adrenergic receptors.

With the hypercatecholamine state demonstrated to be an essential trigger for the
post-injury changes in bone marrow dynamics, the current use of therapeutic nor-
adrenaline for shock management would no doubt exacerbate bone marrow failure
(although this has not been directly studied in humans). Use of non-catecholamine
vasopressors, such as vasopressin [71], may be able to minimize the severity of
progenitor loss from the bone marrow.

16.4.4 MSC Transplant

Allogeneic MSC transplantation is a potential therapy for bone marrow failure
aimed at restoring the haematopoietic niche and modulating dysfunctional haemto-
poietic progenitors. This is relevant to the trauma cohort, where significant stromal
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cell loss has been measured in bone marrow samples [44], although the mechanism
for this is not entirely clear, with post-injury mobilization from the bone marrow
and recruitment to sites of injury not shown directly in humans nor in animal mod-
els. Haematopoietic bone marrow cell transplants to restore depleted HSCs have the
inherent risks of graft-versus-host disease and the need for matched donors, which
is not practical for the acute bone marrow failure seen in critically ill trauma patients.
MSCs, however, have low immunogenicity [72] and can therefore be sourced from
readily available donor tissues, such as umbilical cord blood. Animal models of
trauma/haemorrhagic shock indicate that bone marrow failure is completely reversed
7 days after intravenous administration of MSCs [73]. Similarly, intravenous MSC
administration in animal models of bone marrow failure (via total body irradiation)
led to increases in white cell counts, haemoglobin, platelets as well as bone marrow
haematopoietic progenitors [74]. Despite these promising findings from animal
models, no human trials of MSC transplant in trauma patients have been under-
taken. MSC transplant in critically ill cohorts, such as ARDS [75], septic shock [76]
and COVID-19 [77] has been published, demonstrating safety and in some, effi-
cacy; however, these studies are focused purely on the immunomodulatory func-
tions of MSCs and thus no bone marrow related variables have been reported. MSC
transplant has been used in non-trauma instances of bone marrow failure, including
a number of pilot clinical trials/case studies in severe aplastic anaemia where partial
recovery of bone marrow failure was evident (increases in HSC engraftment, circu-
lating white blood cells, platelets and red blood cells) [74]. Similar findings have
been reported at 2 year follow-up in systemic lupus erythematosus patients receiv-
ing MSCs [78]. Altogether, these findings would suggest that allogeneic MSCs are
a promising therapeutic option for bone marrow failure that should be trialled in
critically ill trauma patients.

16.5 Conclusion

Post-injury bone marrow failure is a complex and not yet fully understood compli-
cation in critically ill trauma patients, with our current understanding indicating that
a hypercatecholamine state drives depletion of haematopoietic progenitors from the
bone marrow and inhibition of erythropoiesis. This is compounded by iron restric-
tion due to the post-injury inflammatory response. Parallel to the reduction in eryth-
ropoiesis is the increase in myelopoiesis, which becomes ineffective at infection
clearance due to the rise of MDSCs. Predicting and measuring the severity of bone
marrow failure is not currently standardized due to our incomplete understanding of
the pathophysiology. Future trials of different targets to increase erythropoiesis
show some promise for trauma patients and also provide important opportunities to
further study post-injury bone marrow responses in clinical scenarios.
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17.1 Introduction

The World Health Organization (WHO) defines near-miss morbidities as condi-
tions/events that would have resulted in a maternal death during pregnancy, child-
birth, or within 42 days after delivery if not for significant medical intervention [1].

The main criteria for identifying near-miss events are: multisystem failure or
severe organ system dysfunction (e.g., respiratory, cardiac, renal failure), need for
major intervention(s)/resuscitation (e.g., hysterectomy, intubation, intensive care
unit admission, transfusion), and/or serious category of disease (e.g., severe hemor-
rhage, eclampsia) [2, 3].

The Centers for Disease Control and Prevention (CDC) and the American
College of Obstetricians and Gynecologists (ACOG) use the term “severe maternal
morbidity (SMM)” to describe complications occurring during pregnancy, deliv-
ery, or puerperium that may be life-threatening if not treated with adequate medical
care [4], and this category includes any woman admitted to an intensive care unit
(ICU) during pregnancy or puerperium who needs intensive life-saving treat-
ment [4, 5].

17.2 Epidemiology

The Agency for Healthcare Research and Quality’s Healthcare Cost and Utilization
Project reported a 45% cumulative increase in SMM between 2006 and 2015 (from
101.3 to 146.6 per 10,000 delivery hospitalizations) [6]. Much of the increase was
driven by an increase in blood transfusion, a marker of severe obstetric hemorrhage.
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In addition, the rates of acute renal failure, shock, ventilation, and sepsis more than
doubled during the time period [1].

Patient admitted to the ICU may present with numerous life-threatening compli-
cations, which may produce a sequential dysfunction of different organs and sys-
tems, leading to multiple organ failure (MOF), characterized by an unfavorable
prognosis and currently considered the main cause of morbidity and mortality in the
critically ill patient [7].

Although fewer than 2% of women require admission to an intensive care unit
(ICU) during pregnancy or the peripartum period, both maternal and fetal mortality
are high when such care is required [8]. The incidence of ICU admission for preg-
nant and postpartum women ranges from 0.7 to 13.5 per 1000 deliveries [9, 10].

The most common indications for ICU admission are postpartum hemorrhage
and the hypertensive disorders (severe preeclampsia or eclampsia) [9]. However, all
medical conditions that can complicate pregnancy may require admission to the
ICU [8].

Maternal mortality, but also fetal mortality [9], is high when critical care is
required, with estimates ranging from 3.4% to 14% [11].

17.3 The Concept of Multiple Organ Failure (MOF)

Emerging in 1970, the concept of MOF describes a syndrome with varying etiologi-
cal factors involving simultaneous impairment of at least two organ systems [12].
Many papers were published recognizing MOF as a syndrome involving organs and
systems separate from the site of the original condition, with a clinical spectrum
ranging from subclinical dysfunction to irreversible failure of the organs involved [4].

Multiple Organ Dysfunction Syndrome (MODS) was defined as the “presence of
altered organ function in an acutely ill patient such that homeostasis cannot be
maintained without intervention.” The term MOF was reserved for the most
advanced stages of dysfunction. Primary MODS can occur, “as a direct result of a
well-defined insult in which organ dysfunction occurs early and can be directly
attributable to the insult itself,” while secondary MODS develops as a consequence
of the patient’s response to an insult [13]. The main affected organs are lungs, liver,
and kidneys, but also the central nervous system could be involved, ranging from
subtle alterations in mental status to coma [7]. Derangements in gastrointestinal
function, including loss of normal peristalsis and enterocytic barrier function are
also common [7].

Obstetric patients are a particular unique cohort for the intensivist [2]. These
patients are young and otherwise healthy; their management is challenged by con-
cerns for altered maternal physiology diseases specific to pregnancy and fetal via-
bility [14]. The increase in progesterone and, to a lesser extent, in estrogen (created
by the placenta) is responsible for the changes in system function [15].

In literature little is published analyzing MOF in obstetric ICU patients. In a
study of 74 female patients at University Medical Center in Jacksonville, Florida,
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Afessa et al. found that although the mortality rate was low (2.7%), all those who
died had MOF [16]. In a study of 453 obstetric intensive care admissions in Mumbai,
India, Karnad et al. found 21.6% mortality for the entire series with very high mor-
tality in patients diagnosed with MOF [17]. In a descriptive observational study
Perez et al. found a 50% mortality in obstetric patients diagnosed with MOF. Early
postpartum hemorrhage was the most frequent obstetric condition (32.8%), fol-
lowed by preeclampsia-eclampsia (8.6%), puerperal sepsis (5.2%), and amniotic
fluid embolism (3.4%). Mortality was highest, however, in patients with
preeclampsia-eclampsia (60.0%), followed by amniotic fluid embolism (50%). The
most frequent non-obstetric conditions were complications of sickle cell disease,
which was present in 15.5% of total patients with MOF. Acute peritonitis (12.1%)
and community-acquired pneumonia (8.6%) followed in order of frequency, with
high mortality among those with acute peritonitis (71.4%) [4].

17.4 Score

Various systems have been developed for rating organ dysfunction. The severity of
illness scoring systems are useful tools for comparing different populations, for
hospital planning, and as research tools for critical illnesses. There are many tools
available with a wide variety of methods of scoring. The most used include Acute
Physiology and Chronic Health Evaluation (APACHE) II, Simplified Acute
Physiology Score (SAPS) II, Sequential Organ Failure Assessment (SOFA), and
Multiple Organ Dysfunction Score (MODS). APACHE II and SAPS II are based on
routinely measured physiologic variables, whereas SOFA and MODS are organ
failure-based scores [18].

The sequential Organ Failure Assessment (SOFA) Scale, in particular, rates 6
organ systems on a scale of 0—4. A score of >3 indicates “organ failure” and has the
worst prognosis on the MODS spectrum [19]. Several studies have shown that the
higher the SOFA score, the higher the mortality [4].

17.5 Management of Specific Diseases

Management of critical illness in pregnant and postwomen is best done collabora-
tively with subspecialties including intensivists and obstetric gynecologists [8].
17.5.1 Hemorrhage

Severe postpartum hemorrhage (PPH) is a major cause of maternal ICU admission,

accounting for 11-49% of admissions and is the leading cause of maternal mortality
worldwide, accounting for approximately 17% of maternal deaths [8, 20].
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17.5.1.1 Definition

Primary postpartum hemorrhage is commonly defined as a blood loss over 500 mL
in the first 24 h after vaginal delivery and over 1000 mL after cesarean section [21].
Secondary PPH refers to bleeding occurring between 24 h and 12 weeks after child-
birth [22-24].

The traditional definition of PPH distinguishes four levels of severity of the con-
dition: minor PPH when the loss is between 500 and 1000 mL; moderate PPH,
between 1000 and 1500 mL; severe PPH more than 1500 mL and massive PPH
when one or more of the following criteria are applicable: over 1500 mL of persis-
tent blood loss and/or signs of clinical shock and/or transfusion of four or more
units of concentrated red blood cells [24].

17.5.1.2 Diagnosis

Diagnosis can be difficult related to the correct quantification of blood loss [21]. In
addition, the vital signs of these women, who are young, healthy, and with good
cardiac reserve, may not show any change until blood loss reaches 2-3 L [21]. To
maximize the accuracy of detection, it is recommended to use not only the visual
estimation, but also other detection tools, including the use of transparent graduated
bags for blood collection [25], the weight of blood laparotomy drapes, gauze, and
patches and the systematic evaluation of the clinical signs and symptoms of mater-
nal hypovolemia [21].

The Shock Index (S]) is a parameter used in clinical practice to evaluate hypovo-
lemic shock and corresponds to the relationship between heart rate and systolic
blood pressure (HR/SBP) [26]. The Obstetric Shock Index (OSI) is an indicator of
hemodynamic instability useful in case of severe PPH. An OSI >1 is considered an
indicator of clinical severity and a predictor of the need to transfuse the patient [27].

The adoption of the Modified Early Obstetrics Warning System (MEOWS) mon-
itoring system for recording maternal parameters is also recommended [24].

The most common causes of postpartum hemorrhage are uterine atony due to
poor myometrial contraction after delivery and abnormal placentation (e.g., pla-
centa accreta, placental abruption, placenta previa) [21].

17.5.1.3 Management
The management of the postpartum bleeding requires a multidisciplinary approach
[21]. At the beginning, resuscitation to re-establish the woman’s hemodynamic con-
ditions, monitoring of her clinical conditions, evaluation, and treatment of the
causes of the bleeding must proceed simultaneously [21].

First, investigate the cause of bleeding, according to the 4 T rule (in order of
frequency):

1. Tone

2. Trauma
3. Tissue

4. Thrombin
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In practice, however, the checklist should follow this order:

1. Tone (90%): multistep treatment of uterine atony.

2. Trauma: identify and suture any birth canal lesions; perform an inspection/
palpation of the perineum, vagina and fornix, cervix and uterus. If the patient is
clinically unstable in the absence of an external bleeding, it is necessary to con-
sider the possibility of an intrapelvic hematoma to be investigated first with
ultrasound and possibly with an exploratory laparotomy.

3. Tissue: evaluate the retention of material by carrying out a careful inspection of
the annexes and an ultrasound to evaluate the uterine content with any revision
of the cavity, if necessary.

4. Thrombin: coagulopathy is rarely the cause of postpartum hemorrhage and is
generally already known in medical history.

17.5.1.4 Management of Patients with Bleeding [21]
1. evaluate blood loss
2. evaluate the state of consciousness
3. evaluate the airways and respiratory rate and administer oxygen (10-15 L/min)
4. evaluate perfusion by monitoring blood pressure, heart rate, oxygen satura-
tion (SpO,)
5. place a bladder catheter to empty the bladder and monitor hourly diuresis and
water balance
6. record the values of the vital parameters in the graphic cards for monitor-
ing/alert
7. set up two large-caliber intravenous (EV) accesses (16 or 14 G): first IV line
dedicated to fluids or blood components to correct hypovolemia and promote
tissue perfusion and oxygen transport capacity; second EV line dedicated to
treatment of uterine atony
8. carry out urgent blood sampling
9. venous and arterial blood gas analysis (EGA) for the evaluation of lactates
10. apply bimanual uterine compression, especially in case of late treatment or
maternal collapse
11. consider the opportunity to transfer the woman to the operating room for anes-
thesia exploration
12. promptly consider the need for surgery and the administration of blood compo-
nents if bleeding persists

Multidisciplinary approaches and the development and consistent application of
comprehensive protocols for management of PPH have resulted in improved out-
come for these life-threatening situations [28]. Besides the general principles of
maintaining an adequate circulatory, a sufficient tissue oxygenation, and reversing
or preventing a coagulopathy, PPH protocols include therapy options to eliminate
the obstetric cause of PPH such as: uterotonic therapy, balloon tamponade [29],
B-Lynch suture [30], uterine artery or internal iliac artery ligation [31], and uterine
arterial embolization [32]. However, even with this large armamentarium for the
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management of PPH, intractable uterine hemorrhage could be unresponsive and
emergency peripartum hysterectomy (EPH) is usually the last resort [20]. EPH has
been widely considered as a life-saving measure to manage intractable uterine hem-
orrhage, with a variable incidence, ranging from 0.2 per 1000 deliveries in devel-
oped countries to up to 4.43 per 1000 deliveries in developing countries [33].

However, even after a hysterectomy with secure surgical pedicles, a secondary
coagulopathy can complicate the situation by impairing hemostasis, consequently
contributing to more blood loss from pelvic floor venous plexuses and raw surfaces
[34]. This type of bleeding resistant to clipping, ligating, or suturing could be suc-
cessfully controlled with a pelvic packing affording correction of coagulopathy and
further stabilization [34].

17.5.2 Cardiovascular Disease

Maternal cardiac disease and peripartum cardiomyopathy is a major cause of mater-
nal morbidity and mortality that can be encountered in the intensive care unit
ICU) [8].

17.5.2.1 Peripartum Cardiomyopathy
(PPCM), also called pregnancy-associated cardiomyopathy, is a rare cause of heart
failure (HF) that affects women late in pregnancy or in the early puerperium [35, 36].

Definition
PPCM is defined an idiopathic cardiomyopathy with the following characteris-
tics [35]:

e Development of heart failure (HF) toward the end of pregnancy or within
5 months following delivery

e Absence of another identifiable cause for the HF

e Left ventricular (LV) systolic dysfunction with an LV ejection fraction (LVEF)
of less than 45%. The LV may or may not be dilated.

Etiology
The real cause of PPCM remains unknown, despite many attempts to uncover a
distinct etiology, but probably may be multifactorial [36].

Evidence from several studies supports the hypothesis that PPCM may develop
as a result of interaction between pregnancy-related factors (e.g., late pregnancy
oxidative stress) and a susceptible genetic background [36, 37].

Furthermore, during pregnancy, there is a 50% increase in blood volume and
cardiac output, which results in transient LV remodeling and hypertrophy. It is pos-
sible that there is an exaggerated remodeling response with decrease in LV systolic
function in women who develop PPCM. The hemodynamic stress of gestational
hypertension, which is more common in women with PPCM, may contribute to the
development of HF [36].
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Risk Factors
The following are associated with increased risk of PPCM [36]:

e Age greater than 30 years

* African descent

e Pregnancy with multiple fetuses

e A history of preeclampsia, eclampsia, or postpartum hypertension

* Maternal cocaine abuse

e Long-term (>4 weeks) oral tocolytic therapy with beta adrenergic agonists
* Diabetes mellitus

Clinical Manifestations

PPCM is rarely seen before 36 weeks of gestation and affected patients usually
present during the first month postpartum [38]. Pregnant women with other types of
cardiac disease (e.g., ischemic, valvular, or myopathic) may present earlier in the
antepartum period, coincident with the hemodynamic alterations during the second
trimester [39].

Presentation of PPCM is variable and similar to that in other forms of systolic HF
due to cardiomyopathy [35]. Patients most commonly complain of dyspnea, but also
cough, orthopnea, paroxysmal nocturnal dyspnea, pedal edema, and hemoptysis
[40]. Physical signs may include an elevated jugular venous pressure, a third heart
sound, and a murmur of mitral regurgitation [41].

Diagnosis

An electrocardiogram (ECG) and echocardiogram should be performed in patients
who are clinically suspected of having PPCM [36]. An ECG is helpful in the dif-
ferential diagnosis to rule out other conditions such as myocardial infarction and
pulmonary embolism [36].

The echocardiogram generally reveals a global reduction in LV systolic function
with LVEF nearly always <45% [35]. The LV is frequently but not always dilated
[35]. Other possible echocardiographic findings include left atrial enlargement, LV
or left atrial thrombus, dilated right ventricle, right ventricular hypokinesis, mitral
and tricuspid regurgitation, and rarely small pericardial effusion [42].

Other studies such as brain natriuretic peptide (BNP) levels, chest X-ray, cardiac
magnetic resonance (CMR) imaging, cardiac catheterization, and endomyocardial
biopsy (EMB) may be helpful in selected cases [36].

Management
Treatment of peripartum cardiomyopathy (PPCM) is largely similar to treatment for
other types of heart failure (HF) [35, 43].

In women with PPCM and HF, the goals of medical therapy include [43]:

e Supplemental oxygen and assisted ventilation as needed
e Optimization of preload
e Hemodynamic support with inotropes and vasopressors if required
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¢ Relief of symptoms
e When possible, institute chronic therapies that improve long-term outcomes

Angiotensin converting enzyme inhibitors, angiotensin II receptor blockers,
angiotensin receptor-neprilysin inhibitor, and aldosterone antagonists are to be
avoided, as they are contraindicated in pregnancy [43].

17.5.3 Hypertensive Disease of Pregnancy

Hypertensive disease of pregnancy (HDP) is one of the main causes of maternal
death in the world [44, 45] and is still one of the major causes of obstetric patient
admissions to ICU in the world [9].

Severe morbidities associated with preeclampsia and eclampsia can lead to
death, such as renal failure, stroke, heart failure, pulmonary edema, coagulopathy,
and hepatic impairment [46].

The most widespread classification establishes four possible forms of hyperten-
sive disorders during pregnancy: chronic hypertension, gestational hypertension,
preeclampsia-eclampsia, and chronic hypertension with superimposed preeclamp-
sia [47, 48]. A systematic review of data between 2002 and 2010 showed an inci-
dence of preeclampsia ranging from 1.2% to 4.2% and of eclampsia ranging from
0.1% to 2.7%, with higher rates identified in regions of lesser socioeconomic devel-
opment [49].

17.5.3.1 Preeclampsia

Preeclampsia is a multisystem progressive disorder characterized by the new onset
of hypertension and proteinuria or of hypertension and significant end-organ dys-
function with or without proteinuria, in the last half of pregnancy or postpartum, in
a previously normotensive patient [47, 50, 51].

Etiology

The disorder is caused by placental and maternal vascular dysfunction and always
resolves after delivery [51, 52]. The most important theories about the pathophysi-
ology of preeclampsia were integrated into two stages (preclinical and clinical)
described by Redman et al. [53]. In the first stage, changes in the placental develop-
ment and insufficient changes in uterine circulation are a result of hypoxia of the
placental tissue, and mainly of the phenomenon of hypoxia and reoxygenation, and
provide the development of oxidative stress and of excessive production of inflam-
matory and antiangiogenic factors [54]. In the second stage, placental dysfunction
and the factors it releases damage the endothelium systemically by resulting in the
appearance of hypertension and in the compromise of target organs. Glomerular
changes (glomeruloendotheliosis) are the most characteristic and are responsible
for the appearance of proteinuria [55, 56].
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Risk Factors

A past history of preeclampsia, advanced maternal age, use of assisted reproductive
technology, nulliparity, preexisting hypertension, pregestational diabetes, multifetal
gestation, chronic kidney disease, prepregnancy body mass index >25, BMI >30,
and some autoimmune diseases (antiphospholipid syndrome, systemic lupus ery-
thematosus) carry the highest relative risk (RR) [57]. The association of preeclamp-
sia with obesity may stem from the chronic state of systemic inflammation and, as
the body mass index (BMI) increases, the activation of inflammatory pathways at
the maternal—fetal interface is also exacerbated [58, 59].

Diagnosis

The diagnosis of preeclampsia should be made in a previously normotensive woman
with the new onset of hypertension (systolic blood pressure >140 mmHg or dia-
stolic blood pressure >90 mmHg on at least two occasions at least 4 h apart) and
proteinuria (>300 mg/24 h or >1 + dipstick reading) after 20 weeks of gestation
[57]. In the absence of proteinuria, the diagnosis can still be made if new-onset
hypertension is accompanied by signs or symptoms of significant end-organ dys-
function [57].

A subset of women with preeclampsia are classified as manifesting the severe
end of the preeclampsia spectrum (called “preeclampsia with severe features™) [57].
This diagnosis is made after 20 weeks of gestation in previously normotensive
women who develop [57]:

e Systolic blood pressure >160 mmHg or diastolic blood pressure >110 mmHg
and proteinuria (with or without signs and symptoms of significant end-organ
dysfunction)

e New-onset cerebral or visual disturbance, such as: photopsia (flashes of light)
and/or scotomata (dark areas or gaps in the visual field); severe headache or
headache that persists and progresses despite analgesic therapy; altered men-
tal status

e Severe, persistent right upper quadrant or epigastric pain unresponsive to medi-
cation and not accounted for by an alternative diagnosis or serum transaminase
concentration >2 times upper limit of normal for a specific laboratory, or both

e <100,000 platelets/pL

* Progressive renal insufficiency (serum creatinine >1.1 mg/dL [97.3 pmol/L];
some guidelines also include doubling of serum creatinine concentration in the
absence of other renal disease)

e Pulmonary edema

Management

The focus of clinical control is the prevention of maternal and perinatal morbidity
and mortality through the following: guidelines on signs of disease involvement,
referral and care in tertiary services with qualified neonatal care, good blood
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pressure control, prevention of eclampsia or its recurrence, and early identification
of laboratory abnormalities [47]. The evaluation of fetal well-being is also recom-
mended. The combination of these actions should enable the decision of performing
the delivery, the only real way to avoid the immediate progression of the disease
with balance between maternal—fetal repercussions and the impact of prematurity
[47, 60].

Expectant management in patients with preeclampsia is considered in the face of
fetal prematurity or of the scarcity of resources for maternal and newborn support at
the place of care [47].

The mathematical model called Preeclampsia Integrated and Estimated Risks
(PIERS) was developed with the aim to reduce uncertainty in the decision of per-
forming delivery [61]. It offers a predictive value to evaluate the odds of adverse
outcomes within 48 h of the admission of the patient. The PIERS “risk calculator”
is available online at https://pre-empt.bcchr.ca/monitoring/fullpiers and in a mobile
application [61].

Fluids

The ideal fluid management approach for women with preeclampsia is unclear [62].
Fluid balance (input versus urine output plus estimated insensible losses [usually
30-50 mL/h]) should be monitored closely to avoid excessive administration, since
women with preeclampsia are at risk of pulmonary edema and significant third-
spacing [60]. A maintenance infusion of a balanced salt or isotonic saline solution
at approximately 80 mL/h is often adequate for a patient who is nil by mouth and
has no ongoing abnormal fluid losses, such as bleeding [63]. Oliguria that does not
respond to a modest fluid bolus (e.g., a 300 mL fluid challenge) suggests renal insuf-
ficiency and should be tolerated to reduce the potential for iatrogenic pulmonary
edema [63]. In patients with renal insufficiency, it is important to revise the mainte-
nance infusion rate to account for the volume of fluid used to infuse intravenous
medications [60].

Management of Hypertension

Severe hypertension in labor should be treated promptly with intravenous labetalol
(avoid in patients with asthma) or hydralazine or oral nifedipine to prevent stroke
[60]. It is important to remember that antihypertensive medications do not prevent
eclampsia [60].

Seizure Prophylaxis
Although seizure is an infrequent occurrence in women without severe features of
preeclampsia who do not receive seizure prophylaxis, the benefit of treatment is
justifiable given the low cost and toxicity of the treatment of choice: magnesium
sulfate (MgSO,) and the relatively small number of patients that need to be treated
to prevent one seizure [60, 64] [65]. It is important to emphasize that seizure pro-
phylaxis does not prevent progression of disease unrelated to convulsions [60].
Since the publication of results of The Collaborative Eclampsia Trial—Magpie
Trial, MgSO, is considered the drug of choice for the treatment of imminent
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eclampsia and of eclampsia. Systematic reviews indicate that magnesium sulfate is
safer and more effective than phenytoin, diazepam, or lithic cocktail (chlorproma-
zine, promethazine, and pethidine) for preventing recurrent seizures in eclampsia, in
addition to being low cost, easy to administer and not causing sedation. Recently,
fetal exposure to magnesium sulfate therapy has been shown to be a useful weapon
in reducing cases of cerebral palsy and severe motor dysfunction in preterm infants
(<32 weeks of gestation) [47].

Therefore, the use of magnesium sulfate is highly recommended for cases of
imminent eclampsia, eclampsia, hemolysis, elevated liver enzymes, and low plate-
lets (HELLP) syndrome, and preeclampsia with clinical and/or laboratory deteriora-
tion, including difficult-to-control hypertension [47].

Management of Thrombocytopenia

The risk of bleeding due to thrombocytopenia is generally considered to increase
only when the platelet count is below 100,000/pL, and the risk increases substan-
tially only with platelet counts below 50,000/pL. Platelet transfusion should not be
used to normalize the platelet count in nonbleeding patients, as long as the platelet
count is above 10,000-20,000/uL [60, 66]. However, platelets should not be with-
held from a patient with potentially life-threatening bleeding or one who requires a
higher platelet count to prevent bleeding in a high-risk setting, such as surgery
[60, 67].

Glucocorticoid therapy does not appear to be effective in women with pre-
eclampsia [68].

Complications of the disease are the usual indications for admitting patients with
severe preeclampsia or eclampsia to the ICU. Examples include refractory hyper-
tension, neurological dysfunction (e.g., seizures, intracranial hemorrhage, elevated
intracranial pressure), renal failure, liver rupture, liver failure, pulmonary edema,
the HELLP syndrome, and/or disseminated intravascular coagulation (DIC) [9].

ICU care involves managing such complications [50, 69, 70]:

e Severe hypertension (e.g., systolic BP >160 mmHg or diastolic BP >110 mmHg
and persisting >15 min) is typically treated with nifedipine, labetalol, hydrala-
zine, or nicardipine [71]. In the ICU, intravenous preparations of hydralazine and
labetalol are most commonly used. Nitroprusside is contraindicated in the later
stages of pregnancy due to possible fetal cyanide poisoning if used for more
than 4 h.

e Seizures should be treated promptly with a bolus of intravenous magnesium sul-
fate, followed by the continuous infusion of magnesium sulfate. In addition, sup-
portive care (e.g., recovery position, bite protection, supplemental oxygen) is
indicated [8].

e [Intracerebral hemorrhage requires immediate reversal of any coagulopathy, as
well as the discontinuation of any anticoagulant or antiplatelet therapy.
Antihypertensive therapy, seizure prophylaxis, and neurosurgical consultation
may also be indicated [8].
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e [Intracranial hypertension can occur in any patient with severe preeclampsia or
eclampsia, but patients who have had an intracerebral hemorrhage are at particu-
larly high risk. Suspected elevated intracranial pressure should prompt elevation
of the head of the bed to 30—45°, positioning of the head in a midline position to
promote venous outflow through the jugular veins, avoidance of free water and
dextrose-containing intravenous fluids, and neurosurgical consultation for poten-
tial intracranial pressure monitoring. Sedation and treatment of fever should be
optimized. Some patients require osmotic diuresis using hypertonic saline, man-
nitol, and/or hyperventilation [72].

e Pulmonary edema may present with dyspnea or acute respiratory failure.
Supportive management includes supplemental oxygen and fluid restriction.
Diuresis is indicated if there is fluid overload, although this is rare because most
patients are volume depleted [8].

e Management of DIC consists of treating the underlying cause, which is fre-
quently placental abruption (abruptio placentae). Aggressive blood component
replacement may be necessary when there is severe placental abruption [8].

17.5.3.2 Eclampsia

Eclampsia refers to the occurrence of generalized tonic-clonic seizures or coma in a
pregnant woman with preeclampsia, in the absence of other neurologic conditions
that could account for the seizure [51]. It is one of the most serious complications
of the hypertensive disease of pregnancy [44, 47]. In a few cases, eclampsia presents
as the initial condition [47].

Eclampsia occurs in 2-3% of women with preeclampsia with severe features,
who are not receiving anti-seizure prophylaxis, and in up to 0.6% of women with
preeclampsia without severe features [73].

In a systematic review, 59% of eclampsia occurred antepartum, 20% occurred
intrapartum, and 21% occurred postpartum [74]. Approximately 90% of postpartum
seizures occur within 1 week of delivery [75, 76]. Antecedent symptoms are similar
to those with antepartum and intrapartum eclampsia [77] and include shortness of
breath, blurry vision, nausea or vomiting, edema, neurological deficit, and epigas-
tric pain [76, 77].

Etiology

The precise cause of eclamptic seizures is not clearly understood [77]. Two models
have been proposed, based on the central role of hypertension [77]. According to the
first model, hypertension causes a breakdown of the autoregulatory system of the
cerebral circulation, leading to hyperperfusion, endothelial dysfunction, and vaso-
genic and/or cytotoxic edema. In the second model, hypertension causes activation
of the autoregulatory system, leading to vasoconstriction of cerebral vessels, hypo-
perfusion, localized ischemia, endothelial dysfunction, and vasogenic and/or cyto-
toxic edema [78]. Cerebral inflammation may also play a role [79].
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Risk Factors

Risk factors for eclampsia are similar to those for preeclampsia. Women at highest
risk are nonwhite, nulliparous, and from lower socioeconomic backgrounds. The
peak incidence is in adolescence and the early twenties, but incidence is also
increased in women over age 35 [80].

Diagnosis

Eclampsia is a clinical diagnosis based on the occurrence of new-onset tonic-clonic,
focal, or multifocal seizures in the absence of other causative conditions (e.g., epi-
lepsy, cerebral arterial ischemia and infarction, intracranial hemorrhage, drug use),
typically in a woman with a hypertensive disorder of pregnancy (preeclampsia, ges-
tational hypertension, HELLP syndrome) [57].

Eclampsia is generally manifested by a generalized tonic-clonic seizure or coma.
At onset, there is an abrupt loss of consciousness, often associated with a scream or
shriek. The muscles of the arms, legs, chest, and back then become stiff. The woman
may begin to appear cyanotic during this tonic phase. After approximately 1 min,
the muscles begin to jerk and twitch for an additional 1-2 min. The tongue may be
bitten; frothy, and bloody sputum may come out of the mouth [77]. The postictal
phase begins once the twitching movements end. The woman is initially in a deep
sleep, breathing deeply, and then gradually wakes up, often complaining of a
headache.

Most patients begin to recover responsiveness within 10-20 min after the gener-
alized convulsion. Focal neurologic deficits are generally absent [77].

Fetal bradycardia for at least 3—5 min is a common finding during and immedi-
ately after the seizure. Resolution of maternal seizure activity is associated with
fetal tachycardia and loss of fetal heart rate variability, sometimes with transient
decelerations [81]. The fetal heart rate pattern generally improves with maternal and
fetal therapeutic interventions [77]. A nonreassuring pattern with frequent, recur-
rent decelerations for more than 10—15 min despite maternal and fetal resuscitative
interventions suggests the possibility of an occult abruption [82].

On physical examination, neurologic findings may include memory deficits,
brisk deep tendon reflexes, visual perception deficits, visual processing deficits,
altered mental status, and cranial nerve deficits [77].

Differential Diagnosis of Seizures
The differential diagnosis of new-onset seizures in a pregnant woman involves
determining whether the seizure was mostly incidental to the pregnant state (e.g.,
brain tumor, ruptured aneurysm), exacerbated by the pregnant state (e.g., throm-
botic thrombocytopenic purpura [TTP], hemolytic uremic syndrome [HUS], cere-
bral venous thrombosis), or unique to the pregnant state (e.g., eclampsia) [77].

The following factors should be considered in differential diagnosis:

e The occurrence of preeclampsia/eclampsia before 20 weeks of gestation is rare
and should raise the possibility of an underlying molar pregnancy or a cause of
seizure unrelated to pregnancy. Molar pregnancy may be suspected based on the
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sonographic appearance of the placenta and may occur with a coexistent normal
co-twin [77].

e Persistent neurologic deficits suggest an anatomic abnormality, whether or not
the woman has eclampsia. Causes of sudden development of neurologic symp-
toms include stroke, intracranial hemorrhage, brain mass lesion, toxic and meta-
bolic encephalopathies, reversible cerebral vasoconstriction syndrome,
thrombotic thrombocytopenic purpura (TTP), and central nervous system infec-
tion [83].

e Seizures without neurologic deficits may be triggered by metabolic abnormali-
ties (e.g., hypocalcemia, hyponatremia, hypoglycemia), toxins (drug or alcohol
withdrawal, drug intoxication), infection (meningitis, encephalitis, sepsis), or
recent head trauma. History, physical examination, and laboratory studies can
help distinguish these disorders from eclampsia. Laboratory tests appropriate for
the evaluation of a first seizure include electrolytes, glucose, calcium, magne-
sium, hematology studies, renal function tests, liver function tests, and toxicol-
ogy screens, although the likelihood of finding a relevant abnormality in
unselected patients is low [77].

e The absence of neurologic deficits does not exclude an anatomic abnormality
within the brain. Neuroimaging when the patient is clinically stable may be valu-
able in select cases [77].

e Pregnancy is a precipitating factor for some disorders associated with seizure
activity, such as thrombotic thrombocytopenic purpura (TTP) and hemolytic ure-
mic syndrome (HUS). TTP and HUS may be indistinguishable from eclampsia
that occurs in a woman with HELLP syndrome and approximately 10-20% of
women with preeclampsia/eclampsia have laboratory findings of HELLP syn-
drome. Eclampsia and HELLP usually start to quickly improve after delivery, but
delivery does not affect the course of TTP and HUS [77].

Management
If the seizure is witnessed, maintaining airway patency and preventing aspiration
are the initial priorities. The woman should be rolled onto her left side [82].

The immediate issues include [77]:

e Prevention of maternal hypoxia and trauma
e Treatment of severe hypertension, if present
* Prevention of recurrent seizures

e Evaluation for prompt delivery

Women who do not improve promptly following control of hypertension and
seizures and those who develop localizing neurologic signs should be evaluated by
a neurologist [77].

Prevention of Recurrent Seizures
The anticonvulsive drug of choice is magnesium sulfate [77]. Treatment is primarily
directed at prevention of recurrent seizures rather than control of the initial seizure
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since the initial seizure is usually of short duration and may occur in a setting where
intravenous (IV) access and drugs are not readily available [77].

Approximately 10% of women with eclampsia will have repeated seizures if
managed expectantly [84]. Women with eclampsia require anticonvulsant therapy to
prevent recurrent seizures and the possible complications of repeated seizure activ-
ity: neuronal death, rhabdomyolysis, metabolic acidosis, aspiration pneumonitis,
neurogenic pulmonary edema, and respiratory failure. Magnesium sulfate is the
drug of choice based on randomized trials demonstrating that it reduces the rate of
recurrent seizures by one-half to two thirds [73].

Management of Recurrent Seizures

Recurrent seizures in patients on maintenance magnesium sulfate therapy can be
treated with an additional bolus of 2—4 g magnesium sulfate administered IV over
5 min, with frequent monitoring for signs of magnesium toxicity (e.g., loss of patel-
lar reflex, respiratory rate <12 per minute, oliguria) [77]. In cases refractory to mag-
nesium sulfate (patient is still seizing at 20 min after the bolus or more than two
recurrences), a health care provider can administer sodium amobarbital (250 mg IV
over 3 min), thiopental, or phenytoin (1250 mg IV at a rate of 50 mg/min) [57].
Endotracheal intubation and assisted ventilation in the intensive care unit are appro-
priate in these circumstances [77].

Status epilepticus, as well as recurrent seizures while on magnesium seizure pro-
phylaxis, should raise concerns about an intracranial lesion/stroke [77]. Although
neurology consultation and head imaging are indicated in this setting, the acute
management of the seizures is similar regardless of the cause of status epilepti-
cus [77].

17.5.3.3 Hemolysis, Elevated Liver Enzymes, and Low Platelets
Syndrome (HELLP Syndrome)

HELLP refer to the association of severe Hemolysis, Elevated Liver enzymes (liver

impairment) and Low Platelets (platelets consumption) [44, 51].

* Hemolysis: presence of schizocytes and echinocytes in the peripheral blood and/
or elevation of lactate dehydrogenase (LDH) levels >600 UI/L and/or indirect
bilirubin >1.2 mg/dL and/or haptoglobin <0.3 g/L;

 hepatic impairment determined by elevation of aspartate aminotransferase (AST)
and alanine aminotransferase (ALT) values > twice their normal value;

* platelet count defined as <100,000/mm?>.

HELLP syndrome probably represents a subtype of preeclampsia with severe
features in which hemolysis, elevated liver enzymes, and thrombocytopenia are the
predominant features, rather than hypertension, central nervous system, or renal
dysfunction, although the latter do occur [51].

It affects 0.5-0.9% of all pregnancies and 10-20% of parturients diagnosed with
severe preeclampsia [85]. Although the diagnosis of HELLP syndrome requires evi-
dence of hemolysis, hepatic dysfunction, and thrombocytopenia, specific diagnostic
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criteria and clinical presentations vary, making the precise diagnosis challenging
[85]. Furthermore, HELLP syndrome may be complicated by multiorgan dysfunc-
tion, which makes it difficult to differentiate from disseminated intravascular coagu-
lation (DIC), pulmonary embolism (PE), amniotic fluid embolism (AFE), acute
fatty liver of pregnancy (AFLP), and thrombotic thrombocytopenic purpura
(TTP) [85].

17.5.3.4 Thrombotic Thrombocytopenic Purpura (TTP)

and Hemolytic Uremic Syndrome (HUS)
Thrombotic thrombocytopenic purpura (TTP) and hemolytic uremic syndrome
(HUS) are systemic diseases characterized by microangiopathic hemolysis, throm-
bocytopenia, acute renal failure, neurological abnormalities (e.g., coma, seizures),
and fever [86].

TTP is defined by a severe deficiency of ADAMTS 13 (defined as activity <10%),
but the initial diagnosis of TTP generally is based on clinical judgment since
ADAMTS13 measures are often not available for several days [86]. Acquired, auto-
immune TTP caused by antibodies to ADAMTS13 is more common than hereditary
TTP due to ADAMTS13 mutation, but individuals with hereditary TTP often have
the first presentation of disease during pregnancy [86].

HUS is generally characterized by acute renal failure as the dominant feature.
Two major causes of HUS are Shiga-toxin producing organisms and abnormalities
of complement regulation [87].

TTP and HUS are rare and potentially lethal diseases. The presentation usually
occurs during the second trimester, third trimester, or early postpartum period [86].
TTP and HUS can be difficult to differentiate from preeclampsia because the clini-
cal findings overlap and the diseases may occur simultaneously [86]. An onset of
illness prior to a gestation age of 20 weeks, the presence of significant hemolysis,
and/or a large elevation of lactate dehydrogenase (LDH) favors TTP or HUS. In
contrast, significant hypertension, severe liver dysfunction, and/or a large elevation
of aminotransferase (AST) favors preeclampsia [86]. Other diseases that should be
considered whenever the diagnosis of TTP or HUS is entertained include sepsis,
malignant hyperthermia, systemic lupus erythematous, and disseminated intravas-
cular coagulation [87].

Recognition and diagnosis of TTP and HUS is important because aggressive
treatment with plasma exchange improves outcome for TTP, and anti-complement
therapy may rescue renal function in complement-mediated HUS [87].

17.5.4 Liver Disease

A variety of diseases may lead to liver failure during pregnancy or postpartum
period [88].

The most important is the acute fatty liver of pregnancy (AFLP), that is a rare
pregnancy-related disease characterized by major hepatocytic fatty infiltration that
usually occurs in the third trimester of pregnancy [89]. Inherited genetic mutations
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in the intramitochondrial fatty acid oxidation pathway leads to microvesicular fat
accumulation within hepatocytes [88].

Patients present with nausea, vomiting, right upper quadrant pain, jaundice, and
increased serum aminotransferase levels (although usually notabove 1000 IU/L) [88].

AFLP progression is characterized by the rapid development of acute liver fail-
ure, with hepatic coma, disseminated intravascular coagulation (DIC), and multiple
organ failure [90].

The maternal mortality rate is approximately 7-18%; however, most survivors
have minimal sequelae. Fetal mortality is 9-23% [88].

Treatment is delivery of the fetus, as well as supportive measures such as
mechanical ventilation for coma, dialysis for renal failure, and blood products for
coagulopathy [88]. In view of the underlying biochemical metabolic disorders with
the accumulation of large amounts of toxic substances, some blood purification
technologies have been applied to AFLP [91, 92]. Plasma exchange (PE) and plasma
perfusion (PP) have been used with success in a few severe cases of AFLP [93].
Combining PE and PP may remove a large amount of toxic substances and improve
clotting factors and albumin and active substance levels without the drawbacks of
PE or PP alone [89].

Accumulating data indicate that timely termination of the pregnancy plus active
supportive treatment can significantly reduce the maternal mortality [90, 94].

17.5.5 Acute Respiratory Failure

Acute respiratory failure requiring mechanical ventilation is a rare complication of
pregnancy affecting 0.1-0.2% of pregnancies [9].

17.5.5.1 Initial Management
Initial management is the same regardless of the cause of the acute respiratory
failure.

Supplemental oxygen should be administered. The preferred method of adminis-
tering the oxygen depends upon the severity of the hypoxemia [95]. For patients
with mild hypoxemia, administration via nasal cannula may be sufficient. More
severe hypoxemia generally requires administration via a facemask, high flow nasal
cannula, or a nonrebreather mask. Oxygenation should be monitored continuously
by pulse oximetry. A reasonable goal for pregnant patients is to maintain the oxyhe-
moglobin saturation >95% to optimize the fetal oxygen content. Adequate fetal
oxygenation requires a maternal arterial oxygen tension (PaO,) >70 mmHg, which
corresponds to an oxyhemoglobin saturation of 95% [96].

An arterial blood analysis (ABG) and chest radiograph should be obtained after
initial stabilization [95].

Mechanical ventilation may be required. The decision about whether to intubate
a patient should be considered in the context of pregnancy. Pregnant women have
hypocapnia due to hyperventilation at baseline. Thus, the arterial carbon dioxide
tension (PaCO,) tends to be lower in pregnant woman than in nonpregnant
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individuals with a similar degree of respiratory failure. Intubation may be difficult
during pregnancy and the peripartum period due to upper airway edema and dimin-
ished airway caliber, especially late in pregnancy [95].

17.5.5.2 Differential Diagnosis

Acute respiratory failure during pregnancy or the peripartum period may be due to
a conventional respiratory insult or a pregnancy-specific disorder [97-99]. The
usual differential diagnosis includes the following disorders:

e Pulmonary edema

e Community-acquired pneumonia

e Aspiration

¢ Pulmonary embolism

e Amniotic fluid embolism

e Venous air embolism

e Acute respiratory distress syndrome (ARDS)

Pulmonary Edema

Acute pulmonary edema occurs in approximately 0.08% of pregnancies [100].
Approximately 50% of the cases of pulmonary edema were attributed to tocolytic
therapy or cardiac disease. The remaining cases were ascribed to either preeclamp-
sia or iatrogenic volume overload. Preterm labor increases the risk of pulmonary
edema, likely due to the increased exposure of these patients to tocolytic therapy
[95, 101].

Fluid overload is probably the major pathogenic factor in tocolytic-related pul-
monary edema, although cardiac dysfunction and increased capillary permeability
may also contribute [95, 102].

The clinical presentation of tocolytic-related pulmonary edema is nearly identi-
cal to that of other types of pulmonary edema: dyspnea, tachypnea, tachycardia,
hypoxemia, and diffuse crackles [95]. Chest pain and a cough may also be present.
The chest radiograph reveals bilateral air space disease [95].

Most patients with tocolytic-related pulmonary edema respond well to discon-
tinuation of the tocolytic beta-2 agonist, supplemental oxygen, fluid restriction, and
diuresis. Mechanical ventilation may be necessary. Most cases resolve within
12-24 h. Persistence of symptoms beyond this time period should prompt reconsid-
eration of the diagnosis. Mortality is uncommon [95].

Pulmonary edema has also been reported to occur with the tocolytic use of the
calcium channel blockers (nifedipine and nicardipine) [103, 104], and magnesium
sulfate [105, 106].

Surveillance data from the United States National Hospital Discharge Survey
(2004-2006) found the rate of cardiogenic pulmonary edema was 23 and 11 per
1000 deliveries during delivery and the postpartum period, respectively [100, 107].
Cardiogenic pulmonary edema can be a consequence of preexisting or new cardiac
disease.
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Pulmonary edema associated with preeclampsia and eclampsia is multifactorial
[100]. Fluid overload, decreased plasma oncotic pressure, increased capillary per-
meability, and increased pulmonary capillary hydrostatic pressures all appear to
play a role [108]. The increased hydrostatic pressure is probably due to arterial
vasospasm causing elevated cardiac afterload [109, 110].

The clinical presentation of severe preeclampsia- or eclampsia-related pulmo-
nary edema is nearly identical to that of other types of pulmonary edema [111].
These patients are hypertensive, and chest pain and/or cough may be present. The
chest radiograph reveals bilateral air space disease [95].

The diagnosis is made when these findings develop in a woman who has severe
preeclampsia or eclampsia in the absence of an alternative explanation for acute
respiratory failure. There is no definitive diagnostic test [95].

Management of severe preeclampsia- or eclampsia-related pulmonary edema
includes treatment of the severe preeclampsia or eclampsia, supplemental oxygen,
and fluid restriction. Diuresis is indicated if there is fluid overload. However, clini-
cians must be careful to avoid compromising cardiac output and placental perfusion
because many patients already have reduced cardiac preload due to intravascular
depletion. Mechanical ventilation may be necessary [95].

Pneumonia

Community-acquired pneumonia is a relatively common cause of acute respiratory
failure in pregnant patients. The most common pathogens are the same as those
found in nonpregnant patients: Streptococcus pneumoniae, Haemophilus influen-
zae, Mycoplasma pneumoniae, Legionella, Chlamydia pneumoniae, and influenza
A [112, 113]. However, the reduction in cell-mediated immunity that is associated
with pregnancy (especially during the third trimester) also places women at
increased risk for severe pneumonia and disseminated disease from atypical patho-
gens, such as herpesvirus, varicella, and coccidioidomycosis [114, 115]. The clini-
cal features, diagnosis, and treatment of community-acquired pneumonia are the
same for pregnant and nonpregnant patients [95].

Aspiration
Aspiration of gastric contents is most common during labor or soon after delivery.
This is probably because the effects of sedation, analgesia, increased intraabdomi-
nal pressure, and recumbency are added to preexisting factors that predispose preg-
nant women to aspirate [95]. These factors include increased intraabdominal
pressure, relaxation of the lower esophageal sphincter, and delayed gastric empty-
ing [95]. Aspiration may also be a complication of general anesthesia and intubation
during an emergent cesarean delivery [95].

Aspiration may induce chemical pneumonitis, airway obstruction, or acute bron-
chospasm [95].

In the case of chemical pneumonitis the treatment is supportive: supplemental
oxygen, suctioning, and, if necessary, ventilatory assistance [95].
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Some patients who have aspirated progress to aspiration pneumonia or acute
respiratory distress syndrome (ARDS) [116].

Pulmonary Embolism

Venous thromboembolism (VTE) is the sixth leading cause of maternal death [117].
VTE can result in or complicate an ICU admission. The risk of acute pulmonary
embolism (PE) is increased five to six times during pregnancy [118]. This appears
to be a consequence of several factors, including changes in the clotting factors and
an increased likelihood of venous stasis. Predisposing factors include obesity, an
older age, a personal or family history of thromboembolic disease, inherited throm-
bophilia, antiphospholipid syndrome, trauma, cesarean delivery, and immobil-
ity [119].

A risk model for VTE within the first 6 weeks postpartum has been developed
and externally validated, based upon two large European cohorts [120]. Among the
many factors that contribute to the model, those associated with the highest risk
were emergency cesarean section, stillbirth, varicose veins, preeclampsia/eclamp-
sia, postpartum infection, and comorbidities [120].

The clinical features, diagnosis, and treatment of acute PE in women who are
pregnant or peripartum are similar to those in nonpregnant individuals [8].

Clinical features include dyspnea, pleuritic chest pain, cough, leg pain and/or
swelling, tachypnea, tachycardia, and hypoxemia. Circulatory collapse can occur,
but it is uncommon [118].

The diagnosis of PE may be evaluated using Wells Criteria, ventilation/perfusion
(VIQ) scanning, echocardiography, lung scintigraphy, Doppler venous ultrasound,
and CT pulmonary angiogram (CTPA) [85].

Anticoagulation is the mainstay therapy. Once it is determined that anticoagula-
tion is indicated, it should be initiated using subcutaneous low molecular weight
heparin (LMWH), intravenous unfractionated heparin (IV UFH), or subcutaneous
UFH [119]. Adjunctive therapies include supplemental oxygen and, if necessary,
ventilatory assistance. Thrombolysis has been performed in the setting of circula-
tory collapse, but the risk of bleeding and its sequelae are high [121].

Inferior vena cava (IVC) filters have been used during pregnancy. Indications for
insertion of an IVC filter are the same in pregnant and nonpregnant patients [121].

Amniotic Fluid Embolism
Amniotic fluid embolism is a rare but catastrophic illness of pregnancy and the
peripartum period [85, 95]. Amniotic fluid embolism can best be described as a
syndrome in a woman who is actively delivering or has recently been delivered, and
it is characterized by abrupt cardiovascular collapse along with variable evidence
for systemic inflammatory response syndrome and disseminated intravascular coag-
ulation (DIC) [122].

Predisposing conditions are rapid labor, meconium-stained amniotic fluid, older
maternal age, postterm pregnancy, labor induction or augmentation, eclampsia,
cesarean, forceps or vacuum delivery and placental abruption or previa [123].
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Symptomatic amniotic fluid embolism is relatively uncommon, perhaps 2-3 per
100,000 births [124]. Despite this, its high associated lethality makes it a preemi-
nent problem for obstetricians [122].

The etiopathogenesis of amniotic fluid embolism is enigmatic. The prevailing
theory is that tissue factor from amniotic fluid and fetal squames in meconium initi-
ate the profound systemic inflammatory response syndrome and DIC. Whatever the
cause, the immediate response is pulmonary and systemic hypertension followed
quickly by hypotension, hypoxia, and coagulopathy. Cardiac arrest typically fol-
lows and is a common cause of death [122].

Survivors frequently experience adverse sequelae that include lung injury and
hypoxic brain damage [122].

Management of amniotic fluid embolism includes immediate tracheal intubation
with ventilatory assistance, cardiopulmonary resuscitation, and supportive mea-
sures that include improved oxygenation and circulatory support. Because of bleed-
ing from operative sites or lacerations and uterine atony, there is usually need for
rapid blood and component replacement [122].

The coagulopathy is especially problematic in women who have been or who are
undergoing cesarean delivery. In undelivered women in whom cardiopulmonary
resuscitation is necessary, consideration should be given for emergency cesarean
delivery in an attempt to optimize these efforts. Perinatal outcomes are poor and
inversely related to the maternal cardiac arrest-to-delivery interval [123].

Venous Air Embolism

Venous air embolism is an uncommon complication of pregnancy. It usually occurs
during the peripartum period as a result of cesarean delivery, uterine manipulation,
or central venous catheterization [125, 126].

Acute Respiratory Distress Syndrome

Acute respiratory distress syndrome (ARDS) may occur in pregnant women due to
conditions associated with pregnancy (e.g., amniotic fluid embolism) or not associ-
ated with pregnancy (e.g., trauma). In a database analysis of pregnant women, the
rate of mechanical ventilation for ARDS increased from 36.5 per 100,000 live births
in 2006 to 59.6 cases per 100,000 live births in 2012 [127]. The mortality was at 9%,
arate that is lower than that reported in the general population (about 26-60%) [127].

17.5.6 Infection

Obstetrical infections may require ICU admission, particularly if they are compli-
cated by sepsis or septic shock, which has been reported to occur in 0.002-0.04% of
all deliveries [128]. Such infections are a significant cause of maternal morbidity
and mortality [8]. The reported maternal mortality rate ranges from 20% to 28% in
pregnant patients with septic shock and multiple organ failure [128]. Women who
are black, smoke, and are older the 35 years may be more likely to be at risk of
maternal sepsis [8].
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The etiologies of infection during pregnancy are different in the antenatal and
postnatal period:

e Antenatal infections: septic abortion, intra-amniotic infection (chorioamnion-
itis), complicated pyelonephritis, and pneumonias caused by Streptococcus
pneumoniae and influenza [8]

e Postnatal infections: the most common is endometritis that is usually due to
mixed flora (including anaerobic, gram negative, and gram positive organisms)
[8]. Other postpartum infections include wound infections, necrotizing fasciitis,
toxic shock syndrome, pelvic abscess, gas gangrene of the myometrium (usually
due to clostridial species that colonize the gastrointestinal tract and vagina), sep-
tic pelvic thrombophlebitis, pyogenic sacroiliitis, and clostridium difficile coli-
tis [129].

Although there are no prospective studies of early goal-directed therapy during
pregnancy, the management of sepsis should be similar to that of the nonpregnant
patient and use the same targets [129]. However, the SvO, decreases in the later
stages of third trimester of pregnancy, so utilizing this target in late pregnancy may
be less reliable [130]. Delivery of the fetus is determined by obstetric indications.

17.5.6.1 Toxic Shock Syndrome

Toxic shock syndrome (TSS) is an acute life-threatening disease characterized by
high fever, erythematous rash with subsequent desquamation of the skin, shock, and
multiple organ involvement and was first reported by Todd et al. in 1978 [131].
Although TSS has occurred predominantly in menstruating women, the proportion
of cases not associated with menstruation has been increasing steadily since 1980
[132]. The removal of high-absorbency tampons from the market has decreased the
incidence of menstrual TSS [132]. As a result, approximately one-half of all reported
TSS cases are currently nonmenstrual [132].

Nonmenstrual TSS can occur due to the use of barrier contraceptives, vaginal
and cesarean deliveries, surgical and postpartum wound infections, mastitis, septo-
rhinoplasty (particularly when nasal packing is used), sinusitis, arthritis, burns,
cutaneous and subcutaneous lesions (including abscesses, ulcers, and cellulitis),
respiratory infections after influenza, and enterocolitis [132]. In most cases of TSS
associated with a surgical site or wound infections, it can occur in the absence of
any signs of apparent infection [132]. In most cases of TSS associated with a surgi-
cal site or wound infections, there is little or no evidence of inflammation at the site
of S. aureus replication [132].

Current diagnostic criteria for TSS are published by the Centers for Disease
Control and Prevention (CDC) [132]. There are five clinical criteria for the diagno-
sis of TSS: fever over 38.9 °C, rash, desquamation of the skin, hypotension, and the
involvement of three or more organ systems including the gastrointestinal, muscu-
lar, mucous membranes, renal, hepatic, hematologic, and central nervous sys-
tems [132].
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Early recognition of TSS is important in order to provide the appropriate therapy.
This therapy should include the prompt drainage of the site to control ongoing toxin
production, the use of antimicrobial therapy targeting S. aureus (such as clindamy-
cin to inhibit protein synthesis and further toxin production, and vancomycin if
MRSA [Methicillin resistant Staphylococcus aureus] is the causative organism),
and supportive therapy including fluid resuscitation and pressor support, if
required [132].

17.5.7 Disseminated Intravascular Coagulation (DIC)

Disseminated intravascular coagulation (DIC) during pregnancy is a unique entity.
It is always secondary to an underlying disease or complication and subsides only
when it resolves [133]. DIC represents a life-threatening condition that is the end-
point of uncontrolled systemic activation of the hemostatic system, leading to a
simultaneous widespread microvascular thrombosis, that can compromise the blood
supply to different organs and may lead to organ failure [134]. This process is asso-
ciated with increased degradation of coagulation factors as well as anticoagulation
proteins and followed by their impaired synthesis, leading to uncontrolled bleed-
ing [134].

Acute, severe DIC is characterized by diffuse multiorgan bleeding, hemorrhagic
necrosis, microthrombi in small blood vessels, and thrombi in medium and large
blood vessels [134]. The final scenario is represented by the exhaustion of coagula-
tion/anticoagulation factors and platelets, leading to profuse uncontrollable bleed-
ing and often death [134].

During pregnancy, a substantive increase in plasma volume is concomitantly
augmented by production of most procoagulants. Importantly, fibrinogen (factor I)
concentration increases approximately 50% above nonpregnant values, and during
late pregnancy, it ranges from approximately 375-620 mg/dL [135]. Thus, virtually
all clotting factors increase [122]. At the same time, there is a reduction in levels of
natural anticoagulants protein C and S and tissue factor pathway inhibitor-1 as well
as an acquired resistance to protein C [136]. In addition, profibrinolysin or plas-
minogen levels increase but there is also increased inhibition of fibrinolysis. As a
result of all of these alterations, there is a physiologic prothrombotic state during
gestation [134].

The initiation of DIC begins with the release of tissue factor by any number of
pathologic conditions [122]. In most cases, tissue factor is released by damaged
subendothelial tissue and stimulated monocytes, which in turn provoke release of
cytokines from the endothelium. In this scenario, with focal injury, there is attrac-
tion of monocytes and subendothelium with platelets that promotes localized coag-
ulation [122]. To the contrary, with generalized endothelial activation, there is
diffuse activation of coagulation [122]. Although tissue factor is found in endothe-
lial cells, it is also in abundant supply in trophoblastic tissue and amniotic fluid
[137, 138]. Thus, in obstetric syndromes, some of the most profound
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coagulopathies are stimulated by release of tissue factor from these sources. This
clinicopathologic phenomenon culminates in a systemic intravascular activation of
coagulation that completely disrupts natural hemostasis [139]. In severe cases, this
ineffective balance of natural anticoagulant mechanisms can result in widespread
fibrin deposition leading to multiorgan failure [122].

The rate of DIC during pregnancy differs among cohorts and ranges from 0.03%
to 0.35% [134]. The most common obstetric events that may result in DIC are pla-
cental abruption, amniotic fluid embolism, preeclampsia, eclampsia, HELLP syn-
drome, sepsis syndrome, AFLP, retained stillbirth, septic abortion and intrauterine
infection, and massive obstetric hemorrhage [122, 134].

17.5.7.1 Diagnosis

Early and accurate recognition of DIC is the hallmark of success in the treatment of
this dire complication. Unfortunately, in the majority of the cases, the diagnosis of
DIC is based on the clinical assessment of the patient [134].

An important consideration in the diagnosis of coagulopathy in obstetrics is
determining whether the event is related to an actual consumption of procoagulants
within the intravascular tree compared with loss of procoagulants from hemorrhage
or a combination of the two. A pure form of the former would be a true DIC, whereas
the latter is better termed dilutional coagulopathy [122].

Over the past few decades, both national and international organizations have
attempted to establish more uniform guidelines to define DIC using various scoring
systems [122]. The scoring system for DIC suggested by the subcommittee of the
International Society on Thrombosis and Haemostasis (ISTH DIC score) includes
four widely available variables: prothrombin time, platelet count, fibrinogen level,
and a fibrin-related marker (indicator for in vitro fibrin formation) [140]. A DIC
Score >5 is considered to be compatible with overt DIC [140].

Because the physiological hemostatic changes occurring in pregnancy affect the
application of these scores to gestation, Erez et al. have recently constructed a preg-
nancy modified DIC score by using only three components of the ISTH DIC score:
platelet count, fibrinogen concentrations, and the PT difference [141].

Point-of-care testing using devices like thromboelastography (Haemonetics,
Braintree, MA) or thromboelastometry (TEM GmBH, Munich, Germany) is useful
in the obstetrical coagulopathic disorders to achieve rapid results and decide inter-
vention. Normal ranges have been published for women at the time of delivery
compared with the standard ranges [142].

One key message is that the tests should be repeated to reflect the dynamic
changes on the basis of laboratory results and clinical observations [134].

17.5.7.2 Obstetric Causes of Disseminated
Intravascular Coagulation

Clinical Management
In most of these pregnancy complications, DIC is associated with adverse maternal
outcome including massive blood products transfusion, hysterectomy, and even
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maternal death [134]. Therefore, one of the central features in the management of
DIC is recognizing the concomitant, underlying disorder [122], because the correc-
tion of these is paramount to reconcile the coagulopathy [133], and also to reduce
the morbidity and mortality that is associated with DIC [134].

The basic principles for treating obstetrical DIC include: management of the
underlying condition that predisposes to DIC; supportive care with blood products
and related measures; regular clinical and laboratory surveillance [134].

Any treatment algorithm for obstetric DIC must take into consideration simulta-
neous and prompt replacement of blood loss in addition to treatment of the accom-
panying DIC and its cause [122]. Importantly, some of the aforementioned causes
of DIC have specific treatments for the underlying disorder (e.g., treatment of sepsis
with drainage, débridement, and antimicrobial therapy). In other instances exclusive
to obstetric conditions (preeclampsia, HELLP, placental abruption, and acute fatty
liver of pregnancy) treatment includes delivery [122]. Importantly, the clinical
course of many of these women with DIC is further complicated by cesarean deliv-
ery with its attendant bleeding problems. Thus, laceration repair, uterotonic agents
for uterine atony, and arrest of bleeding from operative sites is an active, if not pro-
active, process to effect hemostasis [122].

Given the acuity and complexity often seen in these cases, these women require
admission to an ICU [122].

In the majority of obstetric disorders, bleeding has a prominent role in clinical
management. Globally, guidelines for management in women with coagulopathy
and bleeding are based mainly on expert opinion that recommends replacement of
red blood cells, procoagulant proteins, and platelets [143, 144]. A major drawback
of the latter is depletion of platelets and clotting factors resulting in the dilutional
coagulopathy, which may clinically indistinguishable from DIC with major bleed-
ing. For this reason, massive transfusion protocols are typically activated when at
least 4-5 units, and sometimes more, of red blood cells have been given to the
patient who is still actively bleeding [145].

In addition to blood components supplied by transfusion protocols, a number of
pharmacologic compounds have been used with variable success to treat DIC in
nonpregnant patients (e.g., antifibrinolytic agents as tranexamic acid) [122].

17.5.8 Supportive Care

Supportive care refers to interventions that sustain life and prevent complications,
but do not treat the underlying cause of the critical illness. This includes oxygen-
ation and ventilation (e.g., supplemental oxygen or mechanical ventilation), seda-
tion, pain control, hemodynamic support (e.g., vasopressors), monitoring, volume
management (e.g., intravenous fluids or diuretics), nutritional support, stress ulcer
prophylaxis, and venous thromboembolism prophylaxis [1].
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17.5.8.1 Mechanical Ventilation
Most aspects of mechanical ventilation are identical for pregnant and nonpregnant
women. An exception is the target arterial carbon dioxide tension (PaCO,):

* Minute ventilation should be adjusted to maintain the PaCO, between 30 and
32 mmHg. This replicates normal physiology during pregnancy since pregnant
women maintain a respiratory alkalosis (PaCO, is approximately 32 mmHg and
arterial pH is 7.4-7.47) due to respiratory stimulation by progesterone [8].

* A PaCO, lower than 30 mmHg should be avoided because significant respiratory
alkalosis may decrease uterine blood flow [146].

e Maternal hypercapnia (PaCO, >40 mmHg) causes fetal respiratory acidosis. The
use of intravenous maternal bicarbonate therapy during permissive hypercapnia
is controversial due to conflicting data from animal and human studies [8].

* A reasonable goal is a maternal arterial oxygen tension (PaO,) above 65 mmHg,
although the optimal oxygen tension and peripheral saturation are unknown.

17.5.8.2 Sedation

Most drugs used for analgesia, sedation, and neuromuscular blockade are capable of
getting into the umbilical venous blood and fetal circulation [147]. Thus, the poten-
tial adverse effects of an agent on the fetus (including teratogenic potential) must be
considered when selecting a medication. As a general rule of thumb:

* Analgesia: any opioid is acceptable. Nonsteroidal anti-inflammatory drugs
should be avoided during late pregnancy because they can cause premature clo-
sure of the ductus arteriosus and oligohydramnios.

» Sedation: sedation is often required to tolerate mechanical ventilation. There are
few reports comparing benzodiazepines with other anxiolytic agents during
pregnancy. Midazolam is theoretically superior to lorazepam based upon the
observation of teratogenic effects in animal studies of lorazepam.

* Propofol is classified as a pregnancy category B agent based upon animal data
[148]. Propofol crosses the placenta and may be associated with neonatal respi-
ratory depression. Data on the clinical use of propofol for pregnant critically ill
patients is limited to case reports, so its use should be limited until more prospec-
tive data is available [148]. There are no studies evaluating the safety and effec-
tiveness of dexmedetomidine in the critically ill obstetric patient.

e Neuromuscular blockade: use of neuromuscular blocking agents should be
avoided unless the patient has refractory respiratory failure despite aggressive
sedation. Minimal data are available regarding which neuromuscular blocking
agent to use for pregnant patients who require it to facilitate mechanical ventila-
tion. Cisatracurium may be preferable as a first-line agent, based upon its preg-
nancy risk factor rating of B and the observation that it is not affected by renal or
hepatic dysfunction. In contrast, the pregnancy risk factor rating for vecuronium
and pancuronium is C, and pancuronium can accumulate in the setting of hepatic
dysfunction [148].
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Consultation with an obstetrician and a pharmacist who specializes in the care of
pregnant patients may be helpful to facilitate the use of these agents in the ICU [8].
A neonatologist should also be present at delivery because analgesics, sedatives,
and neuromuscular blocking agents can cause respiratory depression in the new-
born. Ventilatory support may be needed for the newborn until the effects of the
drugs wear off [149].

17.5.8.3 Vasopressors

Vasopressors and inotropes can vasoconstrict uterine blood vessels, reducing fetal
blood flow. Thus, other interventions should be used initially to manage hypoten-
sion, such as administration of intravenous fluids and placing the patient in the left
lateral decubitus position to prevent compression of the inferior vena cava by the
gravid uterus. Hypotension that persists despite these initial interventions requires
vasopressor therapy, since sustained maternal hypotension decreases uterine blood
flow [8]. There is a paucity of clinical studies with no consensus about which is the
best vasopressor for maternal hypotension or shock due to critical illness. In addi-
tion, the 2016 sepsis treatment guidelines published by the Society of Critical Care
Medicine do not specifically address the care of pregnant patients. However, follow-
ing these guidelines is reasonable for the management of maternal hypotension
from septic shock [150]. Thus, norepinephrine is considered the first-line vasoactive
agent in pregnant patients who fail to respond to early aggressive volume resuscita-
tion. Although norepinephrine can reduce uterine blood flow, there are no data to
suggest that norepinephrine has an adverse effect on the well-being of the fetus
[8, 151].

For pregnant patients with refractory shock, the best second-line agent is
unknown. However, indirect evidence from randomized trials of vasopressors for
hypotension caused by spinal anesthesia and the 2016 sepsis guidelines suggest that
phenylephrine may a reasonable second-line agent. Animal models have shown that
ephedrine, phenylephrine, norepinephrine, and epinephrine all increase maternal
blood flow. In contrast, ephedrine is the only agent to increase uterine blood flow in
animals; all other agents induce vasoconstriction of uterine blood vessels [152].

The benefits of hydrocortisone in pregnant patients with septic shock are also
unstudied, although hydrocortisone is a category C agent for pregnant patients, it
can be considered in patients with refractory septic shock who are poorly responsive
to both aggressive fluid resuscitation and vasopressor therapy [150].

17.5.8.4 Monitoring
All women should undergo conventional ICU monitoring. This usually includes
continuous assessment of the heart rate, cardiac rhythm, oxyhemoglobin saturation,
and respiratory rate, as well as frequent evaluation of the blood pressure and tem-
perature [8].

Invasive hemodynamic monitoring is occasionally helpful, especially when
hypoxemic respiratory failure is accompanied by hypotension and/or renal failure.
In these situations, hemodynamic measures can help determine the volume status,
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which is essential for administration of the optimal balance of intravenous fluids,
diuretics, and vasoactive medications [8]. Invasive hemodynamic monitoring is
generally accomplished using a central venous catheter to measure the central
venous pressure. Pulmonary artery catheters are rarely needed. Interpretation of
hemodynamic measures must consider the expected physiologic changes of preg-
nancy [8]. Arterial catheterization may be helpful if the blood pressure is labile or
frequent arterial blood gases are needed.

Pregnant women should have fetal heart rate and uterine monitoring, the fre-
quency of which depends upon the gestational age of the fetus and the clinical
scenario.

Bedside critical care ultrasound is emerging as a useful tool in the assessment of
the hypotensive critically ill patient. Transthoracic echocardiography (TTE) may
assist in the differentiation of life-threatening hypotension in the critically ill obstet-
ric patient [153]. For example, bedside TTE allows the rapid identification of right
ventricular versus left ventricular heart failure, thereby allowing the timely admin-
istration of appropriate therapy or pursuit of additional testing.
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18.1 Introduction
18.1.1 Learning Goals

1. To point out the basic differences of ICU of in LMICs, compared to these in
high-income countries.

. To become informed with the specific epidemiological data of MOF in LMICs.

. Which are the most appropriate assessment tools for MOF in LMICs?

. To define the strategies and treatment methods of MOF relevant for LMICs.

. To outline the optimal future approaches for MOF management in LMICs.
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Although technology and evidence-based medicine have improved the quality of
critical care in high-income countries, these benefits have not consistently been
extended to resource-limited settings. The burden of critical care is greatest in low-
and middle-income countries, and the adjusted risk of in-hospital death increases in
a stepwise fashion as the global national income decreases [1, 2].

The source of this disparity is multifactorial and is driven by the lack of suffi-
ciently trained healthcare professionals, limitations in infrastructure and equipment,
and severe shortages of intensive care unit (ICU) bed capacity.

Critical illness in low- and middle-income countries (LMICs) is a major compo-
nent of the global burden of disease [3]. These countries have relatively younger
patient populations than those of high-income countries (HICs) [4-6].
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Despite this, ICU patients in LMICs still have more morbidity and mortality than
those in HICs largely due to limited resources and the severity of co-morbid condi-
tions [1, 3-5].

The burden of critical illness in low-income countries is large and likely to
increase with growing urbanization, emerging epidemics, and access to hospi-
tals [7-9].

The high cost of trained healthcare workers, infrastructure, and supplies has lim-
ited the development of intensive care units (ICUs) in low-income countries. Recent
epidemiological changes in global health have created a “double burden of disease”
to resource-limited settings due to an increase in the prevalence of non-communicable
diseases combined with lack of improvement in the long-recognized higher burden
of communicable diseases, maternal and child mortality, malnutrition, and human
immunodeficiency virus (HIV)-related complications [3, 10].

18.2 Definitions

MOF initially recognized by Tilney et al. in 1973, then entitled by Baue as “Multiple,
Progressive, or Sequential Systems Organ Failure and defined as a syndrome by
Eiseman et al. and Fry et al.” as “multiple organ failure” and “multiple system organ
failure,” “primarily proposed as a sign of occult or uncontrolled infection,” MOF
currently occurs most commonly after mechanical and thermal trauma, pancreatitis,
and shock.

Multiple organ dysfunction syndrome (MODS) carries a serious risk of mortal-
ity. In order to prevent it from progressing to an irreversible stage, immediate detec-
tion and treatment are crucial [11].

Multiple organ dysfunction syndrome (MODS) is defined as the progressive
physiological dysfunction of two or more organ systems where homeostasis cannot
be maintained without intervention [12, 13].

Low- and middle-income country: WHO Member States are grouped into income
groups (low, lower-middle, upper-middle, and high) according to the World Bank
analytical classification of economies calculated using the World Bank Atlas method
and based on the gross national income per capita of each country [14].

For more easier understanding and less term diversion in this chapter we will use
the term MOF in all textual remarks concerning MODS.

MOF is generally initiated by illness, injury, or infection, causing a state of
immunodepression and hypometabolism [13]. Rather than a single event, MOF is
considered a continuum where the extent of dysfunction can vary greatly from mild
impairment to irreversible failure [6]. Organs most commonly affected by MOF
include the heart, lungs, liver, and kidneys [15]. It is associated with significant
mortality and morbidity, estimated to affect around 15% of ICU patients and con-
tributing to about 50% of deaths in ICU [12, 13].

MOF is induced by illness, injury, or infection that triggers an unregulated sys-
temic inflammatory response (known as systemic inflammatory response syn-
drome), resulting in tissue injury [16, 17].
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18.3 Epidemiology of MOF in Low-Resource Setting:
Morbidity Mortality, Limited Resources, Suboptimal
Understandings and Politics in LMICs

MOF syndrome is a process that occurs following 7-22% of emergency operations
and between 30% and 50% of operations for intraabdominal sepsis and carries a
mortality that varies from 30% to 100% depending on the number of organs
involved [18].

The incidence of MOF depends on the criterion used for it as there is no consen-
sus on a single definition as the gold standard [19]. The reported incidence of MOF
among critically ill trauma patients varies widely from 28% to 88% [20].

The most common trigger is sepsis, but other causes include major trauma, sur-
gery, burns, shock, aspiration syndromes, blood transfusion complications, severe
autoimmune disease, or acute heart failure or poisonings [13, 21, 22]. Sepsis is a
major reason for intensive care unit (ICU) admission, also in resource-poor settings.
ICUs in low- and middle-income countries (LMICs) face many challenges that
could affect patient outcome [23]. Annually, there are about 20 million cases of
sepsis, defined as life-threatening acute organ dysfunction caused by a dysregulated
host response to infection [1] leading to more than five million deaths, with most of
the burden in low- and middle-income countries (LMICs) [24, 25]. Sepsis is a pre-
ventable, life-threatening condition marked by severe organ dysfunction. In 2017, it
was estimated that it had affected 49 million individuals and was related to approxi-
mately 11 million potentially avoidable deaths worldwide [14]. However the overall
and region-specific estimates should be interpreted with caution, given the limited
representation of data from LMICs. Sepsis mortality is often related to suboptimal
quality of care, an inadequate health infrastructure, poor infection prevention mea-
sures in place, late diagnosis, and inappropriate clinical management.

While sepsis can affect any individual worldwide, significant regional disparities
in incidence and mortality exist with the highest rates in lower-middle-income
countries (LMICs). Approximately 20% of all-cause global deaths are due to sepsis,
disproportionately affecting neonates, pregnant or recently pregnant women, and
people living in low-resource settings [14]. The burden of sepsis due to high inci-
dence and mortality is higher in LMICs, where the severe maternal outcomes repre-
sent 12-15 per 1000 live births in LMICs compared to 0.6 per 1000 live births in
high-income countries.

Sepsis is a major global health threat with a high incidence and mortality, par-
ticularly in LMICs. Overall and region-specific estimates should be interpreted with
caution, given the limited representation of data from LMICs. To address the lack of
LMIC representation and optimize the inclusion of studies from LMICs, WHO
undertook an updated and targeted systematic review and meta-analysis that con-
firmed the overall paucity of data in these settings (Fig. 18.1) [14].

In countries with low, low-middle, or middle sociodemographic indices (SDI)
sepsis cases reach 85.0% and sepsis-related deaths worldwide account for 84.8%,
particularly in sub-Saharan Africa and South-East Asia (Fig. 18.2, [14]. From [14].
Published under the CC BY 4.0 license).
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Fig. 18.2 Distribution of sepsis-related death cases worldwide in percentage. (From [14].
Published under the CC BY 4.0 license)

Trauma is a significant global health challenge, with more than five million
deaths annually because of injury. Around 1.2 million deaths worldwide are due to
motor vehicle collisions, and road traffic collisions are a leading cause of death and
disability among the young in low- and middle-income countries (LMICs), where
an estimated 90% of injury-related deaths occur [26]. Social and economic costs are
the highest for these developing societies like Latin America, Central Africa, and
South Asia having remarkably high death and disability rates due to social violence
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and road traffic incidents and the actual social and economic cost of trauma is often
difficult to quantify due to the lack of robust epidemiological data in many world
regions [27, 28].

MOF remains a leading cause of morbidity and mortality in ICU settings with an
enormous burden on healthcare resources. Age, presence of peritonitis, diabetes
mellitus, elevated serum lactate; central venous pressure, unplanned surgery, tachy-
cardia, and initial blood pH are the major predictors of MOF-related mortality in
high-risk noncardiac surgery patients. Therefore, the identification of potential pre-
ventable predisposing factors of MOF could assist in better prognosis [29]. Globally,
crude ICU mortality rates range from 9.3% in North America and 15.5% in Western
Europe to 32.9% in Nigeria and 50.4% in Ethiopia [30, 31]. Reported mortality
rates in critical care units are high (40-80%) in LMICs, especially among ventilated
patients [32, 33]. MOF is considered as the frequent cause of mortality in patients
admitted to the surgical ICU and the rate of mortality and length of hospital stay
correlated with the number of organs involved and the severity of MOF [7]. An
earlier study reported 15% mortality among high-risk surgical patients admitted to
the ICU, of which more than half the patients died primarily due to MOF [34].
Epidemiologic studies show higher in-hospital mortality rates for critically ill
patients in LMICs as compared with patients in high-income countries (HICs).
Recent findings suggest that critical care interventions that are effective in HICs
may not be effective and may even be harmful in LMICs. Little data on long-term
and morbidity outcomes exist. Better outcomes measurement is beginning to emerge
in LMICs through decision support tools that report process outcome measures,
studies employing mobile health technologies with community health workers, and
the development of context-specific severity of illness scores [35].

ICU beds in low-income and middle-income countries (LMICs) are limited and
also have limited human and structural resources, where the working force has been
described to be the costliest factor [36]. Costs for intensive care in LMICs are one-
third from the cost reported from high-income countries. Alternative options for
intensive care delivered outside are Rapid-Response Systems and Medical
Emergency Teams.

In their systematic review of 43 studies from 15 low-income countries describing
36 individual ICUs in 31 cities, of which 16 had population greater than 500,000,
and 14 were capital cities Murthy et al. found out that low-income countries lack
ICU beds, and more than 50% of these countries lack any published data on ICU
capacity (Fig. 18.3, [37]). Most ICUs in low-income countries are located in large
referral hospitals in cities. A central database of ICU resources is required to evalu-
ate health system performance, both within and between countries, and may help to
develop related health policy.

Substantial gaps remain regarding data availability from low- and middle-income
countries, the lack of community-based studies and inherent limitations of epide-
miological research based on administrative data, limiting our understanding of
temporal trends and geographical disparities [38].
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Fig. 18.3 Thirty-six low-income countries included in the search strategy with (n = 15, red) and
without (n =21, yellow) published data on ICU resource availability. (From [37]. Distributed under
the terms of the Creative Commons Attribution License)

18.4 Assessment Tools of MOF in Low-Resource Settings:
Scales and Grades

The Assessment of Multiple Organ Dysfunction Syndrome requires systems head-
to-toe clinical examination, documentation, and analysis usually by SOFA score,
where mild or severe dysfunction of at least two organs in addition to systemic
inflammatory response syndrome is evaluated. The organ dysfunction may present
as: acute kidney injury or uremic acidosis, acute respiratory distress syndrome, car-
diomyopathy, encephalopathy, acute neurological, gastrointestinal, hepatic dys-
function, or coagulopathy [13]. The patient display relevant symptoms, depending
on the affected organs [2] and the systemic inflammatory response syndrome pres-
ent [11, 39, 40].

Critical care is expanding in low- and middle-income countries (LMICs) where
the majority of ICUs are concentrated in large referral hospitals in urban areas [37,
41, 42]. Due to factors such as missing data and different disease patterns, predictive
scores often fail to adequately predict the high rates of mortality observed [43].

Multiple mortality prediction models have been developed or validated in low-
and middle-income countries (LMICs) over the last 5 years [44, 45]. The proposed
uses of these models include identifying patients at acute risk for deterioration in
order to trigger increased levels of care, more informed allocation of scarce
resources, benchmarking for quality assessment and quality improvement and con-
trolling for severity of illness (SOI) in future trials [46-51].
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The modified early warning score (MEWS) first reported in the UK in 2001 was
created by assigning weighted scores to each vital sign based on severity of the vital
sign abnormality, and it has since been tested in multiple LMIC sites. MEWS
includes five variables, with scores between 0 and 3 assigned for each variable [52].

The quick Sequential (Sepsis-Related) Organ Failure Assessment (QSOFA) score
was developed as part of an international re-defining of sepsis, using high-income
country (HIC) hospital administrative data 19 and retrospectively tested in nine sites
in LMICs [24]. qSOFA was also prospectively tested in a study from an upper
middle-income country with multiple sites [53]. gSOFA includes three variables,
with 1 point given to each abnormal value, a maximum score of 3 and >2 consid-
ered high risk.

The Universal Vital Assessment (UVA) score was recently developed using lin-
ear regression in 15 in-hospital cohorts from six African countries and showed good
predictive capability across the entire derivation population, with no reporting on its
performance in the individual cohorts [47]. UVA includes seven variables, with
variable points given for each abnormality. It yields a maximum score of 13, with
>4 considered high risk based on its derivation study.

All three scores use accessible bedside clinical measures and are, therefore,
appealing for LMIC settings where laboratory values and detailed comorbidity his-
tories are often not available. All three scores have also been developed for hospital
ward patients, which is relevant to LMICs, where critically ill patients often remain
in general wards due to the scarcity of intensive care unit (ICU) beds.

In their prospective observational trial in 2017, Klinger et al. found modest pre-
dictive power of adjusted MEWS, qSOFA, and UVA scores in 647 patients with
suspected infection at a Rwandan tertiary hospital, where the overall, increasing
scores for adapted MEWS, qSOFA, and UVA corresponded with increasing mortal-
ity [54].

A prospective cohort study on the prognostic accuracy of the gSOFA-lactate for
prediction of in-hospital mortality criteria conducted in 2017 on 1213 adult patients
with suspected bacterial infection visiting the emergency department of the
Indonesian National Referral Hospital has demonstrated that it is as good as the
SOFA score in the emergency department of a hospital with limited resources [55].

The Sepsis-3 definition provides a change of two or more scores from zero or a
known baseline of the Sequential Organ Failure Assessment (SOFA) as criteria of
sepsis. A 10 year retrospective cohort study on 2350 sepsis patients in a teaching
hospital in Thailand was conducted to compare the SOFA score and the quick SOFA
(qSOFA) to Systemic Inflammatory Response Syndrome (SIRS) criteria in predic-
tive ability of mortality and organ failure. The all-cause hospital mortality rate was
44.5%. The SOFA score presented the best discrimination with an area under the
receiver operating characteristic curve (AUC) of 0.839. The AUC of SOFA score for
hospital mortality was significantly higher than gSOFA (AUC 0.814, p =0.003) and
SIRS (AUC 0.587, p < 0.0001). The SOFA score had superior performance than
other scores for predicting intensive care unit (ICU) mortality and organ failure and
is a better prognostic tool for predicting mortality and organ failure than gSOFA and
SIRS criteria among sepsis patients admitted to the ICU [45].
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In their large prospective multicenter study in a middle-income country, among
ED in 54 hospitals on 4711 ward patients with sepsis, gSOFA showed low sensitiv-
ity for the detection of patients who would die as screening tool with high percent-
age of missed cases of high mortality rates. Alternative approaches to prompt sepsis
alerts, such as modifying qSOFA, adding lactate to a qSOFA score greater than or
equal to 1, or using a single organ dysfunction, may minimize this issue [53].

A scarce number of studies available in resource-limited regions illustrate poten-
tial for the use of qSOFA, but also high variation in performance, especially regard-
ing sensitivity. Moreover, several studies in high-income settings observed limited
sensitivity of gSOFA, so its added value compared with commonly used scores for
diagnosis and risk stratification of sepsis, such as the systemic inflammatory
response syndrome (SIRS) criteria [12] and Modified Early Warning Score
(MEWS), 13 has been questioned [56-59].

In 339 patients admitted to the ED with septic shock, Baig et al. found out that
the AUROC for predicting mortality was greater for gSOFA score (AUROC cut-
off = 0.89 with 95% CI; 0.85-0.92, sensitivity = 92% and specificity = 85%) when
compared to SOFA score (AUROC cutoff = 0.63 with 95% CI; 0.55-0.70, sensitiv-
ity = 70%, specificity = 59%). They concluded that gqSOFA score appears to be an
effective tool at predicting in-hospital mortality in comparison to SOFA score when
applied to severe sepsis and septic shock patients in the setting of a tertiary care
hospital ED of a low-middle income country [60]. However, it is still necessary to
rigorously evaluate its applicability in settings outside the ICU environment before
concluding its utility beyond what it was designed for.

Recently, a new risk stratification score, the Universal Vital Assessment (UVA)
score, based on data from hospital-based cohort studies in sub-Saharan Africa, and
thus potentially more suited to the African setting, was developed. An amalgamated
qSOFA score applying the UVA thresholds for blood pressure and respiratory rate
improved predictive ability in Gabon having the best predictive ability [52].

In the analysis of 6569 adults with suspected infection admitted to 17 hospitals
in ten countries in sub-Saharan Africa, Asia, and America, Rudd et al. studied the
association between the quick Sequential (Sepsis-Related) Organ Failure Assessment
(qSOFA) score and excess hospital mortality, as a marker of sepsis or analogous
severe infectious course. They found out that gSOFA score greater than or equal to
2 was significantly associated with increased likelihood of excess hospital death
compared with a lower score (odds ratio, 3.6), concluding that the gSOFA score
may help identify patients at higher risk for excess hospital mortality among adults
with suspected infection in LMICs [49].

In their prospective, observational cohort study of 118 patients Sendagire et al.
studied the modified SOFA (mSOFA) score for assessing organ dysfunction and
predicting mortality in a tertiary hospital ICU of a low income country. Their results
confirm that calculation of the mSOFA score, ranging from 0 (normal organ func-
tion) to 24 (worst organ dysfunction), calculated on admission (TO) and at 48 h
(T48) is feasible for an ICU population in a low-income country [61].

The analysis of mortality prediction models on approximately 1000 patients for
2.5 years period 2015-2017 concluded by Lukoko et al. showed that 48-h SOFA
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performed significantly better in predicting outcomes among critically ill patients
admitted to the ICU than admission SOFA, MPM-III, and delta-SOFA [62]. They
suggested that achieving good outcomes in intensive care depends on more than the
provision of world-class resources. Policies for fair allocation of beds, protocol-
driven admission criteria, and appropriate patient selection could contribute to low-
ering the risk of mortality among the critically ill to a level on par with well-resourced
ICUs in HICs.

Investigating the Modified Early Warning Score (MEWS) on 452 patients in
Uganda as a triage tool to identify patients at greatest risk of death. Kruisselbrink
et al. demonstrated the need for resource-suitable, setting-specific management
plans, as the proportion of ward patients with MEWS of 5 or greater will exceed the
physical critical care capacity at ICU and other low-resource hospital settings [63].
Possible strategies include cohorting of less stable patients to enable closer monitor-
ing and earlier intervention. MEWS provides a systematic triage tool that enables
identification of patients in need of such interventions, potentially preventing the
need for ICU admission, and decreasing mortality.

In their first performance-test of an ICU risk prediction and new context-specific
model in a low-income setting on Rivielo et al. developed a new Rwanda Mortality
Probability Model (R-MPM) for use in low-income countries studying Rwanda’s
two public ICUs between August 19, 2013 and October 6, 2014 with 427 critically
ill patients with mortality rate of 48.7% [51]. It demonstrated better fit to their popu-
lation and had a lower data collection burden than models developed in high-income
countries. After validation the R-MPM could be an alternative risk prediction model
with fewer variables, better predictive power, and potential to improve the reliability
of comparisons used for critical care research and quality improvement initiatives in
low-income countries.

Although predictive models are recommended to undergo regional customiza-
tions, the models often do not apply to resource-constrained settings [64].

Models that have been developed for LMICs have rarely been assessed or vali-
dated in other similar settings. As predictive models are developed, these should
also be examined and validated in resource-constrained settings [65].

In the prospective cohort study on 300 mechanically ventilated patients con-
ducted in 2016-2017, with overall mortality rate of 60.7% Parker et al. assessed
discrimination and calibration of multiple previously described models: Acute
Physiology and Chronic Health Evaluation (APACHE) II, Sequential Organ Failure
Assessment (SOFA) and quick Sequential Organ Failure Assessment (qSOFA),
Simplified Acute Physiology Score (SAPS) II, Rwanda Mortality Predictive Model
(R-MPM) (developed and validated in Rwanda), Vitals score (validated in Tanzania),
Vitals Score For Sepsis (validated in Uganda), Tropical Intensive Care Score
(TropICS), and Modified Early Warning Score (MEWS) [43]. These models were
selected due to their frequency in critical care literature (APACHE II, SOFA and
qSOFA, SAPS II, MEWS) or the comparability with our resource-constrained set-
ting (R-MPM, TropICS). The authors found out that scores adapted for similar set-
tings had similar or better predictive value than those developed in high-resource
settings, but with better calibration. Further delineation of patient disease could
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improve predictive scores, however, this must be balanced with ease of use and
applicability of the score to the setting, requiring intensivists to use common lan-
guage and scores.

Mortality prediction models could be useful in resource-limited settings to assess
the impact of interventions, to assist in determining cost-effectiveness of capacity-
building efforts, and to support institutional development of triage protocols [66].

18.5 Current Management of MOF in Low-Resource Settings:
Algorithms, Consensus Statements,
Guidelines, Recommendations

MOF can rapidly increase in severity and in the later stages the affected organs may
completely lose function, reaching a mortality risk of 80-96% possibly being not
reversible. Therefore preventing MOF from progressing into organ failure is cru-
cial [21].

Back in 1998 Mervyn Singer pointed out the emphasis on prevention of organ
dysfunction, including maintenance of tissue oxygenation, nutrition, and infection
control stating that no definitive treatment exists despite considerable efforts to find
a “magic bullet” and management of MOF still revolve around support of organ
function and prevention of iatrogenic complications until recovery occurs [67].

Management of MOF aims at identifying and treating the underlying causes,
comorbidities, or complications. They include fluid resuscitation to increase perfu-
sion; multi-organ support care and monitoring: mechanical or non-invasive ventila-
tion; maintaining fluid homeostasis; renal replacement therapy [13, 68, 69].
Maintaining an accurate fluid balance chart is important for continuous patient
monitoring and recognizing possible issues [6].

To describe differences between resource-poor and resource-rich settings regard-
ing the epidemiology, pathophysiology, economics, and research aspects of sepsis,
Schultz et al. studied it in ICU setting even knowing that many sepsis patients in
LMICs are treated outside an ICU. They defined two major differences: First, the
resistance patterns to antimicrobial drugs can be very different, although many bac-
terial pathogens causing sepsis in LMICs are similar to those in high-income coun-
tries and causes of sepsis in LMICs often include tropical diseases in which direct
damaging effects of pathogens and their products can sometimes be more important
than the response of the host. Second, ICU capacities around the world have sub-
stantial and persisting differences, with heterogeneity within individual LMICs,
where lowest capacities are to be found [23]. Although many aspects of sepsis man-
agement developed in rich countries are applicable in LMICs, implementation
requires strong consideration of cost implications and the important differences in
resources. Positive patient outcomes rely on immediate recognition, ICU admis-
sion, and invasive organ support [70].

Opportunities for research in epidemiology, diagnosis, therapeutics, and imple-
mentation of critical care resources in resource-limited settings can focus on burden
of the disease like the The Global Burden of Disease project, which has the goal of
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identifying risk factors and estimating the health impact of different diseases [71].
Another research target is the early recognition and treatment of critical illnesses in
resource-limited settings focusing on, by developing tools and interventions for
early detection and treatment of mainly ARDS syndrome and septic shock that
could prevent multi-organ failure and death and ease burden on limited ICU
resources. Conducting local QI projects in resource-limited settings, using small
samples to test changes in outcomes and measuring impact on processes of care, is
essential.

Until sufficient research from resource-limited settings drives locally generated
clinical guidelines, adaptation of existing guidelines is essential to bring safe, fea-
sible, and effective practices to the bedside. The Global Intensive Care Working
Group of the European Society of Critical Care Medicine including experts from
both resource-rich and resource-limited settings has developed recommendations
for infrastructure and ICU organization in resource-limited settings and adapted
recommendations for the management of sepsis in resource-limited settings. Topics
covered include ventilatory support, sepsis recognition, and sepsis management in
adults and children [72-75].

In their systematic review to evaluate and compare the accuracy of pre-hospital
triage tools for major trauma Gianola et al. found out that the adoption of an accu-
rate pre-hospital triage tool like Northern French Alps Trauma System (TRENAU)
and New Trauma Score (NTS), best for adults, may help to allocate trauma patients
according to hospital resources [76]. It is of paramount importance to match the
right patient with the right hospital to maximize the healthcare and to minimize costs.

The WSES proposed the Timing of Acute Care Surgery (TACS) classification to
prioritize patients admitted in the ED with a potentially surgical condition, based on
simple hemodynamic and clinical data, assists in evaluating patients when multiple
patients require emergency surgery or limited resources are available (Fig. 18.4,
[77]). In this COVID-19 pandemic, these criteria could guide the acute surgical
teams to properly tag each patient to the timing of surgery.

Critical care prognostic models are widely used in HICs for benchmarking, strat-
ification of patients for research, and to assess quality improvement initiatives.
Their applicability in LMICs is limited by the inclusion of relatively expensive
laboratory parameters, diversity of case-mix, diversity of pathogenesis, the require-
ment for rigorous coding for diagnostic categorization, and the difficulties in sys-
tematic data gathering in the absence of electronic records.

Current critical care prognostic models are predominantly developed in high-
income countries (HICs) and may not be feasible in intensive care units (ICUs) in
lower- and middle-income countries (LMICs). Existing prognostic models cannot
be applied without validation in LMICs as the different disease profiles, resource
availability, and heterogeneity of the population may limit the transferability of
such scores. A major shortcoming in using such models in LMICs is the unavail-
ability of required measurements. This study proposes a simplified critical care
prognostic model for use at the time of ICU admission [50]. In their prospective
study of 3855 patients admitted to 21 ICUs from Bangladesh, India, Nepal, and Sri
Lanka testing a simplified, general critical care prognostic model developed for
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Timing-iTTS ) - ) Color
from diagnosis Possible Clinical Scenarios (TACS) code Note
. Immediate life saving surgical
Immediate . . . . o
Bleeding emergencies intervention, resuscitative
surgery
laparotomy
Surgical Intervention as soon
Within an Incarcerated hernia, perforated as possible but only after
hour viscus, diffuse peritonitis, soft resuciation (within 1 to
tissue infection accompanited 2 hours). administration of
with sepsis antibiotics upon diagnosis- no
delay
Within 6 Soft tissue infection (abscess) not Administration of antibiotics
hours accompanied with sepsis upon diagnosis- no delay
Within 12 Appendicitis (local peritonitis), Administration of antibiotics
hours cholecystitis (optinal) upon diagnosis- no delay
Within 24 or Schedgle in advance.
Second-look laparotomy Intervention should occur
48 hours . ;
during day time

Fig. 18.4 Timing of Acute Care Surgery (TACS) classification. (From [77]. Published under the
CC BY 4.0 license)

South Asia but with potential applications in LMICs worldwide Haniffa et al. devel-
oped three models for ICU mortality prediction: model 1 with clinical, laboratory,
and treatment variables; model 2 with clinical and laboratory variables; and model
3, a purely clinical model. Internal validation based on bootstrapping (1000 sam-
ples) was used to calculate discrimination (area under the receiver operating charac-
teristic curve (AUC)) and calibration (Hosmer-Lemeshow C-Statistic; higher values
indicate poorer calibration). Comparison was made with the Acute Physiology and
Chronic Health Evaluation (APACHE) II and Simplified Acute Physiology Score
(SAPS) II models [50]. Models 1 and 2 turned out to be superior to APACHE 1II,
SAPS II, and model 3, The authors propose the acronym TropICS (Tropical Intensive
Care Score) for model 2 as the first multinational critical care prognostic model
developed in a non-HIC setting, whose superior overall performance, simplicity,
and objectivity may enable prospective assessment in resource-limited settings in
Asia, Africa, and South America to determine generalizability.

Kuteesa et al. in their prospective observational study conducted from January to
April 2015 among 192 patients undergoing emergency laparotomy discovered that
patients with intraabdominal hypertension (IAH) preoperatively were 2.7 times
more likely to develop respiratory dysfunction compared to those without IAH and
that patients with IAH postoperatively at 6 h and at 24 h were noted to be more than
2.933 and 3.769 times more likely to die than those without IAH [78]. The mortality
associated with IAH postoperatively at 6 and 24 h shows the need to objectively
measure IAP in patients at risk, for early recognition and effective intervention,
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based on clinical protocols, designed to guide the management of patients with IAH
in the accidents and emergency surgery wards. Resources should also be channeled
towards procurement of equipment required to monitor the IAP in these patients.

In their systematic review of the medical literature Hoyler et al. studied whether
the task-shifting or the redistribution of responsibilities from fully trained surgeons
to clinicians with fewer qualifications could become a major component of surgical
care delivery in many low-income and middle-income countries (LMICs) [79].
They identified 65 articles and 14 abstracts that described non-surgeon and non-
physician providers performing 46 types of surgical procedures, beyond those rec-
ommended by WHO, across eight surgical disciplines, in 41 LMICs, non-surgeons
and non-physicians provided a large amount of surgical care in some locations,
including 90% of obstetric surgeries, 38.5% of general surgery procedures, and
43% of non-obstetric laparotomies at three separate hospitals.

As an example of regional initiative, The Cartagena declaration for trauma and
injuries data collection in Latin America stating that trauma is a public health prob-
lem in Latin America with substantial social and economic impact due to its high
mortality rate and associated physical and mental disability, representing a signifi-
cant percentage of national healthcare spending in the region, appeals for combin-
ing efforts of Ministries of Health, academic bodies, and scientific societies to
develop long-term policies to sustain and improve national and international trauma
data collection systems and create robust partnerships for change, across countries
so gravely affected by this epidemic [80].

In mass casualty incidents (MCls) the efficiency of triage is particularly impor-
tant for managing casualties when resources are limited [81]. Inappropriate triage
protocols may lead to catastrophic consequences, such as misusing valuable
resources on overtriaged patients and jeopardizing undertriaged ones [82].

Estimating the triage accuracy and ability to predict ED disposition of Simple
triage and rapid treatment (START) and Taiwan Triage and Acuity Scale (TTAS) of
105 victims following an earthquake-related MCI, Lin et al. observed similar capac-
ity, with START allowing shorter triage times compared with TTAS [83]. The
authors suggest that START is an alternative to TTAS for the ED triage of victims
of earthquake-related MCls.

Caring for critically ill patients in resource-limited settings is challenging due to
the high burden of disease and high mortality rates from potentially treatable critical
illnesses [71]. Potential solutions for the improvement of care for critically ill
patients in resource-poor settings can include a set of priorities like:

» consideration of safe, equitable, and high-quality critical care in resource-limited
settings as a must for international health security

e defining critical care activities, education, training, and research as national
priorities

e outlining in public health the burden of critical care disease access, diagnosis and
management as priority issue with substantial impact on global health, focusing
on quality improvement, and cost-effectiveness.
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The alarming results of WSES COVID-19 emergency surgery survey show a
combination of decrease in numbers of emergency surgical patients and increase in
more severe septic diseases may be as a result of the fear of patients from infection
with COVID-19 and a consecutive delayed hospital admission and diagnosis [84].
A critical delay in time-to-diagnosis and time-to-intervention as a possible result of
changes in in-hospital logistics and operating room as well as intensive care capaci-
ties may reflect the potentially harmful impact of SARS-CoV-2 pandemic on emer-
gency surgery services.

18.6 Future Prospective for Management of MOF
in Low-Resource Settings: Changing Policies,
Application of Rational Strategies,
Optimizing Resources

The burden of critical illness in low-income and middle-income countries (LMICs)
is substantial.

A better understanding of critical care outcomes is essential for improving criti-
cal care delivery in resource-limited settings [35].

Further research is warranted to develop real-time assessment techniques for
microcirculation and evaluate the effects of therapeutic interventions to achieve
optimal management of critically ill patients. In addition, prospective studies are
needed to identify robust molecular targets considering disease heterogeneity. These
targets, in combination with novel therapeutic interventions, will guide the accurate
diagnosis and management of sepsis, SIRS, and MOF [29].

Addressing both disease-specific and setting-specific factors is important to
improve performance of ICUs in LMICs. Although critical care for severe sepsis is
likely cost-effective in LMIC setting, more detailed evaluation at both at a macro-
and micro-economy level is necessary. Sepsis management in resource-limited set-
tings is a largely unexplored frontier with important opportunities for research,
training, and other initiatives for improvement [23].

Surgical providers often had no formal surgical training and did not operate
under the supervision of a fully trained provider. It was obvious that many non-
surgeon physicians and non-physician clinicians provide surgical care in low-
resource settings. In view of the shortage of fully trained surgeons in many LMICs,
it seems likely that task-shifting is far more widespread than is indicated by the
medical literature. More research is needed to accurately determine the full extent
and implications of surgical task-shifting in LMICs worldwide [79].

In their cross sectional study, using an anonymous online, questionnaire of 175
ICQ personnel from LMICs and 43 from HICs Haniffa et al. found out that LMICs
ICU workers perceived lack of training, lack of nurses, and low wages as major bar-
riers to functioning [85]. Training, increase of nurse workforce, and collection of
outcome data were proposed as useful strategies to improve LMIC ICU services.

Innovation, surgical challenges like laparoscopic surgery may be safe, effective,
feasible, and cost-effective in LMICs, although it often remains limited in its
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accessibility, acceptability, and quality. Surgeons, policymakers, and manufacturers
should focus on plans for sustainability, training, and retention of providers, and
regulation of efforts to develop laparoscopy in LMICs [86].

Optimal surgical performance is highly complex and requires providers to inte-
grate and communicate information regarding the patient, task, team, and environ-
ment to coordinate team-based care that is timely, effective, and safe. Resource
limitations common to many LMICs present unique challenges to surgeons operat-
ing in these environments, but have never been formally described [87]. Resource
variability rather than lack of resources underlies many contextual challenges to
safe surgical care in a LMIC setting. Understanding these challenges and resilient
strategies to overcome them is critical for both LMIC surgical providers and sur-
geons from HICs working in similar settings.

Outcomes from HICs cannot be reliably extrapolated to LMICs, so it is impor-
tant to analyze outcomes for critically ill patients in LMICs. Specific challenges to
achieving meaningful outcomes studies in LMICs include defining the critically ill
population when few ICU beds exist, the resource-intensiveness of long-term fol-
low-up, and the need for reliable severity of illness scores to interpret outcomes.
Although much work remains to be done, examples of studies overcoming these
challenges are beginning to emerge [35].

Multicenter studies are needed to validate qSOFA and the UVA score and varia-
tions thereof as suggested, in various settings, and assess whether the use of these
scores can improve patient outcomes in resource-limited settings by rapid diagnosis
and intervention for sepsis and its complications [52].

Future quality improvement studies would benefit from collaboration among
multiple centers to improve generalizability and from adaptation of scores appropri-
ate for resource-constrained settings [43].

More studies are needed to demonstrate proper guidelines on monitoring of IAP
in patients undergoing emergency laparotomy [78].

The applicability and uptake of prognostic models in LMICs is poorly explored,
due to limited availability of studies validating model performance and high degree
of missing information Existing models are infrequently used by clinicians, admin-
istrators, and decision makers in these settings, probably reflecting their perceived
lack of relevance to the patient population and, in part, due to the lack of feasibility
of data collection [50].

The care of the surgical patients in an intensive care setting in countries with
resource limitations should be optimized, protocols for standardized care—imple-
mented and better research and resource allocation, as well as investment in health-
care training are essential for the development of intensive care in LMICs is
necessary [36].

Health care professionals from resource-rich and resource-limited settings
should take a global perspective on critical care for both ethical and practical rea-
sons FEthically, health care professionals, trainees, professional societies, non-
governmental organizations (NGOs), and international organizations from
resource-rich settings have the capacity of deploying resources to improve outcomes
for critically ill patients in resource-limited settings Assistance can include financial
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help, knowledge exchange in the form of research and educational partnerships, and
capacity building in operations and implementation science. Supporting resource-
limited settings is very important, because economic consequences of pandemics
and conflicts driving mass migration can reach far beyond local borders [71].

Further measures are necessary to reduce time-to-diagnosis and time-to-
intervention in emergency departments around the world, to prevent medical staff
and patients from infection with COVID-19, and to protect infected patients from a
perioperative exacerbation of the disease with consecutive severe morbidities and
mortality and prevent the need for triage of emergency surgical patients and provide
a timely surgical therapy in all (infected or non-infected) urgent and emergency
patients. The WSES supports all efforts to fight for an optimized treatment of our
surgical emergency patients both in cases of local COVID-19 outbreak and also the
worldwide setting [841].

Following the WHO prospective, multi-center, multi-country studies including
the AFRINEST (African Neonatal Sepsis Trial), SATT (Simplified Antibiotic
Therapy Trial), GLOSS (Global Maternal Sepsis Study), MCS-A (Multi-Country
Survey on Abortion) concerning neonate and maternal sepsis death, the surgical and
critical care physician academics should perform similar studies, investigating
MODS and MOF lethal factors in low-resource setting to fight against its unaccept-
ably high death rate.

18.7 Home Messages

1. MOF is difficult to treat, escalates quickly, and is often fatal, for which early
detection is crucial in preventing its progression especially in LMICs, where low
resources and qualification is limited.

2. Remodeled strategies and local conditions adapted assessment tools and thera-
pies are the key activities to save more lifes in patients with Multiple Organ
Dysfunction Syndrome in LMICs.

3. MOF s a serious condition and can be life-threatening in LMICs if not addressed
early. MOF patients in low-resource settings require urgent escalation of care
and support of the affected organs.
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19.1 Introduction

Globally, injuries—both unintentional and violence-related—claim the lives of
4.4 million people, accounting for roughly 8% of all deaths [1]. In the USA, trauma
continues to be the leading cause of death in the group of people aged 1-44 years
old. As more patients survive the early trauma/resuscitation phase due to advance-
ments in trauma care, postinjury multiple-organ failure (MOF) is becoming a daily
consideration for critical care physicians, largely defining clinical outcomes. As
expected, MOF has been associated with substantial healthcare resource utilization
[2, 3]. These significant challenges necessitate a multidisciplinary approach involv-
ing trauma surgeons, anesthesiologists, critical care specialist, and multiple other
experts working cohesively.

The current theory related to MOF suggests that acute physiologic insults result
in two opposite but simultaneous responses: a pro-inflammatory one, the systemic
inflammation response syndrome (SIRS), and an anti-inflammatory one, the sys-
temic anti-inflammatory response syndrome (SARS, previously termed as compen-
satory (CARS)) [4]. The simultaneous occurrence of these counteracting immune
responses was demonstrated in the Glue Grant study [5]. Therefore, treatment and
prevention of post-insult MOF primarily depend on the efforts to attenuate systemic
excessive immune activation while amplifying natural immunity.

As advances in immediate trauma care enabled a greater number of severely
injured people to survive the immediate phase of trauma, postinjury MOF appeared
as the major cause of late death. It is estimated that one-third of patients diagnosed
with MOF die, typically shortly after diagnosis, indicating how short is the thera-
peutic window and how important is the prevention of MOF. The majority of
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severely injured patients who survive the first 24-48 h bear a relatively positive
prognosis [6, 7]. Past the acute period following injury, initially sustained injuries
represent a cause of death to a lesser extent. In contrast, infectious and septic com-
plications arising as a result of imbalanced immune response account for the subse-
quent development of MOF and mortality [8]. Therefore, RCTs focus on modulating
the balance between harmful immunological reactions leading to SIRS and benefi-
cial innate immunity [9].

The goal of this review is to examine randomized controlled trials (RCTs) related
to MOF. We primarily focus on the “second” stage of injury, during which the
immediate threat of death has been prevented but the risk of MOF is still high.
However, given the close correlation between early interventions and late complica-
tions, we also consider several major RCTs exploring hemorrhage control and ini-
tial resuscitation.

19.2 Judicious Use of Blood Transfusions

Major traumatic injuries are frequently associated with significant hemorrhage
requiring massive blood transfusion. Earlier infusion of blood and blood products
counters intravascular depletion and prevents trauma-induced coagulopathy.
However, while red blood cell (RBC) transfusion is a life-saving strategy in selected
patients with exsanguination, liberal transfusions to simply reconstitute laboratory
values to arbitrary norms bear a significant risk of delayed complications, such as
sepsis, MOF, and even death [10, 11]. Clearly, blood transfusion is one of the major
independent risk factors for postinjury MOF [2, 3].

The replacement of crystalloid resuscitation with blood and blood product trans-
fusion—or even better, whole blood—has emerged as a crucial strategy in modern
resuscitation techniques [12, 13]. In a widely cited RCT by Holcomb et al., 680
severely injured patients who were expected to require massive transfusion were
randomized to administration of plasma, platelets, and red blood cells in a 1:1:1
ratio vs. 1:1:2 ratio [14]. Among the two groups there were no significant differ-
ences in mortality at 24 h or at 30 days with more patients in the 1:1:1 group achiev-
ing hemostasis and fewer experiencing death due to exsanguination by 24 h. Again,
the overall mortality was not different, nor were the incidences of ARDS, MOF,
venous thromboembolism, and sepsis between the two treatment groups.

In another major RCT challenging the widely used prehospital resuscitation
approaches, 230 injured patients, who were at risk for hemorrhagic shock, received
plasma in comparison to a group of 271 patients, who received standard resuscita-
tion [15]. Those resuscitated with plasma had a lower 30-day mortality (23.2% vs.
33.0%; 95% confidence interval (CI), —18.6 to —1.0; p = 0.03) and a lower median
prothrombin-time ratio (1.2 vs. 1.3, p < 0.001) compared to the standard resuscita-
tion patients. The plasma group did not have a higher incidence of inflammatory-
mediated complications, such as MOF, ARDS, or nosocomial infections.
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19.3 Prehospital Care and Protective
Resuscitation Techniques

Following the immediate phase of trauma, the optimal choice of fluid volume
replacement that might attenuate the late development of organ dysfunction has
remained widely debated. In the late 1960s, despite the reduction of mortality and
renal failure the administration of isotonic crystalloids contributed to the develop-
ment of ARDS [16]. The controversy related to the use of crystalloids continued to
be relevant in the context of comparison to colloids. In 2004 the multicenter SAFE
trial did not demonstrate a significant difference in mortality in patients admitted to
the ICU receiving 4% albumin vs. 0.9% saline [17].

Rizoli etal. in the first human RCT confirmed the immunologic/anti-inflammatory
role of hypertonic saline in the resuscitation of trauma patients, suggesting a protec-
tive effect against postinjury MOF [18]. However, in a subsequent RCT Bulger et al.
reported no significant changes in mortality between patients who received 7.5%
hypertonic saline and those with 0.9% saline during the initial prehospital resuscita-
tion phase [19]. Similarly, there was no significant difference in the rates of MOF or
ARDS. A recent 2018 Cochrane systematic review of 69 studies including 30,020
critically ill patients identified no difference in mortality among patients receiving
colloids (including starches; dextran; or albumin or fresh frozen plasma) and
patients receiving crystalloids for fluid resuscitation [20].

It is important to consider that, while immediate and aggressive fluid resuscita-
tion may have a seemingly positive impact on vital signs, the overall effect on out-
come is far less encouraging. Kasotakis et al. found that aggressive volume
replacement with crystalloids resulted not only in prolonged time on the ventilator
and overall ICU and hospital length but seems to be associated with a significant
increase in late complications including acute lunge injure/ARDS and MOF [21].

19.4 HeadTrauma

Traumatic brain injury (TBI) has been a leading cause of death and long-term dis-
ability associated with poor quality of life and high economic and social costs. The
primary goal of TBI management focuses on supporting an adequate cerebral perfu-
sion pressure (CPP) and providing tissue oxygenation. However, non-neurological
complications following TBI are common and have an independent association with
higher morbidity and mortality. The pathophysiology of how the traumatized brain
leads to non-neurological manifestations is quite complex and involves the balanc-
ing effects of parasympathetic and sympathetic systems, immune dysregulation,
and neuroinflammation [22].

Following the landmark CRASH-2 study that demonstrated the clinical benefits
of tranexamic acid in reducing surgical bleeding and mortality in patients with post-
traumatic extracranial bleeding, its use has become widely popular in patients
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presenting with hemorrhagic shock [23]. In the subsequent major RCT, the
CRASH-3 trial, collaborators demonstrated the safety and survival benefit of
tranexamic acid used within 3-h of injury in patients with TBI (485 vs. 525 events,
OR: 0.89 [95% CI: 0.80-1.00]) [24]. Rowell et al. conducted a significant RCT to
further investigate whether tranexamic acid provides long-term beneficial effects on
neurological outcomes in patients with moderate to severe TBI. Among these
patients the use of tranexamic acid within 2 h of injury did not significantly improve
neurologic outcomes at 6 months following injury. A favorable neurologic outcome
determined as a Glasgow Outcome Scale-Extended score >4 occurred in 65% of
patients in the tranexamic acid group and 62% of patients in the placebo group (dif-
ference, 3.5%; p = 0.16) [25].

19.5 HypothermiainTBI

Therapeutic hypothermia has long been considered a practical approach in attenuat-
ing secondary brain injury following trauma. It has been hypothesized that prophy-
lactic hypothermia improves outcomes in patients with TBI due to the attenuation
of the subsequent neuroinflammatory and biochemical cascades [26]. It is important
to distinguish this use of prophylactic hypothermia from late-rescue hypothermia
aimed at reducing intracranial pressure which was found to be harmful [27].

An early meta-analysis found that therapeutic hypothermia following severe TBI
was associated with lower mortality and improved long-term neurologic outcomes
[28]. A later meta-analysis similarly showed a decreased mortality rate associated
with therapeutic hypothermia [29]. However, in the multicenter RCT that included
511 patients with severe traumatic injury, Cooper et al. did not find a significant dif-
ference in 6-month neurological outcomes (GOS-E) while comparing the prophy-
lactic hypothermia with normothermia (risk difference, 0.4% [95% CI, —9.4% to
8.7%]) [30]. There is still much clinical ambiguity about the long-term benefits of
early prophylactic hypothermia.

19.6 Protective Lung Ventilation

Acute lung injury (ALI) is the precursor of ARDS and its related morbidity and
mortality [31]. A landmark RCT by the Acute Respiratory Distress Syndrome
Network demonstrated that mechanical ventilation with a lower tidal volume in
patients with ALI and ARDS significantly contributed to decreased mortality and
increased ventilator-free days [32]. Despite the complex pathophysiology of how
mechanical ventilation further exacerbates lung injury, the results of clinical trials
and a 2013 meta-analysis clearly demonstrate a survival benefit of lung-protective
ventilation strategies [33, 34].
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19.7 The Role of Corticosteroid Therapy

Trauma patients often experience a concomitant adrenal insufficiency [35]. The
resulting corticosteroid insufficiency has been correlated with the development of
prolonged SIRS which was in turn predictive of nosocomial infections in severely
injured patients [36]. The posttraumatic hospital course of severely injured patients
is frequently associated with the development of pneumonia, particularly among
victims with traumatic brain injury, reaching rates of 40-60% [37]. Stress-dose
hydrocortisone therapy has long been recommended as an important way to improve
the mortality rate among the patients with septic shock and adrenal insufficiency
[38]. Hydrocortisone is deemed to reduce the inflammatory response without sup-
pressing the immune system, thus restoring a sufficient immunological response to
infection [39] In addition, Roquilly et al. conducted an RCT that demonstrated a
lower rate of hospital-acquired pneumonia at Day 28 in the group of patients who
received stress-dose corticosteroid therapy compared to placebo (hazard ratio
[HR] =0.51; 95% confidence interval [CI] = 0.30-0.83; p = 0.007) [40]. In addition,
trauma patients exposed to stress-dose hydrocortisone had more ventilator-free days
by 4 days (95% CI, 2—-7; p = 0.001) and decreased length of ICU stay (—6 days, 95%
CI, —11to —1; p=0.03).

19.8 Insulin and Tight Glucose Control

Trauma-induced hyperglycemia has been considered a secondary response to ele-
vated levels of glucagon, epinephrine, and cortisol stimulating gluconeogenesis
[41]. In the landmark RCT done by van den Berghe et al. examining the role of
intensive insulin therapy (IIT), a glucose level at or below 110 mg/dL was associ-
ated with reduced 12-month mortality rate among 1548 surgical ICU patients [42].
Importantly, the most significant reduction in mortality was related to a greater
decrease in deaths due to multiple-organ failure. However, the results of a large,
multicenter RCT conducted by the NICE-SUGAR Study investigators showed that
intensive glucose control increased mortality in critically ill patients fueling further
controversy [43].

A meta-analysis of seven RCTs studying the impact of intensive insulin therapy
involved 11,425 ICU patients and revealed no evidence of decreased mortality,
bloodstream infection rate, and the requirement for renal replacement therapy asso-
ciated with tight glycemic control [44]. A more recent meta-analysis across ten
RCTs involving 1011 patients with TBI similarly showed no difference in mortality
rates [45]. Interestingly, tight glucose control similarly did not show significant
effect on major clinical outcome in critically ill pediatric population [46]. Despite
the absence of a universal consensus as to whether tighter glucose control
(81-108 mg/dL) in critical care patients is associated with improved health
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outcomes, intensive insulin therapy has been suggested as standard of care [47]. It
was proposed that besides glucose homeostasis, insulin can diminish SIRS and
modulate cellular and immune responses associated with severe trauma [48].

19.9 Immunonutrition

There has been a great interest in the assessment of enteral therapies on the clinical
outcome of critically ill patients. Besides the primary goal of meeting the caloric
requirements, nutritional therapy elicits a complex immunologic response that may
not only improve the shock-induced bowel hypoperfusion but also attenuate gut
permeability defects and decrease the severity of CARS [4]. Enteral nutrition (EN)
has been preferred over parenteral nutrition (PN) in severely injured patients under-
going surgery, especially when started early. One of the first RCTs comparing EN
vs. PN demonstrated a lower rate of pneumonia and fewer intra-abdominal abscesses
and central line associated bloodstream infections among EN patients. Since then,
in a variety of surgical ICU patients EN has shown to be superior to PN. In contrast
to the above research, a recent RCT failed to find a statistically significant reduction
in mortality and secondary infections in critically ill patients with shock and
mechanical ventilation, who received EN or PN [49]. Exploring the issue of timing
of nutrition, another RCT concluded that late initiation of PN (after Day 8) was
associated with faster recovery (hazard ratio, 1.06; CI, 1.00-1.13; p = 0.04) and less
ICU infections (22.8% vs. 26.2%, p = 0.008) in comparison to early initiation of PN
(within 48 h after ICU admission) [50]. Nevertheless, the 90-day mortality rate was
similar between the two groups. When compared to pragmatic standards of care,
Doig et al. found no benefit of early PN in 60-day mortality [51]. Similarly, in a
meta-analysis examining 24 RCTs, seven of which assessed the effects of immuno-
nutrition in trauma patients, no significant effect on mortality (OR 1.03; 95% CI
0.40-2.65) and infection rate (OR 0.72; 95% CI 0.27-1.91) was identified when
compared to standard diets [52].

With regard to immunonutrition in critically ill patients, a number of products
have been investigated including amino acids, nucleotides, fish oils, glucans, and
probiotics. The main goal of immunonutrition is to restore the functional response
of the immune system by regulating cellular defense, oxidative stress, and mito-
chondrial function [9]. Nevertheless, the findings of these approaches remain incon-
clusive and controversial. One multicenter RCT assessing the addition of omega-3
fatty acids, glutamine, and antioxidants as immune-modulating treatment in com-
parison to high-protein enteral nutrition in critically ill patients did not find any
significant difference in the incidence of infections, mortality, and SOFA scores
[53]. A meta-analysis examining five small RCTs (281 patients overall) showed that
the use of probiotics was associated with a decreased incidence of nosocomial
infections and ventilator-associated pneumonia among trauma patients [54].
However, a meta-analysis of RCTs examining larger cohorts of critically ill patients
(not particularly trauma) did not provide compelling evidence in favor of immuno-
nutrients [55]. Most of the suggested approaches based on nutritional therapy inter-
ventions following trauma have not showed improved mortality [33].
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20.1 Background

Although the leading immediate causes of death following severe trauma are brain
injury and hemorrhage, many trauma victims later die following complications such
as MOF or sepsis, with the individual’s immune response to injury significantly
influencing the chances of developing these life-threatening conditions [1].

Two opposing clinical syndromes characterize the immune and inflammatory
response to traumatic injury: systemic inflammatory response syndrome (SIRS) and
compensatory anti-inflammatory response syndrome (CARS). The immune
response that develops during the SIRS and CARS responses is complex and
involves the innate and adaptive arms of the immune system. Moore and colleagues
proposed that MOF was a bimodal phenomenon [2]. In the 1-event model, a mas-
sive traumatic insult induces SIRS characterized by elevated levels of circulating
proinflammatory cytokines and immune cell activation with associated precipitates
organ dysfunction (OD). By other side in the same time trauma could induce CARS,
characterized by raised anti-inflammatory cytokines and immune paresis develops.

Patients initially resuscitated into moderate SIRS become vulnerable to a second
activating event (infections, embolism, transfusions, secondary operations, etc.)
during CARS and could develop late MOF [3]. As classic full-blown MOF is get-
ting less frequent, a new OD phenotype emerged among patients discharged after
lengthy intensive care unit (ICU) stays to long-term facilities, where they developed
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a persistent inflammation immunosuppression catabolism syndrome (PICS) [4] not
to be confused with the post-intensive care syndrome.

The incidence of PICS was 4.7 per 1000 multitrauma patients. PICS is character-
ized by chronic low-grade inflammation, suppressed host immunity, and a loss of
lean body mass, despite nutritional intervention [5].

Clinically, PICS is defined as long ICU stay (>14 days), persistent inflammation
(C-reactive protein concentration >150 mg/dL and retinol binding protein concen-
trations <10 mg/dL), immunosuppression (total lymphocyte count <800/mm), and
a catabolic state (serum albumin level <3.0 mg/dL, creatinine height index <80%,
and weight loss >10% or body mass index <18 kg/m during the current hospitaliza-
tion). Laboratory tests show persistent neutrophilia and lymphopenia. Discharged to
long-term care facilities, patients with PICS die an indolent death or experience
sepsis recidivism and ICU readmission (see Fig. 20.1). Clinical risk factors described
so far include a poor premorbid health status and an age of 65 years and above. This
data is particularly important because the elderly population is growing in
ICU. Elderly patients with baseline comorbidities and sarcopenia are especially
prone to this refractory clinical phenotype. Often, the long-term outcome involves
impairment of cognitive and functional status from which recovery is uncertain.
Studies are underway to better define the phenotype, its true significance, and novel
interventions to prevent it or its progression. As the population ages, PICS is likely
to be the next challenge in surgical critical care [5].

20.2 How Major Injury Influences the Immune System?

The immune response that develops during the SIRS and CARS responses is com-
plex and involves the innate and adaptive arms of the immune system, with signifi-
cant alterations apparent in the composition, phenotype, and/or function of the
circulating immune cell pools. For example, following major injury, marked altera-
tions have been described in the antimicrobial functions of neutrophils, the surface
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Fig. 20.1 Succession of SIRS, CARS, and PICS after traumatic injury
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phenotype of monocytes, and the absolute number of circulating lymphocytes [1].
The current paradigm for how major injury influences the immune system is based
almost entirely upon the analysis of blood samples obtained from patients post-
hospital admission and several hours postinjury. How trauma-induced changes in
immunity during the ultra-early postinjury phase (particularly within the first hour)
are limited.

20.2.1 Ultra-Early Immune Trauma Changes

Understand the immune status of trauma patients prior to their arrival at hospital
would provide the evidence base for early intervention to improve patient outcomes
or stratification for treatment. The patients who experience poor clinical outcomes
following traumatic injury elicit a more robust and prolonged immune/inflamma-
tory response than those who report better outcomes.

Analysis of whole blood cell counts revealed a significant leukocytosis within
minutes of traumatic injury with neutrophilia. After 48—72-h postinjury time points,
the lymphocyte counts were significantly lower than the values for healthy controls
(HCs) and we found a significantly increased frequency and absolute number of
CD16 CD62L neutrophils (immunosuppressive properties) relative to the values
recorded for HCs. Traumatic injury is associated with immediate alterations in lipo-
polysaccarides LPS-induced cytokine production by whole blood leukocytes that
persist into the acute postinjury phase. In confront to HCs, significantly lower con-
centrations are recorded for IL-6, TNF-a, and MCP-1. Compared to the values
recorded for HCs, trauma patients presented in the immediate aftermath injury with
a significantly higher absolute number of CD14 + HLA-DR-monocytes, a subset
that has been shown to have immune suppressive properties These data, are associ-
ated with and/or predictive of mortality, multiple organ dysfunction/failure, and
sepsis, suggest a potential role for immune monitoring in identifying patients at risk
of poor outcome [1].

20.2.2 Gut Microbiota and Trauma: Concept of Pathobiome

Through novel methods of characterizing microbial community composition, an
enhanced understanding of the relationship between commensal organisms and
human health is emerging across medical specialties and scientific disciplines. This
understanding has led to promising diagnostic and even therapeutic modalities; per-
haps the most widely recognized application is that of fecal transplant in colitis due
to Clostridium difficile. This could be very interesting in trauma populations.
Despite resuscitation, in trauma patients, gut dysfunction promotes distant organ
injury. In addition, post-resuscitation nosocomial and iatrogenic “hits” exaggerate
the immune response, contributing to MOF. This was a provocative concept, sug-
gesting infectious and noninfectious causes of inflammation may trigger, heighten,
and perpetuate an inflammatory response culminating in MOF and death. Emerging
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evidence suggests post-traumatic injury mechanisms, such as intestinal mucosal
disruption and shifting of the gut microbiome to a pathobiome [6]. In health, the
major function of the epithelial lining of the gastrointestinal tract is to act as a filter,
allowing absorption of required nutrients, but barring bacteria, macromolecules,
and toxic compounds. Gut dysfunction in the trauma patient has long been recog-
nized as a constellation of alterations in intestinal transit and luminal nutrient trans-
porters, mucosal ischemia, and disuse-associated villus atrophy, resulting in overall
reduction in mucosal surface area with loss of barrier function and increased perme-
ability [6]. Disturbances in this barrier may lead to enhanced uptake of a host of
toxic substances, including inflammatory molecules, pathogenic bacteria, and anti-
gens, from the intestinal lumen into the bloodstream, thereby promoting a state of
chronic low-level inflammation [7]. As intestinal permeability increases and proin-
flammatory cytokines, such as TNF-a, IL-1, and IL-6, are released into the systemic
circulation, fluid is extravasated from the gut, and extravascular edema occurs.
Moreover, proinflammatory cytokines induce changes in tight junction proteins in
the gut, leading to hyperpermeability. In healthy individuals, the intestine contains
a large microbiome populated with commensal bacteria. In addition to the loss of
the intestinal barrier function, during sepsis and MODS, this population shifts to
include more virulent and pathogenic bacteria, altering the complex crosstalk
between the immune system, microbiome, and intestinal epithelium resulting in
dysbiosis and a dysregulated immune response. Indeed early culture of gut flora in
intensive care unit (ICU) patients would suggest that microbial composition at the
time of admission may correlate to critical outcomes. Howard et al. hypothesized
that in critically injured patients, the gut microbiome would undergo significant
compositional changes in the first 72 h after injury. Members of the bacterial orders
Bacteroidales, Fusobacteriales, and Verrucomicrobiales were depleted during 72 h,
whereas Clostridiales and Enterococcus members enriched significantly. The find-
ings of rapid microbiome changes after severe injury indicate that commensal
microbial populations undergo significant changes early in the course of resuscita-
tion and stabilization after trauma [8]. The correlation of microbiota composition to
clinical features, course, and outcomes represents an area of active ongoing research
and may represent an area in which the care of the injured patient might be opti-
mized. Implementing a probiotic regimen or guiding the microbial composition
changes after trauma might prove a powerful tool in the critical care arsenal.
Effectively, the gastrointestinal tract serves to hasten MOF, and altered levels of
citrulline and intestinal fatty acid—binding proteins are markedly elevated in criti-
cally ill patients. All of this culminates in enhanced apoptosis, particularly in intes-
tinal and pulmonary epithelial cells. Armacki et al. support a role for TNK1 (porcine
murine models) in the progression from intestinal apoptosis and gut failure to bacte-
rial translocation, sepsis, and MODS and adds another possible mechanism for pro-
gression. Despite these preliminary findings, caution needs to be taken in
extrapolating these results to humans. Future clinical studies that target TNK1 in the
intensive care unit (ICU) setting of sepsis and subsequent monitoring are required
to determine if this approach is able to prevent multiple organ damage in critically
ill patients [9].
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20.2.3 Gut Microbiomes and Lungs (Gut-Lung axis)

Mucosal lining of respiratory and gastrointestinal tract is de facto continuous,
allowing micro-aspiration of oropharyngeal flora to normally occur even in healthy
individuals. The anaerobes which in this way enter alveolar spaces are typically
non-pathogenic constituents of normal oral flora. In critically ill patients, gut micro-
biome undergoes substantial changes and might increasingly translocate across the
bowel wall and even enter the lung [10, 11]. The phenomenon of “more of the gut
in the lung” appears clinically important, as this microbiome shift is associated with
increased markers of adverse inflammation and lung injury. Recent evidence sug-
gests that an altered lung microbiome might promote inflammation and lung paren-
chymal injury in ARDS [12]. How do the gut microbes enter the lungs of critically
ill? Translocation, rather than aspiration, was the primary mechanism of microbial
gut entry to the lung. While definitive data are yet lacking, it has been proposed that
the route of bacterial migration might involve gut-draining lymphatics, portal, or
systemic circulation. The ideal interventions in sepsis and ARDS would not only
target the adverse inflammation but also simultaneously restore the immune compe-
tence as well as normal composition of altered microbiomes. Conversely, the
microbes causing infection or the ones promoting adverse inflammation would be
targeted by a highly specific antibiotic therapy. Small steps have already been taken
in some of these directions. Clinical trials with immune checkpoint inhibitors (PD-1
antagonist), drugs that are now broadly used in cancer immunotherapy are currently
ongoing in sepsis [13]. Reversing the “immune exhaustion” by these drugs in the
right patient populations might be beneficial in reducing opportunistic infections
and recurrent sepsis episodes [12].

20.2.4 Brain Trauma and Gut (Brain-Gut Axis)

The brain—gut axis (BGA) is a communication network that links together the cen-
tral nervous system (CNS) and the enteric nervous system (ENS) [14]. Physiological
effects following trauma brain injury (TBI) have been increasingly studied, with
intestinal dysfunction representing an important consequence [15, 16]. The disrup-
tion of the brain—gut axis, the major bidirectional communication pathway between
the brain and the gastrointestinal system, which incorporates both afferent and effer-
ent signals involving neuronal, hormonal, and immunologic pathways, can result in
sequelae such as chronic dysfunction of the gastrointestinal system and disability
[17]. The changes in the gut microbiota would potentiate autoimmune processes or,
alternatively, protect against proinflammatory conditions in the central nervous sys-
tem. Evidence from multiple pre-clinical studies suggests that commensal gut
microbiota affect the intestinal immune response. Commensals influence gut-
associated lymphatic tissue (GALT) formation, induction of Peyer’s patches with
induction of mucosal T cells and IgA plasma cells. Investigation into the BGA in the
setting of systemic injury and TBI has identified several promising targets for inter-
vention. One possible treatment involves mitigating the gut dysbiosis that results



276 R.ladarola and F. Catena

from TBI by attempting to restore the normal gut microbiota. Fecal microbiota
transplant (FMT) is one method of addressing this problem and involves taking
fecal matter from a donor, mixing it with a solution, and placing the strained fecal
solution into a patient to replace the lost beneficial bacteria. Not thoroughly explored
for TBI, probiotics may offer another potential therapeutic option by increasing
IL-10 production and decreasing intestinal epithelial cell production of proinflam-
matory cytokines [18]. In addition, probiotics have also been found to reduce intes-
tinal permeability through modulating the hypothalamic—pituitary—adrenal (HPA)
axis. Brenner et al.’s systematic review also found positive results correlated with
probiotic and prebiotic interventions, noting effects such as increased regulatory T
cells, improved immunoregulation, and decreased stress and inflammation. Finally,
use of particular enteral antibiotics following TBI can counter dysbiosis and induce
neuroprotection by increasing T reg cell populations [19, 20]. Nutritional interven-
tions are also being explored. In addition, in 2011, the Institute of Medicine recom-
mended that patients with TBI should be given a high level of nutrition in terms of
calories and quality, for 2 weeks to curtail inflammation. Dietary treatments in the
form of early enteral nutrition and intake of glutamine, arginine, nucleotides, and
omega-3 fatty acids are another potential therapy that stimulates immune cells and
promotes gut barrier health. Vitamins and minerals such as nicotinamide, zinc, and
magnesium have also shown potential in pre-clinical models.

20.2.5 Spinal Cord Trauma and Gut

Spinal cord injury (SCI) causes gut dysbiosis and that dysbiosis impairs functional
recovery and exacerbates intraspinal inflammation and lesion pathology. The con-
tinuing analyses of genomic and metagenomic changes in gut microbiota will allow
scientists to map the dynamic patterns of dysbiosis caused by SCI. Data from these
analyses can then be used to estimate how the biological functions attributed to
specific gut microbiota (e.g., metabolism of amino acids by Lactobacilli) are
affected by SCI and whether these and other changes can predict the probability or
severity of various SCI comorbidities including infection, anemia, obesity/meta-
bolic syndrome, and, perhaps, secondary neurological deterioration or improve-
ment. Restoring effective dialogue between the spinal cord, gut, and immune system
would undoubtedly improve recovery and/or quality of life for individuals living
with SCI. However, repair of the injured spinal cord is a formidable therapeutic
target. Both the gut and immune system are more tractable targets and since each is
affected by changes in the gut microbiota, efforts to modify postinjury gut dysbiosis
could have therapeutic value. In this context, oral probiotics must be considered for
use in human SCI. Recently, using a mouse model of SCI, we showed that sustained
postinjury delivery a medical-grade probiotic (composed by Lactobacillus and
Bifidobacterium) improved immune function and promoted recovery of locomotor
function [21]. These and other probiotic bacteria exert diverse effects throughout the
body. In addition to their immunomodulatory effects, Lactobacillus and
Bifidobacterium produce neuroactive metabolites (butyrate and other short-chain
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fatty acids) and neurotransmitters (serotonin, dopamine, y-aminobutyric acid),
These neurometabolites, produced locally in the gut, can spill over into the circula-
tion where they can influence systemic inflammation and immune function. These
also can bypass the blood-brain barrier to affect CNS structure and function. Data
from our laboratory show that SCI mice fed probiotics daily for 5 weeks show
improvements in spontaneous locomotor recovery with reduced neuropathology.
Importantly, in the mesenteric lymph nodes of VSL#3-treated mice,
CD4+CD25+FoxP3+ regulatory T cells (Tregs) increased significantly. Tregs, a
population of T lymphocytes that express the transcription factor FoxP3, play a
crucial role in immune homeostasis; Tregs actively suppress potentially damaging
self-reactive (autoreactive) T cells. The continuing analyses of genomic and metage-
nomic changes in gut microbiota will allow scientists to map the dynamic patterns
of dysbiosis caused by SCI [22].

20.2.6 Strategies to Reverse Gut Dysfunction
and Its Consequences

20.2.6.1 Immunonutrition

Enteral Nutrition

Enteral nutrition, as opposed to parenteral nutrition, has been shown to improve gut
barrier function and immunity and reduce bacterial virulence. In animal models of
trauma, burn, and sepsis-induced shock, provision of enteral nutrition demonstrated
improved splanchnic blood flow, improved intestinal mucosal microcirculation,
improved hepatic blood flow, improved hepatic and splanchnic oxygenation,
improved bioenergetics, reduced bacterial translocation, and improved survival.
Early randomized controlled trials (RCTs) of enteral nutrition versus parenteral
nutrition in trauma patients demonstrated significant reductions in infectious com-
plications with enteral nutrition [6]. Evidence supports that early enteral nutrition
(EEN) is not only feasible but also associated with decreased incidence of nosoco-
mial infection because it induces a complex immunologic response. EEN supports
the function of the mucosal-associated lymphoid tissue (MALT), which produces
70% of the body’s secretory immunoglobulin A (IgA) [23]. Naive T and B cells
target and enter the gut-associated lymphoid tissue (GALT) where they are sensi-
tized and stimulated by antigens sampled from the gut lumen and thereby become
more responsive to potential pathogens in the external environment. These stimu-
lated T and B cells then migrate via mesenteric lymph nodes and the thoracic duct
and into the vascular tree for distribution to GALT and extraintestinal sites of
MALT. Lack of enteral stimulation (i.e., use of total parenteral nutrition [TPN])
causes a rapid and progressive decrease in T and B cells within GALT and simulta-
neous decreases in intestinal and respiratory IgA levels. Previously resistant TPN-
fed laboratory animals, when challenged with pathogens via respiratory tree
inoculation, succumb to overwhelming infections. These immunologic defects and
susceptibility to infection are reversed within 3—5 days after initiating EN. Feeding
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the gut in critically ill patients has been shown to reverse shock-induced mucosal
hypoperfusion and impaired intestinal transit as well as attenuate gut permeability
defects and lessen the severity of CARS.

Lipid-Rich Enteral Nutrition

Lipid-rich enteral nutrition has been demonstrated to minimize gut injury by acti-
vating cholecystokinin-1 (CCK-1) receptor activity in the gut, through stimulation
of the cholinergic anti-inflammatory pathway [24, 25]. Ingestion of a high-lipid
formulation stimulates CCK-1 receptor and activates a central nervous system reflex
arch via the vagus nerve to release acetylcholine. The acetylcholine binds to nico-
tinic receptors on macrophages to reduce proinflammatory cytokine production and
suppress cytokine-mediated inflammation, as seen in septic and hemorrhagic shock.

Immunonutrition: Glutamine

Immunonutrition refers to macronutrients and micronutrients that can alter or atten-
uate the immune and/or inflammatory response and has been associated with
reduced infectious complications in critically ill patients. Although arginine,
omega-3 fatty acids, and nucleotides have been studied in the critical care setting,
glutamine has probably been the best studied for use in gut dysfunction. In health,
glutamine is the most abundant free amino acid. During critical illness, skeletal
muscle releases glutamine into circulation, and levels are depleted, rendering it a
conditionally essential amino acid. Glutamine is a preferred source of fuel for
enterocytes and GALT [26].

Protease Inhibitors

Pancreatic serine proteases have been associated with intestinal mucus layer disrup-
tion and are biologically active factors contained in mesenteric lymph nodes that
modulate downstream organ dysfunction, such as acute lung injury. Serine protease
inhibitors, such as nafamostat and tranexamic acid (TXA), have been used to pre-
serve the intestinal mucus layer [27]. TXA is an antifibrinolytic agent (and serine
protease inhibitor) that has been used in numerous surgical populations to reduce
bleeding. It was demonstrated that addition of systemic TXA after a hypoxic event
protected the intestinal mucus layer. In a rat model of hemorrhagic shock, intralu-
minal TXA significantly reduced gut and lung histopathologic injury and inflamma-
tion in rats given TXA, when compared with hemorrhagic shock alone [27]. Clinical
studies will need to confirm this before wide usage can be justified.

20.2.6.2 Fecal Microbiota Transplant (FMT)

Fecal microbiota transplantation (FMT), defined as the transfer of a microbial com-
munity from a healthy donor to a patient, has emerged as a promising treatment
option for a range of chronic disorders [28, 29], especially of the Clostridium diffi-
cile infection. Kassam with colleagues [30] performed a meta-analysis and system-
atic review to investigate the efficacy and safety profile of fecal microbiota
transplantation in Clostridium difficile infection. They included 11 studies with 273
patients in their review and came to the conclusion that FMT were useful for the
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treatment of Clostridium difficile infection with no reported adverse events associ-
ated with this therapy. The success of treatment of recurrent Clostridium difficile
infection with donor feces made fecal microbiota transplantation emerge as a prom-
ising effective treatment option for a range of chronic disorders. Though FMT
appears to be safe, yet few short-term adverse effects and complications attributed
to the procedure were reported. Although FMT has high success rates with long-
term durability, few disadvantages still exist. In particular, the manipulation of feces
and the classical enteral administration methods are not only laborious but tend to
make the procedure rather unattractive for physicians and patients. In the context of
these disadvantages, few efforts have been made to enhance the feasibility and
social acceptance of microbiota transplantation. FMT may be administered via ene-
mas or as a slurry given via a nasogastric tube [31]. Not yet tested, this could be very
interesting in trauma populations.

20.2.6.3 Probiotic

“Probiotics” is a very general term used to describe many different species and
strains of healthy microbes. They are living organisms that, when taken internally,
can produce an immunomodulating effect and improve the gastrointestinal (GI)
mucosal barrier. Lactobacillus and Bifidobacterium are the most commonly found
organisms. Although many health care clinicians believe that probiotics have certain
benefits for their patients, many are reluctant to use them for patients or in clinical
trials. The FDA does not provide strict oversight over the use of probiotics, as they
usually are considered a supplement. Much of the research on probiotic use has
been conducted on otherwise healthy individuals. With the growing interest in pro-
biotic supplementation for the benefit of strengthening and altering host immunity,
recent research has been conducted in the inpatient setting on acutely ill patients
with the goal of preventing infections. The majority of hospital research that has
been conducted with probiotics is with their use for the prevention of antibiotic-
associated diarrhea and Clostridium difficile (C. diff) infections. Another area of
inpatient probiotics research is for the prevention of ventilator-associated pneumo-
nia (VAP). Research with trauma patients is fairly new, so there are very few pub-
lished studies. Outcome assessment for these studies not only generally focused on
overall hospital-acquired infections but also examined secondary outcomes such as
VAP, length of stay (both intensive care unit [ICU] and hospital), and mortality
rates. Results of these randomized controlled trials showed that the administration
of probiotics to trauma patients has positive outcomes for these patients [32-35].

20.2.7 Potential Risks Associated with Probiotics Use

Because probiotics have been primarily used by healthy people to improve GI func-
tion, their use in acutely ill patients does not come without controversy. The most
commonly reported adverse effect associated with their consumption is mild GI
effects such as abdominal cramps, flatulence, and nausea. Because probiotics are
living organisms, typically composed of bacteria and fungi, they theoretically could
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stimulate an excessive immune response in certain susceptible individuals or could
cause an infectious process if they somehow establish outside of the GI system [33].

20.3 Adrenal Insufficiency and Cortisol
Replacement Therapy

Adrenal insufficiency (AI) occurs frequently in trauma and is associated with
increased mortality but often is underrecognized and the impact poorly understood.
Critical illness-related corticosteroid insufficiency (CIRCI) is a concept that was
first introduced in 2008 by an international multidisciplinary task force convened by
the Society of Critical Care Medicine (SCCM) to describe impairment of the hypo-
thalamic pituitary axis (stress response) during critical illness. CIRCI is character-
ized by dysregulated systemic inflammation resulting from inadequate intracellular
glucocorticoid-mediated anti-inflammatory activity for the severity of the patient’s
critical illness. International guidelines recommend that Al should be suspected in
hypotensive patients responding poorly to fluids and vasopressor agents, with labo-
ratory signs of compromised adrenal function [3].

The symptoms of CIRCI are listed in Table 20.1. CIRCI is associated with
increased circulating levels of biological markers of inflammation and coagulation
over time, morbidity, length of ICU stay, and mortality. This guideline by 16 experts
task force in 2008 focuses on the three disorders that most clinicians associate with
CIRCI: sepsis/septic shock, acute respiratory distress syndrome, and major trauma
[36]. The 2008 guidelines suggested that the diagnosis of CIRCI is best made by a
delta total serum cortisol of <9 pg/dL after IV cosyntropin (250 pg) administration
or a random total cortisol of <10 pg/dL [37].

Table 20.1 The clinical symptoms of CIRCI

Neurological Confusion
Delirium
Coma
Cardiovascular Hypotension refractory to fluid resuscitation

Decreased sensitivity to catecholamines
High cardiac index
Digestive Nausea
Vomiting
Intolerance to enteral nutrition
Respiratory Persistent hypoxia
Laboratory Hypoglycemia
Hyponatremia
Hyperkalemia
Metabolic acidosis
Hypereosinophilia
Imaging Hemorrhage or necrosis in hypothalamus, pituitary gland,
or adrenal gland
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20.3.1 CIRClin Septic Shock

The task forces suggests using corticosteroids in patients with septic shock that is
not responsive to fluid and moderate to high-dose vasopressor therapy. Given the
consistent effect of corticosteroids on shock reversal and the low risk for superinfec-
tion with low-dose corticosteroids, the task force suggests the use of low-dose IV
hydrocortisone <400 mg/day for at least 3 days at full dose, or longer in adult
patients with septic shock that is not responsive to fluid and moderate to high-dose
(>0.1 pg/kg/min of norepinephrine or equivalent) vasopressor therapy (conditional
recommendation, low quality of evidence).

20.3.2 CIRClin ARDS

Acute respiratory distress syndrome (ARDS) represents an important public health
problem globally. Despite advances in supportive care, ARDS is associated with a
high mortality rate (35-45%) [38]. ARDS is also associated with high costs of inpa-
tient care and significant long-term morbidity and resource utilization. The task
forces suggests use of corticosteroids in patients with early moderate to severe acute
respiratory distress syndrome (PaO/FiO of <200 and within 14 days of onset) (con-
ditional recommendation, moderate quality of evidence).

20.3.3 CIRCl in Major Trauma

Major trauma is the main cause of non-septic systemic inflammatory response syn-
drome (SIRS). Tissue necrosis, hemorrhage, and ischemia—reperfusion injury are
the main factors that trigger the inflammatory cascade. CIRCI may be common in
severe trauma patients and is associated with uncontrolled inflammation, vasopres-
sor dependency, and poor clinical outcomes. The study included 19 trials that inves-
tigated the effects of corticosteroids on short-term mortality in adults with multiple
trauma. There were 1691/6286 (26.9%) deaths in the corticosteroid group versus
1401/5983 (23.4%) deaths in the placebo group (RR = 1.00, 95% CI 0.89-1.13).
The task force members suggest against the use of corticosteroids in major trauma
because they have no effect on mortality in trauma patients (conditional recommen-
dation, low quality of evidence).

20.4 Insulin and Glycemic Control

Hyperglycemia and insulin resistance are common in critically ill patients, even
when glucose homeostasis has previously been normal. Increased gluconeogenesis,
despite abundantly released insulin, is probably central to this disruption of gluco
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regulation. Hence, the liver seems to be a major site of insulin resistance. Reduced
insulin-stimulated glucose uptake also exists in skeletal muscle and heart. Overall
glucose uptake, however, is increased but takes place mainly in insulin-independent
tissues such as the brain, the red blood cells, and in wounds. Even moderate hyper-
glycemia, between 110 and 200 mg/dL, in diabetic and in non-diabetic critically ill
patients is directly or indirectly harmful to vital organs and systems, thus contribut-
ing to adverse outcome. Strict maintenance of normoglycemia with intensive insu-
lin therapy has been shown to reduce intensive care and hospital mortality and
morbidity of critically ill adult patients in a surgical ICU [39].

The management of hyperglycemia in critically ill patients has been extensively
studied in a number of clinical settings. Findings to date, however, have failed to
demonstrate consistent data for improved patient outcomes with a variety of glyce-
mic management strategies [40, 41].

Van den Berghe et al. [42] were among the early advocates for intensive insulin
control, demonstrating that targeting a serum blood glucose of <110 mg/dL
decreased morbidity and mortality in a surgical critical care population. Follow-up
studies, most notably the NICE-SUGAR study (Normoglycemia in Intensive Care
Evaluation-Survival Using Glucose Algorithm Regulation), which compared inten-
sive glucose management with conventional management, failed to replicate the
findings of Van den Berghe et al. and, in fact, showed evidence of increased harm,
largely secondary to a high incidence of severe hypoglycemia [43].

20.4.1 Lactate and Trauma

While less controversial than glucose management, management of lactate eleva-
tion has been extensively studied in the trauma literature. As Richards et al. [44]
describe, serum lactate levels may become elevated secondary to the physiologic
stress response via a separate metabolic pathway, independent of the effects of
shock and organ hypoperfusion. An elevated serum lactate, in particular an inability
to achieve adequate lactate clearance, has been associated with poor clinical out-
comes in the trauma population [45]. A variety of resuscitation strategies, including
careful vasopressor administration to ensure adequate end-organ perfusion, bal-
anced fluid and blood product administration, and avoiding excessive volume resus-
citation, have all been extensively studied and correlated to lactate clearance, with a
demonstrable impact on clinical outcomes. Other studies are urgently needed to
better understand how glucose and resuscitation strategies impact the correlation
among hyperglycemia, elevated lactate, and MOF [46].

20.5 Toll-Like Receptors (TLRs)-Directed Interventions

The 1994 “danger theory” of the inflammatory response following trauma or infec-
tion proposed that the immunological system’s role was to protect the body from
danger. In this model, immunological responses are triggered by specific types of
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cell death. If a healthy, undamaged cell dies an apoptotic death, it is scavenged
without triggering an immune response. Conversely, cell lysis or apoptosis via
trauma or infection releases intracellular contents and signals “danger,” triggering
both innate and adaptive responses. The injured cell releases endogenous damage-
associated molecular patterns (DAMPs), analogous to the microbial pathogen-
associated molecular patterns (PAMPs), released in sepsis, both of which activate
the innate immunity.

PAMPs are exogenous microbial molecules that alert the organism to pathogens
and are recognized by cells of the innate and acquired immunity system, primarily
through toll-like receptors (TLRs), and activate several signaling pathways [3].

Numerous reports have shown that both hemorrhagic shock and reperfusion
injury (HS/R) and trauma activate immune system through pattern recognition
receptors such as Toll-like receptors (TLR 4). This activation of the immune system
is seen as a robust systemic inflammatory response, which can result in subsequent
organ damage.

For this reason targeting TLRs may be a promising intervention strategy to
reduce MOF. Yet, because TLR activation occurs through a variety of mechanisms,
generating full antagonists is technically difficult.

The best-understood mechanism for TLR4 activation is by the pathogen-
associated molecular pattern, lipopolysaccharide (LPS; endotoxin), which is found
on the outer wall of gram-negative bacteria.

However, in the setting of sterile injury as seen in trauma, LPS is probably not
the dominant activator of TLR4. Instead there is evidence that damage-associated
molecular patterns (DAMP), such as high mobility group box 1 (HMGB1), released
by damaged or stressed cells, drive TLR4 activation [47].

The development of Eritoran tetrasodium (E5564), a potent and full antagonist
of LPS at TLR4, is a significant advance and offers hope that other TLR-selective
antagonists may become available in future years.

Korff et al. investigate in animal models the effectiveness of Eritoran in reducing
inflammation and organ dysfunction induced in two independent systemic models
of injury: HS/R and bilateral femur fracture (BFF). They show here that Eritoran
was able to prevent liver injury, as well as reduce gut barrier dysfunction in
HS/R. Eritoran treatment also suppressed the early inflammatory response in both
models. Thus Eritoran is an effective candidate for reducing organ damage not only
in local ischemia models but also in models that lead to a robust systemic inflamma-
tory response, such as trauma or hemorrhagic shock. This suggests that Eritoran
may serve as a potential therapy in trauma and hemorrhagic shock and further con-
firms the importance of TLR4/MD2 signaling in hemorrhagic shock induced inflam-
mation and organ injury [48].
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20.6 Immunomodulation

For future development in therapeutic strategies for the prevention of sepsis and
MODS, it is indispensable to understand the underlying pathophysiology mecha-
nism. In the review article, Thompson et al. indicated immune dysfunction as a key
risk factor for the late onset of infection, sepsis, and MODS after trauma [49]. In
combat casualties, delaying suitable treatment may result in prolonged immune
dysfunction with subsequent late complications, such as wound infection, delayed
wound healing, sepsis, and MODS. With regard to the mechanism underlying
immune depression, damage-associated molecular patterns (DAMPs) and large
amounts of cytokines are initial factors that promote the disturbance of the immune
response. Additionally, a lower expression of human histocompatibility leukocyte
antigen (HLA)-DR on monocytes and lymphocyte dysfunction appears to be
involved in the development of immune paralysis. Based on these theories, immu-
nomodulation is revealed to be a better therapeutic strategy for septic complications
in the setting of acute insults [38]. Emerging evidence from clinical trials has shown
that some cytokines might be of potential benefit in regulating the host immune
response, including granulocyte colony-stimulating factor (CSF)/granulocyte-
macrophage CSF, interferon (IFN)-y, interleukin (IL)-7, IL-15, thymosin al, etc.
Accumulated reports discover unidentified cytokines or reveal their novel roles in
the immune response. The majority of the research is focused on the direct effects
on immune cell differentiation or activation. Fan and his group [50] have recognized
IL-25 as a crucial mediator in the inflammatory response in acute lung injury (ALI),
which is a major component of MODS following trauma and infection.

Of note, mitochondrial function is critical for cell metabolism and energy pro-
duction, and it appears to be associated with redox signaling, calcium flux, and
apoptosis [51]. In trauma, hemorrhagic shock, and sepsis, hypoxia induces immune
cell apoptosis and dysfunction, which greatly involves alterations in mitochondrial
stability and function.

Accordingly, novel therapeutic strategies through the improvement of mitochon-
drial function are beneficial for protecting host immunity and organ function, such
as mitochondrial membrane channel blockers, electric transport chain (ETC)
enzymes, antioxidants, and biogenesis promotion reagents. The most attractive
reagents among them are mitochondria-targeted coenzymes that have already been
proven to be safe and are beneficial for various diseases.

20.6.1 Prehospital Immune Response

The current paradigm for how major injury influences the immune system is based
almost entirely upon the analysis of blood samples obtained from patients’ after
admission and several hours postinjury. Indeed, with the exception of a small num-
ber of studies in which research samples were acquired at the scene of injury. Our
knowledge of trauma-induced changes in immunity during the ultra-early postin-
jury phase (particularly within the first hour) is limited. Indeed, of the prehospital
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based studies, only 1 investigated immune function, reporting a significant impair-
ment in lipopolysaccharide (LPS)-induced cytokine production by whole blood leu-
kocytes within minutes of injury, suggesting that trauma patients are immune
suppressed even prior to hospital admission [52].

Although with small sample size (89 pt) the study by Hazeldine et al. has high-
lighted the dynamic nature of the immune response to trauma and shown at the
functional and phenotypic level that immune alterations consistent with activation
and suppression are evident within 1 h of injury, thus supporting the idea of an
immediate and concomitant induction of the SIRS and CARS responses post-
trauma [53].

20.7 The Glycocalyx and Trauma

The endothelial and epithelial glycocalyx (EG) has emerged as an important partici-
pant in both inflammation and immunomodulation. Shedding of the EG plays a
central role in many critical illnesses. Degradation of the EG is associated with
increased morbidity and mortality. We assume that trauma induced increases in
plasma concentration of glycocalyx elements that are derived from shedding of the
vascular endothelial surface. The endothelial glycocalyx plays an important role in
vascular permeability by limiting protein and solvent flux into the cell junction; it
regulates leukocyte and platelet interaction with adhesion cell molecules on the
endothelial surface, thus influencing the local inflammatory cascade and the hepa-
ran sulfate component modulates the local cell surface coagulation system.
Constituents of the glycocalyx have been used as biomarkers of injury severity and
have the potential to be target(s) for therapeutic interventions aimed at immune
modulation. The development of novel, glycocalyx-targeted polymers could repre-
sent a major advance for both protection of the glycocalyx from proteolytic degra-
dation and restoration of the glycocalyx following shedding. Giantsos et al. [54] and
Giantsos-Adams et al. [55] have demonstrated a proof-of-concept for developing
glycocalyx-targeted polymers that enhance barrier properties, attenuate inflamma-
tion, and attenuate pressure-dependent mechanotransduction. The authors synthe-
sized a 50-60 kDa water-soluble polymer (methacrylamidopropyl
trimethylammonium chloride) that bound avidly to the endothelial surface and was
devoid of any measurable in vitro toxicity. The polymer reduced endothelial hydrau-
lic conductivity, reduced the pressure-dependent production of nitric oxide, and
mitigated pressure-dependent and shear-dependent barrier failure. Lastly, the poly-
mer was able to block bradykinin-induced increase in endothelial albumin permea-
bility. The development of similar functionalized polymers for human use would
represent a significant advance in resuscitation science. Certain illnesses and iatro-
genic interventions can cause degradation of the EG. It is not known whether resti-
tution of the EG promotes the survival of the patient. First trials that focus on the
reorganization and/or restitution of the EG seem promising In conclusion, much
more work is needed to develop therapies directed to exploit the multi-functional
glycocalyx [56, 57].
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20.8 ExtraCorporeal Membrane Oxygenation (ECMO)
and Trauma

A blood pump is needed to push the venous blood through the capillaries of the
oxygenator (a membrane oxygenator conceptually similar to the human lungs),
which ensures the blood gas exchange (elimination of CO, and O, uptake).

ECMO can be considered for partial or full support in cases of potentially revers-
ible post-traumatic cardiopulmonary failure. In trauma patients, no specific diagno-
ses are absolute indications or contraindications to ECMO therapy, other than
irreversible injury.

Although in cardiac surgery, veno-arterial (VA) ECMO is often used to support
the function of both the heart and lungs, in trauma patients, veno-venous (VV)
ECMO is most commonly used to support acute respiratory distress syndrome
(ARDS) or acute respiratory failure due to traumatic processes (although use of VA
ECMO for post-traumatic shock states has also been described).

The recently published EOLIA (ECMO to Rescue Lung Injury in severe ARDS)
trial of ECMO support for severe respiratory failure failed to demonstrate mortality
reduction with the use of early ECMO. Nevertheless, substantial crossover between
the control and ECMO arms yielded a significantly advantaged secondary outcome
for the combined outcome of mortality and crossover. As such, the overall role of
ECMO support remains controversial [58].

Thoracic trauma leading to pulmonary dysfunction is the most common indica-
tion for ECMO reported [59]. Acute respiratory failure (ARF) is multifactorial in
trauma patients with diverse underlying pathophysiological mechanisms. In a blunt
thoracic injury, all the chest compartments can be affected and are directly respon-
sible for mortality of 20-25%. Two main mechanisms contribute to pulmonary
injury: the first mechanism is a direct trauma leading to contusion, intra-alveolar
hemorrhage, and aspiration pneumonia. The second mechanism is an indirect
immunological lung injury, which may result from extrapulmonary trauma and/or
the required management of trauma patients (massive transfusion, fluid overload,
ventilator lung induced injury, etc.) leading to acute respiratory distress syndrome
(ARDS). Extracorporeal membrane oxygenation (ECMO) is an attractive therapy in
ARF. In 1972, the first successful use of ECMO was in a 24-year-old polytrauma
patient who developed a “shock lung syndrome” [60]. Severe ARF requiring
mechanical ventilation (MV) in trauma patients is associated with high mortality
and increased hospital stay. In patients with severe impaired gas exchange despite
optimized MV, ECMO is proposed to avoid injurious lung ventilation. It is prudent
to start ECMO at an earlier stage to avoid irreversible MV-induced pulmonary
injury in these cases. In severe thoracic trauma cases requiring lung resection or
progressive lung fibrosis with severely limited reserve, ECMO may prove to be the
main therapy as a bridge to lung transplant.

Among trauma patients with ARF, those with a traumatic brain injury represent
a specific group as their prognosis is mainly dependent on neurological recovery.
These patients may require earlier ECMO support compared with non-brain-injured
patients, to prevent secondary neurological injury from severe hypoxemia,
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hypercapnic acidosis, and worsening cerebral edema from fluid overload. The goal
of ECMO is to support the patients who have good functional prognosis from their
neurological injury. Unfortunately, this prognostication is not easy in brain-injured
patients at the time when they are in need of ECMO.

When comparing ECMO and conventional therapy in the trauma population,
there is a signal for improved outcomes using early ECMO. A recent propensity
score-matched cohort study comparing ECMO versus conventional ventilator ther-
apy demonstrated a survival advantage for ECMO [61]. With 17 patients in each
arm, ECMO was associated with a significant survival advantage (65% vs. 24%,
p = 0.01). However, there was a tradeoff in complications, with the ECMO group
having more bleeding complications and the conventional group having more pul-
monary complications.

Traditionally, trauma patients have been excluded from ECMO consideration
due to a high bleeding risk. However, with improved ECMO circuit technology
(newer pump systems, reduced circuit area, newer biocompatible circuit material,
heparin coating, etc.), and a relatively high blood flow during veno-venous (VV)
ECMO, thrombotic complications during heparin-free ECMO runs are relatively
uncommon [62].

Further, many centers are continuously pushing the envelope to minimize anti-
coagulation ranges. In select cases, patients may be initiated on a heparin-free pro-
tocol for several days where there is a risk of ongoing hemorrhage. This may be
especially true in the polytrauma patient who has both a severe traumatic brain
injury and a severe ARDS.

Which method of ECMO, VYV, or VA is more appropriate for trauma patients?

Mode of ECMO should be based on the patient disease process. Those with only
respiratory failure or shock reasonably thought to be caused by severe hypoxia
should be candidates for VV ECMO. Those with refractory cardiac dysfunction/
cardiogenic shock should be placed on VA ECMO.
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