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Preface

Sepsis is one of the most common deadly diseases. Despite its remarkable incidence, and despite the progress which has been made in understanding this complex
syndrome, for both clinicians at the bedside and scientists at the bench many key
questions remain unanswered.
In order to address this unmet need, we now present the first edition of the
Handbook of Sepsis. This practically oriented book provides an up-to-date overview
of all significant aspects of the pathogenesis of sepsis and its management. Readers
will find information on the involvement of the coagulation and endocrine systems
during sepsis and on the use of biomarkers to diagnose sepsis and allow early intervention. International clinical practice guidelines for the management of sepsis are
presented, and individual chapters focus on aspects such as fluid resuscitation, vasopressor therapy, response to multiple organ failure, antimicrobial therapy, and
adjunctive immunotherapy. The closing section looks forward to the coming decade,
discussing novel trial designs, sepsis in low- and middle-income countries, and
emerging management approaches. The book is international in scope, with contributions from leading experts across the world. It will be of value to professionals/
practitioners that take care of patients with severe infections in all fields of medicine
in addition to those who are in training or study sepsis in depth.
We would like to thank all our colleagues who all worked hard and full of enthusiasm on each and every chapter of this book. In this respect, the continued support
of members of the European Sepsis Academy, the Surviving Sepsis Campaign
guidelines committee, the European Society of Clinical Microbiology and Infectious
Diseases, and the International Sepsis Forum has been truly inspiring. In addition,
we gratefully acknowledge the continued and wonderful support of the editorial
staff at Springer Nature. At the end, we do hope that this handbook can make a small
contribution to the further improvement of care for patients with sepsis who present
with this devastating syndrome on emergency departments, wards, and intensive
care units in all corners of the world.
Amsterdam, The Netherlands
Pittsburgh, PA, USA

March 2018

W. Joost Wiersinga
Christopher W. Seymour
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Part I
Sepsis: An Overview

1

What Is Sepsis?
Luuk Giesen and Mervyn Singer

1.1

Introduction

Sepsis is an enigmatic clinical syndrome that arises when a patient reacts adversely
to an infection and develops organ dysfunction as a consequence. It can affect
practically all organ systems, though the organs involved and the degree of dysfunction will vary markedly between patients. It can lead to death in a high proportion of cases.
Sepsis is now officially defined as a dysregulated host response to an infection,
causing life-threatening organ dysfunction [1]. This new definition, and accompanying clinical criteria, will hopefully provide a stronger, more consistent base to
better inform incidence, outcomes and research. The nature of sepsis is extremely
complex, and the disease course can differ markedly between patients. As yet, sepsis cannot be determined with certainty in many cases. Diagnosis often relies upon
clinician gestalt as definitive microbiological evidence of a precipitating infection is
often absent. Moreover, attempts to find a magic cure for sepsis have been fruitless
[2]. This is, in large part, due to a highly variable biological phenotype, even in
patients presenting with similar clinical features. Management is mainly supportive
at present with resuscitation, organ support and eradication of the underlying infection with antibiotics ± source control [2]. On a more positive note, our understanding of sepsis has profoundly increased, and better diagnostics are being developed
to aid identification and target the dosing and timing of therapeutic interventions.
In the developed world, sepsis has an incidence of 2.5 million patients per year
and a mortality rate of approximately 650,000 patients per year (when corrected
for the new definition using only recent data) [3]. This would translate to roughly
19 million cases of sepsis a year globally, with approximately 5 million deaths [3].
This estimation is probably wildly inaccurate, as there is a general lack of
L. Giesen, M.D. · M. Singer, M.D., F.R.C.P.(Lon) (*)
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comprehensive epidemiological data in low- and middle-income countries. The
lack of good primary care, adequate infection prevention, timely antibiotic treatment, poor staffing levels and adequate critical care provision account for a completely different situation in these countries. The World Health Organization
provides additional insights into this conundrum. While the WHO does not yet
monitor sepsis, it does track communicable diseases. According to WHO data,
three infectious diseases were in the top ten causes of death worldwide in 2015:
lower respiratory disease, diarrheal disease and tuberculosis with a combined mortality of 7.3 million people [4]. The majority of these fatalities occur in developing
countries. It is likely that most die from sepsis as infection without organ dysfunction cannot be life-threatening. Chapter 15 will address sepsis in low- and middleincome countries in more detail.
The mortality rate of sepsis is declining in the developing world, in part because
of earlier recognition and clinical management but also because increased recognition has considerably enlarged the denominator [5]. In some healthcare structures,
there is also a financial reimbursement incentive to code patients as ‘sepsis’ rather
than, for example, pneumonia [6]. Current cited mortality rates range from 15 to
25% in industrialized countries; however many uncertainties remain [3]. For example, sepsis may not always be recorded as the cause of death in the presence of other
comorbidities such as cancer or heart failure. Second, death in a septic patient may
relate to secondary or unrelated complications. Furthermore, to paraphrase Osler
[7], sepsis may be the ‘old man’s friend’, being the final event of a terminal and/or
debilitating illness such as severe dementia, stroke and chronic heart failure. In such
cases, it may be inappropriate and not in the patient’s best interests to offer aggressive, life-prolonging, medical intervention. In the next chapter, the epidemiology of
sepsis will be discussed in more depth.

1.2

The Origins of Sepsis

The riveting tale of sepsis is one of controversy and paradox, of huge success amidst
grand failure and of the long-running debate on the relative importance of pathogen
versus host response. Sepsis must be preceded by infection. Both histories start out
intertwined, since sepsis was long viewed as a systemic infection with terms such as
‘septicaemia’ applied to a critically ill patient. Sepsis finally got its own narrative
once it was appreciated that the consequent organ dysfunction is what defines the
condition. Arguably, this matters most to patient outcomes.
The meaning of the term sepsis has undergone remarkable changes over the
course of thousands of years (Fig. 1.1). Hippocrates (460–370 BC) first wrote of
sepsis and pepsis [8]. He considered that both occurred simultaneously in the body
in a balanced way; sepsis was associated with putrefaction (decay) and bad odour
and pepsis with odourless fermentation. Aristotle (384–322 BC) hypothesized that
the process of sepsis (as decay) also occurred outside the body, generating a conception of small creatures in smelly, muddy places. The Romans improved upon
Aristotle’s theory. As proximity to swamps induced sickness and fever in humans,
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The evolving meaning of the word sepsis

400 B.C.

Putrefaction

1870

Blood poisoning / systemic infection

1992

Systemic inflammatory response syndrome
to infection

2003

Syndrome of infection complicated
by acute organ dysfunction

2016

Life-threatening organ dysfuction caused
by a dysregulated host response to infection

Fig. 1.1 The evolving meaning of sepsis

they believed Aristotle’s small, invisible creatures were the actual cause of disease.
They promptly created a novel goddess, Febris, and drained their swamps [8].
After the fall of the Roman Empire, efforts related to discovery and treatment of
infection and sepsis either diminished or went unreported. In the following centuries, infectious epidemics wiped out large swathes of populations. This caused enormous terror as people could not understand how these diseases spread nor how they
could be treated. The most infamous epidemic, the plague or the Black Death, was
caused by the bacterium Yersinia pestis [9]. This bacterium generated a severe
infection complicated by organ failure (thus, sepsis) and eradicated a third of all
Europeans in the thirteenth century [10].
It was not until the scientific revolution in the seventeenth century that the understanding of infection and sepsis progressed further, and Aristotle’s ideas were challenged. Two advances were important. The first was the development of the
microscope, which allowed visualization of those invisible creatures. The second
was the discovery that microbes could indeed cause human disease, and this was
called germ theory [8].
Davaine (1812–1882), a French physician, shifted the perception from sepsis as
decay to sepsis as infection [8]. He injected rotten blood subcutaneously into a
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rabbit, which died after 40 h. He then took blood from this rabbit and injected it in
the next, which also died. He repeated this process 25 times. Hence, and notwithstanding the lack of bad odour of the blood, Davaine introduced the concept of
septicaemia or ‘blood poisoning’ [11]. Sepsis then became synonymous with systemic infection [8]. It was widely believed that systemic infection, and in particular
the pathogenicity of the bug, led to the patient’s death [2]. Not until the end of the
twentieth century was this concept challenged.

1.3

Sepsis Was About Inflammation and Not the Pathogen

Advances in infection prevention and the discovery of penicillin by Alexander
Fleming in 1928 marked crucial events in both preventing and treating infection
[12, 13]. The establishment of intensive care units (ICUs) from the 1950s further
reduced mortality from sepsis as patients could be resuscitated in the initial shock
state, and organ support could be provided to prop up the failed organs until recovery occurred [14]. However, in the 1970s, it was realized that, despite eradication of
the initial pathogen and successful resuscitation, patients often continued to die
from sepsis [2, 15]. This led to the idea that the culprit was not only the pathogen
but also, and perhaps more importantly, the patient’s inflammatory response [15,
16]. Attenuating the host inflammatory response was considered as, or even more,
important as eliminating the infecting microorganism. Animal models supported
this idea. The use of high-dose endotoxin (a constituent of the cell membrane of
Gram-negative bacteria) led to a massive and abrupt rise in pro-inflammatory cytokines—a ‘cytokine storm’—and other mediators of inflammation, which caused
certain death [17]. Efforts to block these cytokines in young, previously healthy
animals significantly improved survival, though administration of these agents at, or
even before, the initiation of sepsis was far removed from real-life patient management. Nonetheless, these studies reinforced the notion that patients with sepsis had
a systemic hyperinflammatory response to an infection, which could lead to organ
dysfunction and death.
In 1992, a North American Consensus Committee officially defined sepsis as a
systemic inflammatory response syndrome (SIRS) to infection [18]. This could lead
to organ dysfunction (severe sepsis) and progress to a shock state (septic shock).
This definition placed the systemic hyperinflammatory response at centre stage.
SIRS was characterized by abnormalities in ≥2 of 4 clinical criteria: heart rate,
respiratory rate (or PaCO2), temperature and white cell count (Table 1.1).
Table 1.1 SIRS (systemic inflammatory response syndrome) criteria (from Bone et al. [18]) (two
or more of the following)
Temperature
White blood cell count
Heart rate
Respiratory rate

>38 or <36 °C
>12,000 or <4000/mm3
>90 beats/min
>20 breaths/min or PaCO2 < 32 mmHg
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While the use of SIRS criteria improved recognition of sepsis, these were far too
general. A patient with a straightforward gastroenteritis or a bad cold would fulfil a
sepsis definition despite having self-limiting illnesses. Thus, septic patients could
not be distinguished in a uniform manner. The true incidence and mortality of sepsis
became blurred as different criteria were applied.
In part driven by the repeated failure of various anti-inflammatory and immunosuppressive approaches, there was also a growing appreciation of an excess overfocus upon systemic inflammation as the predominant pathophysiological process to
the detriment of other, perhaps equally relevant, pathways. In 2003 a North
American-European Task Force published the second iteration of the sepsis definitions. They acknowledged the inadequacies of the existing definitions, but as there
was insufficient evidence to support a change, they simply expanded the list of possible diagnostic criteria for sepsis [19].

1.4

 epsis Is Now About Organ Dysfunction and Not
S
Inflammation

In the last decade, the knowledge base regarding sepsis pathophysiology has increased
significantly, and the relevance of noninflammatory pathways is increasingly appreciated [20]. Furthermore, most patients now survive the initial hyperinflammatory
state but die of unresolved organ failure or new infection to which sepsis-associated immunosuppression increases susceptibility [21, 22]. Pharmacological agents
attenuating the inflammatory response were very successful in preclinical studies
but have all failed to show outcome benefit in large clinical trials [2, 23]. The relatively late administration of these drugs in a patient’s disease course (as time to
admission to hospital or intensive care may be days or even longer), as opposed to
before, at or soon after the insult in a laboratory model, had likely missed the zenith
of the inflammatory response; the figurative horse had already bolted [23, 24]. The
pre-existing model of sepsis as an infection-triggered inflammatory disorder failed
to embrace these developments. In addition, no clear guidance had been offered
as to what precisely constitutes ‘organ dysfunction’ or ‘shock’; this too impacted
considerably on the variable incidence and mortality of sepsis and septic shock discussed earlier. A new paradigm and clear operationalization were needed.
In 2016, the latest sepsis definitions—‘Sepsis-3’—were introduced [1]. Sepsis is
now defined as ‘life-threatening organ dysfunction caused by a dysregulated host
response to infection’ [1]. Under this new terminology, the old term severe sepsis
becomes obsolete as organ dysfunction is now necessary for the diagnosis of sepsis.
Sepsis and septic shock (defined as a subset of sepsis in which profound circulatory,
cellular and metabolic abnormalities are associated with a greater risk of mortality
than with sepsis alone) are now identified. Specific clinical criteria are used to identify sepsis (i.e. a change in Sequential (sepsis-related) Organ Failure Assessment
(SOFA) score ≥2 above baseline values) (Table 1.2) and septic shock (i.e. vasopressor requirement to maintain a mean arterial pressure ≥ 65 mmHg and a serum lactate
>2 mmol/L in the absence of hypovolaemia) [1]. Importantly, these criteria were
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Table 1.2 Sequential (sepsis-related) Organ Failure Assessment (SOFA) score
System
Respiration
PaO2/FiO2
mmHg (kPa)
Coagulation
platelets
Liver bilirubin,
mg/dL
(μmol/L)
Cardiovascular
(doses in μg/
kg/min)

Central
nervous system
Glasgow Coma
Scale
Renal
creatinine, mg/
dL (μmol/L), or
urine output,
mL/day

SOFA score
0
1
<400
≥400
(53.3)
(53.3)

2
<300 (40)

≥150

<150

<1.2 (20)

<100

3
<200 (26.7)
with respiratory
support
<50

4
<100 (13.3)
with respiratory
support
<20

1.2–1.9
(20–32)

2.0–5.9
(33–101)

6.0–11.9
(102–204)

>12.0 (204)

MAP
>70 mmHg

MAP
<70 mmHg

Dopamine
<5 or
dobutamine
(any dose)

Dopamine >15
or epinephrine
>0.1 or
norepinephrine
>0.1

15

13–14

10–12

Dopamine
5.1–15 or
epinephrine
<0.1 or
norepinephrine
<0.1
6–9

<1.2 (110)

1.2–1.9
(110–170)

2.0–3.4
(171–299)

3.5–4.9
(300–440)
<500

<6

>5.0 (440)
<200

MAP mean arterial pressure, FiO2 fraction of inspired oxygen, PaO2 partial pressure of oxygen
Catecholamine doses are given as μg/kg/min for at least 1 h
The Glasgow Coma Scale range from 3 to 15, with a higher score indicating better neurological
function
Adapted from Vincent et al. [26]

developed from big data amassed from databases containing 850,000 hospital patient
encounters that were cultured and treated for infection. A rise in SOFA ≥2 equates to
a ≥ 10% risk of hospital mortality, while fulfilling the septic shock criteria was associated with a 42% risk of dying. While the overall reception to Sepsis-3 has been
positive, there are detractors who feel that the removal of SIRS is a backward step
[25]. The Sepsis-3 Task Force however did encourage prospective validation of these
criteria in multiple healthcare settings; early studies support their findings.

1.5

Multiple Organ Dysfunction

With Sepsis-3, organ dysfunction has been pushed to the forefront of diagnosis and
treatment. Many patients develop infection, often with a SIRS response, that does
not require antibiotic treatment, let alone hospitalization. The key is to identify
organ dysfunction at an early stage and intervene accordingly. The degree and type
of organ dysfunction differ from patient to patient. Both the initial site of infection
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and the organism and host traits (genetic, epigenetic, comorbidities and medication)
can influence the degree of organ dysfunction [2]. As a general rule, more pronounced organ failure is associated with worse outcome [26, 27].
All major organ systems may be impacted by the septic process [2, 28]. Patients
often have impaired myocardial function which can lead to a low cardiac output and
hypotension [29]. This may compound both a loss of vascular smooth muscle tone
that is poorly responsive to catecholamines and activation of the vascular endothelium leading to increased extravasation of fluid as well as increased production of
both pro- and anti-inflammatory mediators. Patients may suffer from respiratory
distress as a direct consequence of lung involvement and/or progressive metabolic
acidosis or respiratory muscle fatigue. This may be apparent as tachypnoea or progressive obtundation related to hypoxaemia and/or hypercapnoea. The nervous system can be affected, leading to altered mental status (‘septic encephalopathy’) and
peripheral issues such as neuropathy and disturbed autonomic function. Acute kidney injury leads to elevated creatinine levels and decreased urine output. Liver dysfunction is noted as an increase in hepatic markers such as bilirubin and coagulopathy
recognized by consumptive thrombocytopenia, hypercoagulability and, rarely, full-
blown diffuse intravascular coagulation (DIC). Many other organ systems can be
affected including the skeletal muscle (leading to a generalized myopathy), alimentary system (e.g. ileus, pancreatitis, cholecystitis) and hormonal system (including
relative adrenal insufficiency, the low T3 syndrome and marked decreases in circulating vasopressin and sex hormone levels) [28, 30].
Intriguingly, despite severe clinical organ failure, remarkably little cell death is
found, even in septic non-survivors [31, 32]. In those surviving an episode of sepsis,
long-term organ support (e.g. dialysis) is usually not required if the affected organs
were normal beforehand. These findings suggest that organ failure is more of a
functional phenomenon rather than being due to a loss of structural integrity [33].
This has led to the hypothesis that organ dysfunction may represent a protective
mechanism, akin to hibernation, that is designed to save the body from further damage. There may be a regulated shutdown of body metabolism, triggered in part by
decreases in energy availability and altered hormone levels, that enables the affected
organs to switch off during the acute illness phase but to regain functionality once
the illness subsides. Many other features of sepsis support this notion. For example,
the transcriptome, proteome and metabolome show generally similar changes in
both septic survivors and non-survivors, but the magnitude of change (either downor upregulated) is more extreme in eventual non-survivors [34]. Adaptation may
thus spill over into maladaptation.

1.6

Clinical Recognition of Sepsis

Correctly recognizing a septic patient can be difficult, even for the experienced doctor.
Presentation may be protean and, in the early stages, often vague and non-specific. For
example, a rash is only seen in ~50% of cases of meningococcal sepsis on presentation
[35]. Features of sepsis may be confounded by pre-existing comorbidities, and organ
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dysfunction may not be immediately apparent. Deterioration may be gradual over days
or abrupt and severe over just a few hours. Patients are initially treated empirically for
sepsis, but in 20–25% of cases, a sepsis mimic is belatedly identified [36]. Many mimics exist, ranging from pulmonary embolus and heart failure to beriberi, phaeochromocytoma, haemophagocytotic syndrome and various autoimmune diseases such as SLE.
A number of ‘early warning scores’ are proposed to identify patients at risk of
having sepsis and poor outcomes. Examples include the quick SOFA (qSOFA) score
consisting of respiratory rate ≥ 22 breaths/min, altered mentation (GCS <15) and
systolic BP ≤100 mmHg which can be performed in minutes at the bedside and the
National Early Warning Score (NEWS) which provides a score (of 0–4 depending on
the degree of abnormality) to each of seven criteria (the three used in qSOFA plus
PaO2:FiO2 ratio, serum creatinine or urine output, platelets and bilirubin) [1]. Such
scores can offer prognostication and enable the trajectory of illness to be determined;
however they should complement rather than replace sound clinical judgment.
To improve recognition and treatment, scientists have long sought biomarkers
that can accurately identify the type of infection (either ‘rule in’ or ‘rule out’) and
the early onset of organ dysfunction and offer some prognostic capability [37].
Multiple choices are available, increasingly as point-of-care tests and increasingly
utilizing panels of biomarkers rather than a single variable [38]. However, the
majority are still research tools and require large-scale prospective validation in
multiple different populations (e.g. young/old, different ethnicities, post-surgery)
[37]. Chapter 6 will address biomarkers in sepsis more in depth.

1.7

Risk Factors and Disease Course

The risk of sepsis depends on multiple factors including age, health status, genetic
predisposition and comorbidity. Impaired immunity is an important risk factor,
whether because of immunosuppressive drugs, cancer, malnutrition or stressors
such as surgery, trauma or burns [39]. The very young and the elderly are more
susceptible as their immune system functions less well. Many comorbid illnesses
increase the chances of developing sepsis, though not all increase the eventual risk
of mortality [39, 40]. Certain types of medication, e.g. statins, beta-blockers and
calcium channel blockers, are associated with reduced mortality [41–43].
Intriguingly, body weight appears to impact upon outcome—the ‘obesity paradox’
[44]; this may offer general protection against critical illness through increased
energy reserves and/or the endocrine and paracrine properties of adipose tissue.
The course of disease differs in each patient, and this, in part, reflects patient
predisposition.
A subset of patients will recover remarkably quickly and will need little time in
intensive care. Such patients are often young and resilient with no comorbidity.
Others have a very protracted disease course with failure to thrive and delayed
recovery. Such patients have ongoing activation of their inflammatory system
marked, for example, by a persisting high C-reactive protein, yet often without a
clear aetiology such as an undrained abscess. This condition has recently been
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coined the persistent immunosuppression, inflammation and catabolism syndrome
(PICS) [45]. How to optimally manage PICS, either preventing, attenuating or hastening recovery, remains unclear. Although affected patients may eventually be discharged from intensive care, many have an ongoing poor quality of life, and
subsequent hospital readmission and mortality are high. They often have long-term
cognitive impairment and physical disability and a higher prevalence of mood disorders [46]. Attention is being increasingly directed towards this problematic subset
with different strategies to be explored to improve outcomes such as immunostimulation and personalized rehabilitation regimens [47, 48].
Patients who die from sepsis can also be roughly divided in two groups. In a
study that included only patients suffering from septic shock, approximately 30% of
deaths occurred quickly, within 72 h of presentation [49]. These patients already
had severe organ dysfunction on presentation and died from fulminant multiple
organ failure. The remainder died much later, most after a protracted stay in intensive care [49]. In clinical practice, these late deaths often occur from a secondary
complication (notably nosocomial infection) or an elective withdrawal due to failure to recover, usually on a background of underlying significant comorbidity.

1.8

Finding a Cure for Sepsis

The quest for novel therapies for sepsis has been highly disappointing. Most large
multicentre trials have failed to show any benefit, and some have even been discontinued early because of harm [20, 23, 24]. This underlies how our incomplete grasp
of sepsis pathophysiology and a poor appreciation of the biological phenotype of
the individual patient fail to select an appropriate treatment given at appropriate
dose and duration. Apart from clinical heterogeneity, the biological phenotype is
variable in terms of magnitude of response and duration, as exemplified by a widely
varying disease course between patients. So, for instance, administering an anti-
inflammatory agent, the once-believed holy grail of sepsis treatment, will not prove
beneficial if the pro-inflammatory phase has largely abated.
In addition, animal models often fail to simulate the clinical situation. Young,
healthy rodents without comorbidity are predominantly used, and they often receive
the septic insult that is non-representative of a clinical situation such as a bolus
injection of endotoxin. The animals subsequently receive no or minimal or minimal
standard sepsis management such as fluid [50]. Furthermore, the treatment is often
given before, concurrent with or soon after the septic insult, and the model duration
is relatively short and thus does not account for late deaths.

1.9

Clinical and Public Misunderstandings

To this day, many members of the public are still unaware of sepsis, despite campaigns such as the Surviving Sepsis Campaign. Those with some awareness often
use outdated and fundamentally incorrect terminology such as blood poisoning and
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septicaemia. These terms were intended to reflect the presence of microorganisms
in blood, yet this finding is infrequently made in most patients, especially if they
have received prior antibiotics [2]. Likewise, patients with bacteraemia, viraemia or
parasitaemia do not necessarily have sepsis. Indeed, transient bacteraemia is well
recognized after toothbrushing [51].

1.10

Challenges and the Way Forward

While significant strides have been made in our understanding of sepsis, there is still
a long way to go. Better education of healthcare workers regarding the nature of
sepsis, including earlier identification and optimal treatment, should improve outcomes. This is particularly relevant in view of the rising incidence of sepsis as the
population ages and more aggressive medical interventions are given. Better technologies to accurately identify infection and the causative agent and the early onset
of organ dysfunction are needed, as are theranostics to guide choice and dosing of
treatment. New treatments will be developed, but it is also worth reinvestigating
discarded therapies as many may have a role in selected patients. It is also important
to use a common language to describe incidence and epidemiology more precisely
than at present. As more people survive sepsis, attention must also be paid to long-
term outcomes, including morbidity, which can significantly impair quality of life
and increase long-term healthcare costs.
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Key Points
• The global burden of sepsis is estimated at 19.4 million cases each year and 5.3
million sepsis-related deaths annually. However, this estimate is based on the
incidence of hospital-treated sepsis in the developed world and may underestimate the true global burden of sepsis.
• The incidence of sepsis is rising over time, and there are disparities in incidence
by age, gender, comorbidity burden, and socioeconomic status.
• The most common sites of infection are the lung, abdomen, urinary tract, bloodstream, and skin/soft tissue.
• About 35–45% of sepsis cases have gram-negative organisms identified, 30–40%
have gram-positive organisms identified, and 12–16% have fungal organisms
identified. Thirty to forty percent of cases are culture negative, and 20% have
multiple pathogens identified.
• The case-fatality rate is falling, but sepsis survivors are at increased risk for morbidity, recurrent sepsis, and late death.
• Thirty to forty percent of sepsis survivors are rehospitalized within 90 days, most
commonly for recurrent sepsis.

2.1

Introduction

Sepsis, a life-threatening organ dysfunction resulting from the host response to
infection [1], is a worldwide public health threat. This chapter will review the epidemiology of sepsis, including incidence, etiology, long-term outcomes, and risk
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for recurrent sepsis in children and adults. Throughout this chapter, sepsis refers to
infection complicated by acute organ dysfunction, consistent with updated Sepsis-3
terminology, or what was previously termed “severe sepsis” in the 1992 and 2001
consensus definitions [2, 3].

2.2

Incidence and Acute Mortality

There is incomplete data on the global incidence and mortality from sepsis. The
Global Burden of Diseases Study—a worldwide observational epidemiological
study that quantifies the burden death and disability due to specific diseases—does
not include sepsis as its own category, except in infants. However, lower respiratory
infections, the most common cause of sepsis, were the second leading cause of
disability-adjusted life years (DALY) and the fourth leading cause of mortality
worldwide in the 1990–2010 Global Burden of Diseases analysis [4, 5]. Meanwhile,
diarrheal diseases were the fourth most common cause of DALY and seventh most
common cause of mortality [4, 5]. From this, we can conclude that sepsis is a leading cause of death and disability, although the exact magnitude of burden is
unknown.
In a 2016 meta-analysis by Fleischmann et al., the average population incidence
rate of sepsis hospitalization in developed countries (the USA, Germany, Australia,
New Zealand, Taiwan, Norway, Spain, and Sweden) was estimated at 270 per
100,000 person-years, with an in-hospital mortality rate of 26% [6]. However, the
incidence varied widely across studies, from 90 to more than 1000 cases per 100,000
person-years, depending on the time-period of the study, country of origin, and
method used to identify sepsis [6]. (To put these incidence rates into perspective,
there are estimated 125 new breast cancer diagnoses per 100,000 women and 60
new lung cancer diagnoses per 100,000 adults in the USA each year [7].)
In the developed world, hospitalization for sepsis is more common than hospitalizations for myocardial infarction and stroke combined—and accounts for about 6%
of all inpatient hospitalization costs among elderly US patients [8]. Approximately
2–3% of adults admitted to a hospital ward [9], 25–40% of patients admitted to an
ICU [10–12], and 8% of children admitted to a pediatric ICU [13] have sepsis.
Sepsis contributes to an estimated one-third to one-half of hospital deaths [14].
At the time of the 2016 meta-analysis by Fleischmann et al., there were no
population-level studies of sepsis incidence in lower-income countries, which contain 87% of the world’s population [6]. However, by extrapolating from the available studies from developed countries, the authors estimated that—among 7.2
billion people worldwide—there are 19.4 million cases of sepsis each year and 5.3
million sepsis-related deaths annually [6]. This estimate assumes that the incidence
of sepsis in lower-income countries is the same as the incidence of hospital-treated
sepsis in developed countries. However, the incidence of infection is higher in
lower-income countries, so the 19.4 million cases are likely an underestimate [15].
Nonetheless, while the precise impact of sepsis has been difficult to quantify,
there is growing awareness that sepsis is a leading cause of death and disability and
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that it has not received sufficient attention. In May 2017, in recognition of the global
burden of sepsis, the World Health Organization adopted a resolution on improving
the prevention, recognition, and management of sepsis [15]. The resolution recognizes sepsis as a global health priority and urges member states to develop national
policies and process to address sepsis [15].

2.2.1

Sepsis Incidence and Outcomes by Age

The incidence of sepsis follows a bimodal distribution, with higher rates at the
extremes of age. Rates of sepsis are moderate in infants (5 per 1000 people), are
lowest in children and young adults (<5 per 1000 people), and then rise exponentially from ages 50 to 85 years and beyond [16]. The incidence of sepsis in octogenarians is more than 15 per 1000 people [16]. In developed countries, most (58%)
sepsis hospitalizations and most sepsis-related hospital deaths (71%) are in patients
aged 65 years or older [17]. The greater incidence of sepsis in older patients is likely
explained by both a greater prevalence of chronic medical conditions that may predispose patients to sepsis (e.g., cancer, chronic kidney disease) and changes in age-
related deterioration in immune function, known as immunosenescence.
In studies using administrative data, the case-fatality rate of sepsis appears to
increase steadily with age, from less than 10% in infants to more than 35% in
patients 85 years and older [16]. However, a recent study with prospective data collection from 128 pediatric ICUs in 26 countries reported a case-fatality rate of 25%
in children in both developed and resource-limited countries, suggesting that sepsis
in pediatric patients may be more lethal than was previously believed [13].

2.2.2

Changes in Incidence and Outcomes Over Time

The incidence of sepsis appears to be rising steadily over the past few decades,
while the case-fatality rates have fallen [18–20]. Some of this change is explained
by temporal trends in the recognition and coding of sepsis, with increased labeling
of less severely ill patients as septic over time [21]—a condition known as stage
migration, or “Will Rogers” phenomenon [22]. However, even studies with stable
sepsis definitions find that the incidence of sepsis is rising over time, albeit more
modestly [23]. For example, in one study that identified sepsis based on clinical
evidence of infection and organ dysfunction in electronic medical records, septic
shock cases rose from 12.8 cases per 1000 hospitalizations in 2005 to 18.6 cases per
1000 hospitalizations in 2014, while the case-fatality rate fell from 55 to 51% [24].
In another study of ICU patients in Australia and New Zealand over a 13-year time
frame, in which the presence of acute organ dysfunction was collected by bedside
nurse abstractors, the incidence of sepsis in ICU patients rose from 7.2% (2708 of
35,012 ICU admissions) in 2000 to 11.1% (12,512 of 100,286 ICU admissions) in
2012, while the case-fatality rate fell from 35.0 to 18.4%.
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The rising incidence of sepsis is likely multifactorial, related to both better survival from other medical conditions such as cancer and increasing use of immunosuppressive therapies and invasive medical procedures, which together result in a
greater number of patients who are at heightened risk for developing sepsis.
Beyond those gradual changes in sepsis incidence and mortality from year to
year, the incidence and lethality of sepsis also vary by season. Both incidence and
case-fatality rates are about 17% higher in the winter months and show greater fluctuations in cold climates [25]. This difference is largely explained by differences in
pulmonary infection, as respiratory causes of sepsis increase about 40% during winter months [25].

2.2.3

Sepsis Incidence by Chronic Medical Conditions

The incidence of sepsis is higher in patients with chronic medical conditions that
impair immune function, particularly in patients with cancer, acquired immunodeficiency syndrome (AIDS), diabetes, and chronic obstructive pulmonary disease
(COPD), in patients taking immunosuppressive medications, and in patients on hemodialysis. For example, the incidence of sepsis is approximately 40-fold higher in
patients on maintenance hemodialysis compared to patients not on hemodialysis [26].
Sepsis incidence is also four- to tenfold higher in cancer patients than non-cancer
patients and higher still in patients with certain malignancies (e.g., 65-fold increased
risk with myeloid leukemia) [27, 28]. A study examining a nationally representative
sample of US hospital discharge records estimated incidence rates of 1075, 1051, and
755 per 100,000 patients with cancer, AIDS, and COPD, respectively [28]. The risk
for sepsis hospitalization is 2.5-fold higher in patients with versus without diabetes
[29]. In addition to higher incidence rate, the case fatality of sepsis also varies by the
presence of comorbid conditions and is 55% greater in patients with cancer [28].
More than half of patients who develop sepsis have at least one chronic medical
condition, commonly cancer (15–16%), COPD (10–12%), congestive heart failure
(15%), chronic kidney disease (5–12%), diabetes (3–20%), or alcohol abuse (2–5%)
[16, 30–33], with varying frequencies depending on the population studied. Among
children with sepsis, three in four have at least one chronic condition, most commonly
a respiratory (30%), gastrointestinal (25%), or cardiovascular condition (24%) [13].

2.2.4

Maternal Sepsis

Sepsis is a rare but devastating complication of childbirth, accounting for about
11% of all maternal deaths [34]. Puerperal sepsis—infection of the reproductive
tract following childbirth or miscarriage—is estimated to result in at least 75,000
maternal deaths each year, mostly in low-income countries [35]. In a national UK
cohort study, 14% of maternal critical care admissions were for sepsis [36]. The
incidence of ICU admission for sepsis was 4.1/10,000 maternities, while the risk of
sepsis-associated mortality was 1.8/100,000 maternities [36]. The most common
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sources of infection are pneumonia and polymicrobial genital tract infections,
accounting for 40 and 24% of maternal sepsis cases, respectively [36].

2.2.5

 epsis Incidence by Demographics and Socioeconomic
S
Status

The incidence of sepsis varies by patient demographics and socioeconomic status.
Across the age spectrum, both incidence and case-fatality rates of sepsis are higher
in males than females [16]. Sepsis is more also common in black patients than white
patients [37, 38]. In a study of the 2002 New Jersey State Inpatient Database, risk of
sepsis hospitalization was higher in black versus white patients, with the greatest
discrepancy in rates seen among patients aged 35–44 years (relative risk for sepsis
hospitalization 4.4, p < 0.001). The racial discrepancy in sepsis incidence is
explained by both higher rates of infection and higher rates of acute organ dysfunction during infection among black patients [37]. The case-fatality rate for sepsis
hospitalizations is similar between black and white patients, suggesting similar
quality of inpatient care [38]. However, rates of comorbid conditions are higher, and
rates of insurance are lower—suggesting that disparities in preventative care and
chronic disease management may explain some of the differences [38].
Sepsis is also more common in patients with lower socioeconomic status [31].
For example, in the USA, patients living in ZIP codes with higher poverty rates have
a higher incidence of sepsis [39]. Risk of sepsis and sepsis-related death also differ
by insurance type in the USA, with higher rates in patients with government-
provided insurance, relative to patients with private insurance [40].

2.3

Etiology and Characteristics of Sepsis

2.3.1

Context

In the developed world, about 11% of sepsis is acquired during hospitalization, 26%
is healthcare associated (acquired outside of a hospital by patients with recent exposure to healthcare facilities, such as nursing home residents, hemodialysis recipients, or patients hospitalized within the prior 30 days), and 63% of sepsis is acquired
de novo in the community [41].

2.3.2

Site of Infection

Pneumonia is the most common inciting infection in adults and children [10, 13, 16, 42].
It accounts for about 40% adult hospitalized sepsis cases in studies using administrative
data, which examine both ward and ICU patients [16]. In prospective studies of ICU
patients, pneumonia accounts for over 60% of adult sepsis cases [10, 42] and 40% of
pediatric sepsis cases [13]. After pneumonia, the next most common sites of infection are
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Fig. 2.1 Characteristics of sepsis, from selected multicenter studies with prospective data collection. (a) Infectious organism isolated (b) site of infection. The proportion of cases is determined by
the number of cases with a specific etiologic agent (a) or specific site of infection (b) divided by all
cases with sepsis (SOAP and SPROUT) or infection (EPIC II). The proportions for an individual
study do not add up to 100 because patients may have more than one infectious agent identified or
more than one site of infection. SOAP, Sepsis in European Intensive Care Units, was a 2-week,
prospective period-prevalence study involving 198 adult ICUs in 24 European countries; SPROUT,
Sepsis Prevalence, Outcomes, and Treatment, was a 5-day point-prevalence study of sepsis involving 128 pediatric ICUs in 26 countries; EPIC II, European Prevalence of Infection in Intensive Care,
was a 1-day prospective point-prevalence study involving adult 1265 ICUs from 75 countries

abdominal, genitourinary, primary bacteremia, and skin/soft tissue infections (Fig. 2.1a)
[16, 43, 44]. These top sites account for over 85% of all adult sepsis cases [16, 43, 44].
In children, pneumonia is the most common site of infection (40%), followed by primary
bacteremia (19%), abdominal (8%), and central nervous system infections (4%) [13].
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Common sites of infection differ depending on patients’ comorbid medical conditions, with infection commonly occurring in diseased organs or in sites of instrumentations. For example, patients on chronic dialysis have higher rates of abdominal and
catheter-related infection [45]. Meanwhile, patients with COPD or who are taking
inhaled steroids have higher rates of lower respiratory tract infection [46, 47].

2.3.3

Pathogen

An infectious organism is identified in about 60–65% of patients with sepsis [10,
13, 32, 33, 44] and 75% of patients with ICU-acquired sepsis [10]. In adult sepsis
patients treated in an ICU, about 35–45% have gram-negative organisms identified,
30–40% have gram-positive organisms identified, 12–16% have fungal organisms,
and 1% have viruses identified (Fig. 2.1b) [10, 32, 42]. Eighteen percentage of
patients have multiple organisms identified [10]. Among pediatric ICU patients with
sepsis, rates of identification of gram-positive bacteria, gram-negative bacteria, and
viruses are 28%, 27%, and 21%, respectively [13]. The higher rates of viral infection in pediatric patients likely reflect both differences in the epidemiology of infection between children and adults and the increasing use of polymerase chain reaction
testing to identify viruses in the more recent pediatric study.
Common organisms isolated in children and adults include methicillin-sensitive
Staphylococcus aureus, methicillin-resistant Staphylococcus aureus, Pseudomonas
species, Klebsiella species, Streptococcus pneumococcus, Escherichia coli, and
Candida species [10, 13, 32]. In children, the most common viral pathogens detected
are rhinovirus, respiratory syncytial virus, and adenovirus [13]. Group B
Streptococcus and Escherichia coli have dominated as the causes of early neonatal
sepsis, accounting for about 35% and 20% of cases, respectively [48].
Site of infection, organism, and the interaction between site and organism are
strongly associated with survival from sepsis [49]. For example, gram-negative bacteremia is more lethal than gram-positive bacteremia, while urinary tract infection
is rarely fatal regardless of the infectious organism [49]. Mortality from pulmonary
sepsis varies widely by pathogen, from 13% for Streptococcus pneumoniae to 77%
for Pseudomonas aeruginosa [49]. However, this is likely a reflection of the context
by which infection occurs, rather than the pathogenicity of the particular organisms.
Pseudomonas species are not particularly pathogenic (they rarely cause infection in
normal hosts) [50], but can cause serious infection in vulnerable hosts, and are a
much more common cause of ICU-acquired versus non-ICU-acquired sepsis, 21
versus 12%, p < 0.01 [10].

2.3.4

Acute Organ Dysfunction and Failure

About half of patients with sepsis are treated in an ICU, while half are managed
exclusively in a hospital ward [16, 19, 51]. Three-quarters of adult patients have
single-organ dysfunction, one in five has two organ dysfunctions, and one in 20 has
three or more acute organ dysfunctions [16]. The most common types of acute organ
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dysfunction are respiratory (46%), followed by cardiovascular (24%), renal (22%),
and hematologic (20%) [16].
Among ICU patients with sepsis treated in European ICUs, about 75–80% of
patients have at least two acute organ failures, and 36–50% have three or more acute
organ failures [10, 32]. The most common acute organ failures requiring life support
in ICU-treated sepsis patients are respiratory failure (50–75%), shock or cardiovascular failure (50–63%), and renal failure (20–50%) [10, 32, 33].
In the multinational point-prevalence study of pediatric sepsis, 83% of
patients had respiratory dysfunction, 70% had cardiovascular dysfunction, and
30% had hematological dysfunction. Seventy-four percentage of ICU-treated
pediatric sepsis patients received mechanical ventilation, 55% received vasoactive medications, 41% received blood product transfusion, 14% received renal
replacement therapy, and 5% received extracorporeal membrane oxygenation
(ECMO) [13].
Each additional organ dysfunction or failure is associated with increased risk for
in-hospital mortality [33, 52]. In a multinational point-prevalence study, adult septic
patients with single-organ failure had an 18% in-hospital mortality, while patients
with two, three, or four failing organs had in-hospital mortality rates of 30%, 50%,
and 65%, respectively [10].

2.4

Long-Term Outcomes

2.4.1

Late Mortality

Over the past decade, there has been greater recognition of the long-term consequences of surviving sepsis. While in-hospital mortality has fallen steadily over the
past two decades [18–20], patients surviving hospital treatment for sepsis remain at
increased risk for death [53–55]. The highest risk period is the first 90 days after
sepsis hospitalization, but risk for death remains increased relative to carefully
matched controls for years after the acute septic episode has resolved [53–55].
Approximately one in five older patients who survives a sepsis hospitalization died
within 2 years due to the lasting effects of sepsis [53]. Risk for death is not elevated
in only older or more frail patients who survive a sepsis hospitalization. In a large
retrospective study of pediatric sepsis patients treated in the state of Washington,
6.5% of children who survived hospitalization had a late death, most commonly in
the 2 years following hospital discharge [56].

2.4.2

Physical, Cognitive, and Mental Health Impairment

Patients who survive a hospitalization for sepsis frequently develop new functional
disability and/or cognitive impairment [57]. Elderly acquire an average of 1–2 new
functional limitations (e.g., inability to manage medications, inability to manage
money, inability to toilet independently, inability to bathe independently) after
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sepsis hospitalization, and the prevalence of moderate-to-severe cognitive impairment rises from about 6% in the year prior to sepsis hospitalization to 16% in the
year following sepsis hospitalization [57]. The incidence of new mild cognitive
impairment is unknown, but likely even more common. The risk for new cognitive
impairment is similar among older and younger patients who survive a critical medical illness [58]. Risk is also similar among patients who survive more and less
severe sepsis hospitalizations [59].
Anxiety, depression, and post-traumatic stress disorder all affect about 30–40%
of patients who survive an ICU stay for any cause [60–62]. However, it is not clear
that the prevalence of these conditions is actually increased after sepsis. In one of
the few prospective studies with baseline measurement prior to sepsis hospitalization, the rate of clinically important depressive symptoms was 28% before sepsis
hospitalization and 28% after sepsis hospitalization [63]—suggesting that mental
health impairments are more common in patients who are hospitalized with sepsis
than the general population, but not that depression is triggered or exacerbated by
sepsis.
Beyond the relatively well-described impairments in physical function, cognitive
function, and mental health after sepsis, patients surviving sepsis hospitalization
also report a range of other symptoms are worse after sepsis, such as numbness,
fatigue, pain, visual disturbance, hair loss, and problems with dentition and nails
[64]. While the extent to which these symptoms, and mental health impairments, are
due to sepsis is unclear, they are important to be addressed as they herald a more
complicated post-sepsis course.

2.4.3

Healthcare Utilization and Hospital Readmission

As a result of new functional disability, sepsis survivors are frequently discharged
to post-acute care facilities after hospital discharge, such as skilled nursing facilities
or long-term acute care facilities [51]. Thirty to forty percent of adult sepsis survivors are rehospitalized in the next 90 days, most commonly for another episode of
sepsis [65]. Other common and potentially preventable causes of hospital readmission include congestive heart failure, acute renal failure, exacerbation of chronic
obstructive pulmonary disease, and aspiration pneumonitis [65]. Approximately
40% of all hospital readmissions in the 90 days after sepsis are for “potentially preventable” or “ambulatory care-sensitive” diagnoses, suggesting an opportunity for
improvement [65].
Children surviving sepsis are also frequently discharged to rehabilitation or long-
term care facilities for additional medical care [56]. In a retrospective study of pediatric sepsis patients in Washington state, almost half (47%) of the survivors were
rehospitalized during the study period. The median patients were rehospitalized
three times, with the first readmission occurring a median of 95 days after initial
hospital discharge [56]. Similar to adults, the most common reason for readmission
was respiratory infection [56].
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Recurrent Sepsis

Patients’ risk for further health deterioration is increased after surviving a hospitalization for sepsis. In population-based study in Taiwan, 35% of sepsis survivors
were again hospitalized with sepsis in the following 8 years, compared to just 4% of
carefully matched observational controls [66]. The adjusted risk for subsequent sepsis in patient surviving a sepsis hospitalization was nearly ninefold higher than the
matched controls [66]. Among elderly US Medicare beneficiaries who survive a
sepsis hospitalization, 6.4% are rehospitalized with another episode of sepsis within
90 days of hospital discharge. This rate of readmission for sepsis is markedly higher
than is experienced by matched patients hospitalized for other acute medical conditions [65]. 6.4% of patients who survive hospitalizations for sepsis versus 2.8% of
matched controls are readmitted for sepsis within 90 days, p < 0.001 [65].
At least half of recurrent sepsis hospitalizations are for new infections (different
site and/or different pathogen), as opposed to relapse or recrudescence of the initial
infection (Fig. 2.2) [67]. Only 20% of recurrent sepsis hospitalizations are due to
infections with both the same site and same pathogen as the initial septic episode. In
30% of recurrent sepsis cases, cultures are negative in one or both hospitalizations,
so it is unclear whether the recurrent sepsis is due to a new or relapsed infection
[67]. The high rate of sepsis due to new infection suggests that there are multiple
mechanisms by which patients develop recurrent sepsis—not merely treatment failure—and that longer or stronger initiation antibiotic courses alone are unlikely to
solve the problem [68].

Same
Ambiguous
New

Organism
Concordance
Different Organism

Site Concordance
Different Site Same Site

Unknown

14 (10%)

30 (22%)

3 (2%)

Same Organism

0 (0%)

26 (19%)

1 (1%)

Culture Negative

17 (12%)

38 (28%)

8 (6%)

Fig. 2.2 Etiology of recurrent sepsis. This figure, which is adapted from DeMerle et al. [67],
depicts the relationship between initial sepsis and recurrent sepsis in 139 patients with recurrent
sepsis hospitalization. Nineteen percentage of patients with recurrent sepsis had an infection with
the same organism and same site at the initial septic episode, while 47 had a definitively new infection (new site and/or new organism)
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Cardiovascular Events

Two matched cohort studies indicate that risk for subsequent cardiovascular events
is elevated in patients who survive sepsis. First, Yende et al. found that sepsis survivors have a 1.9-fold higher risk for subsequent cardiovascular events relative to
population controls [69]. However, risk for subsequent events was only 1.1-fold
higher relative to matched hospitalized controls and equivalent to other ICU survivors—suggesting that risk for subsequent cardiovascular events may be mediated
by critical illness in general, rather than sepsis specifically [69]. In a population-
based observational study in Taiwan, Ou et al. similarly found that patients who
survived a sepsis hospitalization had a 1.4-fold increased risk for cardiovascular
events relative to matched population controls and a 1.3-fold increased risk relative
to matched hospitalized controls [55].
Conclusions

Sepsis is a leading cause of disability and death around the world. There are
estimated 19.4 million cases of sepsis each year and 5.3 million sepsis-related
deaths annually. However, as these estimates are extrapolated from high-income
countries, they likely underestimate the true burden of disease. The most common sites of infection are respiratory, abdominal, bloodstream, genitourinary,
and skin/soft tissue. The most common infectious agents isolated are gram-negative bacteria (35–45%), gram-positive bacteria (30–40%), and fungi (12–16%),
although 30–40% of septic patients have no infectious organism identified. Three
out of four patients who are hospitalized with sepsis survive to hospital discharge, but often in a weakened state. Sepsis survivors are at increased risk for
new physical disability, cognitive impairment, recurrent infection, hospital readmission, and death. These poor long-term outcomes add to the total burden of
sepsis-related death and disability.
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3.1

Introduction

Before the turn of the century, the pathogenesis of sepsis was considered to be
driven by an abundant inflammatory response following the invasion of pathogens [1]. Current consensus acknowledges the occurrence of two opposite host
reactions to severe infection with proinflammatory and anti-inflammatory features [2]. In sepsis, the normally careful inflammatory balance is disturbed, and
hyperinflammation together with immune suppression ensue. This dysregulated
immune response to infection is associated with a failure to return to homeostasis and harms the host, resulting in the life-threatening condition called sepsis
[3]. While insights in the pathogenesis of sepsis have rapidly grown, this complex syndrome is not yet fully understood, and our increased understanding of
pathophysiological mechanisms underlying sepsis has thus far failed to improve
health outcome. This chapter provides a brief overview of the pathogenesis of
sepsis (Fig. 3.1).
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Fig. 3.1 Pathogenesis of sepsis. (a) Sepsis is defined as a dysregulated host response to infection,
leading to life-threatening organ dysfunction. The normally careful inflammatory balance is disturbed, and this dysregulation is associated with a failure to return to homeostasis. Hyperinflammation
and immune suppression ensue, to an extent that is detrimental to the host. (b) Once a pathogen has
succeeded to cross the mucosal barrier of the host, it can cause sepsis depending on its load and virulence. The host defense system can recognize molecular components of invading pathogens (PAMPs)
with specialized receptors (PRRs). Stimulation of PRRs has proinflammatory and immune suppressive consequences. It leads to activation of target genes coding for proinflammatory cytokines (leukocyte activation), inefficient use of the complement system, activation of the coagulation system,
and concurrent downregulation of anticoagulant mechanisms and necrotic cell death. This starts a
vicious cycle with further progression to sepsis, due to the release of endogenous molecules by
injured cells (DAMPs or alarmins), which can further stimulate PRRs. Immune suppression is characterized by massive apoptosis and thereby depletion of immune cells, reprogramming of monocytes
and macrophages to a state of a decreased capacity to release proinflammatory cytokines and a disturbed balance in cellular metabolic processes. (c) Sepsis is by definition a disease with organ failure.
The clinical manifestation can be heterogeneous. Clinicians use physical examination, laboratory
testing, and imaging techniques to determine the severity and origin of organ failure. Antimicrobial
treatment is aimed to eliminate the causative pathogen, where supportive care is aimed to restore
organ function. ARDS acute respiratory distress syndrome, AKI acute kidney injury, DAMPs dangerassociated molecular patterns, DNA deoxyribonucleic acid, HMGB1 high-mobility group box-1 protein, HSPs heat shock proteins, LPS lipopolysaccharide, LTA lipoteichoic acid, PAMPs
pathogen-associated molecular patterns, PPRs pattern recognition receptors, RNA ribonucleic acid

3.2

Pathogens and Infection Sites

A successful pathogen must attach to and cross the mucosal barrier, escape the
host defense system, and multiply to ensure its own survival. All invading microorganisms with a sufficient load and virulence can cause sepsis. However, several
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pathogens are well known for their impressive arsenal to attack the host. In a
point-prevalence study entailing 14,000 intensive care unit (ICU) patients in 75
countries, 62% of positive isolates were gram-negative bacteria, versus 47%
gram-positive and 19% fungal [4]. The most common gram-negative isolates in
sepsis patients are Escherichia coli, Klebsiella sp., and Pseudomonas aeruginosa;
the most frequent gram-positive organisms are Staphylococcus aureus and
Streptococcus pneumoniae [5, 6]. The incidence of fungal infections as the cause
of sepsis is rising, which is problematic due to the associated increased mortality.
The most common site of infection is the respiratory tract with 63.5% of the culture-positive infections in the ICU, followed by abdominal infections (19.6%),
bloodstream infections (15.1%), renal or urinary tract infections (14.3%), skin
infections (6.6%), catheter-related infections (4.7%), infections of the central nervous system (2.9%), and others [4].

3.3

Host Recognition of Pathogens

The host can recognize molecular components of invading pathogens, called
pathogen-associated molecular patterns (PAMPs), with specific receptors. Examples
of key bacterial PAMPs are lipopolysaccharide (LPS, also known as endotoxin, a
cell wall component of gram-negative bacteria), peptidoglycan, lipopeptides (constituents of many pathogens), lipoteichoic acid (a cell wall component of gram-
positive bacteria), flagellin (factor in the mobility of bacteria), and bacterial DNA
[7]. In the early response to infection, pathogens or more specifically PAMPs are
recognized by a limited number of specialized host receptors, known as pattern
recognition receptors (PRRs). PRR-mediated pathogen recognition is an important
defense mechanism of the host against invading pathogens and results in upregulation of inflammatory gene transcription and initiation of innate immunity [2, 7, 8].
However, if the innate immune system fails to eradicate the pathogen, overstimulation of PRRs by a growing bacterial load can result in dysregulation of the host
response, which then no longer benefits the host but causes tissue injury, organ
dysfunction, and progression to sepsis. A contributing factor herein is that PRRs
can also be stimulated by endogenous molecules released by injured cells, socalled danger-associated molecular patterns (DAMPs or alarmins) [9]. Examples
of DAMPs are heat shock proteins, fibrinogen, hyaluronic acid, and high-mobility
group box-1 protein (HMGB-1) [9]. Thus, PRRs recognize molecular components
of both the pathogen (PAMPs) and the host (DAMPs), resulting in a vicious cycle
and perpetuation of inflammation. Four main PRR families have been identified:
Toll-like receptors (TLRs), C-type lectin receptors (CLRs), retinoic acid-inducible
gene (RIG)-I-like receptors (RLRs), and NOD-like receptors (NLRs) [7, 8].
TLRs comprise the most well-known family of PRRs [7]. They are expressed
both extracellularly (TLR1, 2, 4, 5, 6) and intracellularly (TLR3, 7, 8, 9, 10, 11,
12, 13) in endosomes and lysosomes. Ten different TLRs have so far been identified in humans (TLR1–10); 12 are found in mice (TRL1–9, TLR11, TLR12,
TLR13) [10]. TLRs are activated by a broad range of ligands presented by bacteria, viruses, parasites, fungi, and the host itself. The signaling pathways of TLRs
run via four adaptor proteins, namely, myeloid differentiation primary response
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protein 88 (MyD88), TIR domain-containing adaptor protein (TIRAP), TIR
domain-containing adaptor protein-inducing IFN-β (TRIF), and TRIF-related
adaptor molecule (TRAM). This signaling eventually leads to the translocation of
nuclear factor (NF-κB) into the nucleus which starts the transcoding of genes and
is crucial for early activation of the immune system [8]. As an example of TLR
signaling, TLR4 is stimulated through its ligand LPS, the virulence factor of
gram-negative bacteria. It activates both the MyD88- and the TIRAP-dependent
pathways for early-phase activation of NF-κB and results in late-phase activation
of NF-κB via the TRIF-dependent pathway [7]. TLR3 is stimulated by dsRNA
derived from viruses or virus-infected cells and activates the TRIF-dependent
pathway [8].
NLRs are cytoplasmic proteins composed of a central nucleotide-binding domain
and C-terminal leucine-rich repeats [11]. NLRs are an important factor in the initial
immune response through their formation of multiprotein complexes called “inflammasomes.” These complexes activate caspase-1 leading to the maturation of proinflammatory cytokines interleukin 1β (IL-1β) and IL-18 [12]. RLRs are cytoplasmic
proteins that can recognize the genomic RNA of RNA viruses [13, 14]. CLRs are
transmembrane receptors with a carbohydrate-binding domain. CLR-mediated
microbial recognition occurs through their ability to recognize carbohydrates on
viruses, bacteria, and fungi (Table 3.1).
Table 3.1 Pattern recognition receptors and their ligands in humans
Pattern
recognition
Ligand
receptor
Toll-like receptors (TLRs)
TLR1
Triacyl lipoprotein (forms heterodimer with TLR2),
soluble factors
TLR2
Lipoprotein (forms heterodimer with TLR1 and TLR6)

TLR3
TLR4

TLR5
TLR6
TLR7
TLR8
TLR9

Double-stranded RNA
Lipopolysaccharide, envelop proteins (syncytial viruses),
glycoinositol phospholipids, HSPs 60 and 70, S100a8
(ligand from dying cells)
Flagellin
Diacyl lipoprotein (forms heterodimer with TLR2)
Single-stranded RNA, synthetic compounds (e.g.,
imidazoquinolines)
Single-stranded RNA, small purine analog compounds
(imidazoquinolines)
CpG-DNA, insoluble crystal hemozoin (Plasmodium
falciparum)

TLR10
Unknown
NOD-like receptors (NLRs)
NOD1
Peptidoglycan (iE-DAP)
NOD2
Peptidoglycan (MDP)

Origin of ligand
Bacteria
Bacteria,
viruses, fungi,
self
Viruses
Bacteria,
viruses, self
Bacteria
Bacteria, viruses
Bacteria,
viruses, self
Viruses
Bacteria,
viruses,
parasites, self

Bacteria
Bacteria
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Table 3.1 (continued)
Pattern
recognition
Ligand
receptor
C-type lectins (CLRs)
Dectin-1
β-Glucan
Dectin-2
β-Glucan
MINCLE
SAP130
Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs)
RIG-I
Short double-stranded RNA, 5′triphosphate dsRNA
MDA5
Long double-stranded RNA
LGP2
Double-stranded RNA
DDX3
Viral RNA

Origin of ligand
Fungi
Fungi
Fungi, self
Viruses
Viruses
Viruses
Viruses

The innate immune system recognizes pathogens by four main classes of pattern recognition
receptors. The table shows the main receptors, their main ligands, and the origin of these ligands.
Note that some receptors also recognize “self” antigens, primarily in the context of injury, wherein
self-antigens function as alarmins to the host
CpG-DNA cytosine-phosphate-guanosine-DNA, DDX3 DEAD/H Box 3, iE-DAP g-d-glutamyl-
meso-diaminopimelic acid, LGP2 laboratory of genetics and physiology-2, MDA5 melanoma
differentiation-
associated gene 5, MDP muramyl dipeptide, MINCLE macrophage-inducible
C-type lectin, SAP130 Sin3A-associated protein of 130 kDa
Table adapted from Refs. [8, 10, 59]

3.4

Hyperinflammation

Sepsis is associated with a strong activation of the immune system, by stimulation of
PRRs by PAMPs and DAMPs, leading to the activation of target genes coding for
proinflammatory cytokines such as tumor necrosis factor (TNF), IL-1β, IL-12, and
IL-18 [2]. Cytokines are small proteins that can regulate the host response both
locally and systemically, after their release from various cell types such as monocytes and neutrophils. These cells can further attribute to activation of the immune
system by expression of the triggering receptor expressed on myeloid cells-1 (TREM1) that amplifies TLR- and NLR-mediated inflammatory response [15]. Several
mechanisms regulate the activation of PRRs to avoid overstimulation, including the
negative regulators MyD88 short (MyD88s), ST2, single-immunoglobulin interleukin (IL)-1 receptor-related molecule (SIGIRR), toll-interacting protein (TOLLIP),
suppressor of cytokine signaling (SOCS), A20, and IRAK-M [16]. If the delicate
balance between activation and inhibition of the inflammatory response is disturbed,
the pleiotropic hyperinflammatory response in sepsis ensues. This includes activation of the complement and coagulation systems and disturbance of vascular permeability [2], which have been considered important factors in sepsis mortality.

3.4.1

Complement System

The complement system comprises over 40 components that, when activated, work
as a cascade and contribute to the innate immune surveillance system [17, 18]. A
close collaboration between the complement system and other proinflammatory
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stimuli such as cytokines is necessary: the complement system tags dangerous cells
or pathogens, and phagocytic cells can respond more properly after activation by
proinflammatory mediators. This teamwork is dysregulated in sepsis resulting in
inefficient use of the complement system. The complement system contributes
directly to the activation of the immune system by the release of anaphylatoxins C3a
and C5a. Anaphylatoxins are proinflammatory molecules that activate surrounding
cells when they reach a threshold concentration, can lead to the recruitment of other
immune cells (macrophages, basophils, neutrophils, eosinophils, and mast cells),
and can activate endothelial and epithelial cells and platelets [17, 18]. The harmful
role of C5a in sepsis has been linked to neutrophil dysfunction, apoptosis of lymphoid cells, exacerbation of systemic inflammation, cardiomyopathy, disseminated
intravascular coagulation (DIC), and complications associated with multiple organ
failure [19]. Several experimental sepsis studies have highlighted the beneficial
effect of blockage of C5a signaling on outcome [20]. As such, C5a is considered a
potential therapeutic target in sepsis.

3.4.2

Coagulation System and Vascular Endothelium

Activation of PRRs leads to upregulation of inflammatory mediators which results
in a systemic inflammatory response, including activation of the coagulation system
and concurrent downregulation of anticoagulant mechanisms [21]. Coagulation
abnormalities can range from mild to clinically relevant fulminant coagulopathies.
DIC is the most severe manifestation of disturbed hemostasis with microvascular
thrombosis and, through consumption of clotting factors and platelets, simultaneous
hemorrhage [22]. The most important initiator of coagulation in sepsis is tissue factor (TF). Indeed, inhibition of TF prevents DIC and improves survival in experimental sepsis [21]. TF is predominantly produced by macrophages and monocytes, and
its expression is enhanced by proinflammatory cytokines, exemplifying the close
interaction between inflammation and coagulation [23]. Furthermore, TF can reside
in micro particles that are formed by hematopoietic and endothelial cells. These
micro particles play a significant role in both coagulation and inflammation [24].
In healthy hosts, coagulation is controlled by three main anticoagulant pathways: the antithrombin system, tissue factor pathway inhibitor (TFPI), and the
protein C system. In septic patients all these pathways are impaired in their function, partially due to endothelial dysfunction, resulting in low levels of these coagulation inhibitors [25, 26]. The physiological function of the protein C system has
been supported by investigations in which interventions inhibiting this pathway
resulted in severe coagulopathy and death in otherwise nonlethal infection models.
During the early stages of inflammation, plasminogen activators are released to
help break down fibrin. Sepsis is associated with high levels of plasminogen activator inhibitor type 1 (PAI-1), a main inhibitor of fibrinolysis, further facilitating
microvascular thrombosis [27].
The interaction between inflammation and coagulation is not unilateral.
Coagulation factors regulate inflammation in particular through proteolytic cleavage
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of protease-activated receptors (PARs) [28]. Activated protein C (APC) influences
inflammation, by reducing the expression of receptors for cytokines and chemokines [29], by downregulating the production of inflammatory mediators [30, 31],
and by blockage of cytokine release and leukocyte activation [32].
During sepsis the vascular endothelium is involved in the disturbance of anticoagulant mechanisms. Glycosaminoglycans on the endothelial surface support
antithrombin-mediated inhibition of thrombin formation and platelet adhesion.
Sepsis reduces the production of glycosaminoglycans averting not only antithrombin function but also that of TFPI with regard to inhibiting the main coagulation
TF-factor VIIa complex. In healthy hosts endothelium generates APC from protein
C through an interaction between thrombin and thrombomodulin (a receptor
expressed by endothelial cells); formation of APC by the thrombomodulin-thrombin
complex is accelerated by the endothelial protein C receptor (EPCR). APC inactivates coagulation cofactors Va and VIIIa by proteolysis, thereby inhibiting coagulation. In sepsis APC levels are reduced due to impaired production caused by
downregulation of both thrombomodulin and EPCR on endothelial cells, as well as
by increased consumption.
Adhesion of cells to the endothelium is increased in sepsis. Physiologically,
injured endothelium activates von Willebrand factor which forms multimers at the
site of injury as a primary step in protective coagulation [25]. Von Willebrand multimers are cleaved by a proteolytic enzyme ADAMTS13 to control adhesion and
prevent formation of large obstructive von Willebrand multimers. In sepsis there is
a relative deficiency of ADAMTS13 leading to ultra-large von Willebrand multimers at injured sites, contributing to overwhelming platelet adhesion and microvascular thrombosis and possibly eventually multiple organ dysfunction. Furthermore,
activation of platelets because of vascular injury during sepsis starts a vicious cycle
which leads to more activated endothelium and platelets which further increases
coagulation [25].
Impaired vascular barrier function is a key pathogenic mechanism in sepsis,
associated with protein leakage into the extravascular space, tissue edema, and
diminished microvascular perfusion [25]. Important regulators of vascular barrier
function are sphingosine-1-phosphate (S1P) and angiopoietin-1 [25, 33]. S1P activates the endothelial S1P receptor 1, thereby preserving vascular integrity [33].
Angiopoietin-1 activates TIE2, supporting barrier function. Angiopoietin-2 antagonizes angiopoietin-1, and a high angiopoietin-2/angiopoietin-1 ratio has been used
as a marker for vascular barrier dysfunction in patients with sepsis [34].

3.4.3

Neutrophil Extracellular Traps

Activation of the coagulation system and vascular injury are amplified by the release
of neutrophil extracellular traps (NETs) by neutrophils [35]. NETs are composed of
DNA, histones, and neutrophil-derived proteinases and can protect the host by eliminating pathogens. However, NETs may also contribute to collateral damage and
thrombosis in the dysregulated immune response in sepsis [35].
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Immune Suppression

Much attention has been drawn to immune suppression in patients with sepsis,
which in many patients can already be detected on admission to the ICU and is a
prominent feature in those patients that remain in the ICU for extended periods of
time [2, 36]. Targeted immune-enhancing therapy may be beneficial for selected
patients with immune suppression [2, 36].
Transcriptomic analysis of peripheral blood leucocytes of septic patients recently
resulted in the classifications of distinct sepsis endotypes with implications for main
pathophysiological mechanisms and prognosis [37, 38]. These studies further confirmed the existence of subgroups of sepsis patients with a predominant immune
suppressive phenotype [37, 38].

3.5.1

Apoptosis of Immune Cells

Sepsis-associated immune suppression involves several cell types. During sepsis
massive apoptosis leads to depletion of immune cells, especially CD4+ and CD8+
T cells and B cells. This depletion is seen in lymphoid organs and body sites, such
as the spleen, thymus, lymph nodes, and gut-associated lymphoid tissue [36, 39]. T
regulatory (Treg) cells are more resistant to sepsis-induced apoptosis which, combined with the substantial apoptosis of CD4+ and CD8+ T cells and B cells, lead to
a more immune suppressive phenotype. Furthermore, surviving CD4+ and CD8+ T
cells shift from a Th1 proinflammatory phenotype to the more immune suppressive
Th2 phenotype. Inhibition of lymphocyte apoptosis was associated with better outcomes in various experimental sepsis models, suggesting a causal relationship
between lymphocyte apoptosis and sepsis mortality [2, 36]. A recently identified
potential therapeutic target in sepsis is the programmed cell death 1 (PD1)–PD1
ligand (PDL1) pathway. Patients with sepsis showed enhanced expression of PD1
on CD4+ T cells together with increased expression of PDL1 on macrophages and
endothelial cells [39]. Enhanced PD1–PDL1 interaction is expected to impair T-cell
function, and in mice inhibition of this pathway conferred protection against lethality following experimentally induced sepsis [40]. Clinical trials seeking to inhibit
PD1–PDL1 signaling in sepsis patients are under way.
Contrary to lymphocytes, apoptosis of neutrophils in sepsis is delayed [2, 36].
Furthermore, the bone marrow releases immature neutrophils which together result
in high numbers of circulating neutrophils in different stages of maturation. The
function of neutrophils is impaired in sepsis, with reduced chemotaxis and reactive
oxygen production.

3.5.2

Reprogramming of Monocytes and Macrophages

Sepsis is further characterized by profound changes in the function of antigen presenting cells [2, 36]. Monocytes and macrophages demonstrate a strongly decreased
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capacity to release proinflammatory cytokines upon stimulation with bacterial agonists (a feature commonly referred to as “endotoxin tolerance”) and reduced
HLA-DR expression. Notably, monocytes/macrophages do not show a general
unresponsiveness, but rather are reprogrammed: after stimulation with bacterial
compounds, they produce equal or even increased amounts of anti-inflammatory
cytokines. Correspondingly, mRNA expression levels of genes encoding proinflammatory mediators have been reported downregulated upon stimulation with concurrent upregulation of mRNAs of anti-inflammatory mediators [2, 36]. HLA-DR
expression on monocytes has been suggested as a biomarker to select sepsis patients
for immune stimulatory therapy.
Epigenetic regulation of gene function likely plays a significant role in the host
response to infection through suppression of proinflammatory gene expression and/
or activation of anti-inflammatory genes, thereby contributing to immune suppression [41]. Protein expression can be regulated both at the pre- and posttranscriptional level. Pretranscriptional regulation takes place on chromatin, the complex
formed by the DNA double helix packaged by histones. The gene loci on chromatin
can be organized in transcriptionally active “euchromatin” or transcriptionally silent
“heterochromatin.” The chromatin activation state is regulated by histone modifications due to acetylation, methylation, ubiquitination, and phosphorylation. For
example, acetylation of lysine residues within histones usually facilitates transcription [41]. “Endotoxin tolerance” in monocytes has been linked to reduced expression of marks of open chromatin such as histone H3 lysine 4 trimethylation
(H3K4me3) [42], and “endotoxin tolerant” macrophages showed enhanced levels of
the repressive histone modification H3K9 dimethylation (H3K9m2) at the promoter
sites of the genes encoding the proinflammatory cytokines TNF and IL-1β [43]. One
mechanism by which microbial stimuli induce epigenetic gene regulation is through
increased expression of the histone lysine demethylase KDM6B via NF-κB activation [44]. KDM6B primes genes for transcription, and it is postulated that this promotes IL-4 maturation. The latter is a potent cytokine to counteract various
proinflammatory cytokines and contributes to immune suppression. This IL-4/
KDM6B axis appears to be one of the important pathways in the epigenetic regulation of macrophage activation [41]. The immune suppressive effects of sepsis can
remain for months, perhaps even longer. It is hypothesized that epigenetic imprints
occur both on mature immune cells in the periphery and progenitor cells in the bone
marrow, thereby contributing to this long-lasting immune suppression [41].

3.5.3

Cellular Metabolism

Changes in cellular metabolism may contribute to immune suppression [45]. A shift
from oxidative phosphorylation to glycolysis (the so-called Warburg effect) is important for cells to generate an inflammatory response upon stimulation by LPS, and a
failure to do so may render cells relatively unresponsive. As such, a disturbed balance
in cellular metabolic processes has been implicated in the altered phenotype of monocytes in sepsis, although the underlying mechanisms seem to be more intricate than
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mere shifts between oxidative phosphorylation and glycolysis. In contrast to LPS
(which induces a classical Warburg effect), other bacterial stimuli were found to induce
a rise in both glycolysis and oxidative phosphorylation in monocytes [46]. Similarly,
the deficits of monocyte metabolism in sepsis patients with immune suppression do not
only involve glycolysis but include a broad inhibition of metabolic processes including
glycolysis, fatty acid oxidation, and oxidative phosphorylation [47].

3.6

Microbiome

The microbiome consists of trillions of bacteria of which most are found in the
gastrointestinal tract [48]. Dysbiosis of the microbiome (meaning a decreased
microbial diversity) has been associated with altered immune responses (for
instance, altered cytokine production capacity of immune cells). Sepsis affects the
composition of the intestinal microbiome, characterized by a loss of diversity, lower
abundances of key commensal genera (such as Faecalibacterium, Blautia,
Ruminococcus), and overgrowth of opportunistic pathogens [49]. Small studies
show that the gut is overrun by a single bacterial genus in patients with sepsis, most
notably by Clostridium difficile, Staphylococcus spp., Escherichia spp., Shigella
spp., Salmonella spp., and Enterococcus spp. [50]. This overgrowth by one genus
occurs in roughly one third of the septic patients but increases with time spent on the
ICU [51]. The underlying mechanism is not fully understood, but antibiotic treatment that is part of standard care in septic patients seems to have the most disruptive
effect on the microbiome, possibly amplified by the use of (par)enteral feeding and
gastric acid inhibitory drugs [52]. Murine studies support a role for the microbiome
in regulation of granulocytosis, neutrophil homeostasis, and host resistance to sepsis [53]. In pneumonia-derived sepsis, disruption of the gut microbiome impaired
host defense; underlying mechanisms likely include a reduced responsiveness to
microbial stimulation and an impaired phagocytosis capacity of alveolar macrophages [54]. In addition, neutrophils from microbiota-depleted mice demonstrated
a diminished capacity to migrate into inflamed tissues [55].
The immune response can further be compromised when translocation of pathological microbes through disintegrated epithelial barriers results in systemic and
lymphatic spreading of pathogens. Theories of connections between the gut microbiome and distant organ function, the so-called gut-organ axis, are rapidly developing. For instance, a recent study showed evidence of gut bacteria present in the lung
microbiome in mice with experimental sepsis and humans with acute respiratory
distress syndrome, supporting the existence of the gut-lung axis [56]. Research concerning the pathophysiological mechanism underlying these phenomena is growing
rapidly [52, 57], as are studies regarding the microbiome as a therapeutic target in
critically ill patients [58].
Conclusion

Sepsis is defined as a life-threatening organ dysfunction caused by a dysregulated host response to infection characterized by sustained hyperinflammation
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and immune suppression. While much progress has been made in understanding
the pathogenesis of sepsis, translation of this knowledge into effective novel sepsis therapies has been unsuccessful. The aim of future sepsis research should be
just that.
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The Coagulation System in Sepsis
Marcel Levi

4.1

Sepsis and Coagulation

Sepsis is a very serious and potentially life-threatening complication of infection.
Sepsis occurs when host defense mediators released into the circulation to combat
the infection elicit systemic inflammatory responses throughout the body [1]. Sepsis
is a frequently occurring medical condition with an incidence of about 2.5 per
1000 in the Western world and an almost 10% annual rise over the last two decades
[2]. About 20% of patients with sepsis die within the hospital, and severe sepsis
leads to a mortality rate of approximately 40% [3, 4].
Sepsis is consistently associated with coagulation abnormalities [5]. These
deviations range from delicate activation of coagulation that can only be identified by highly sensitive assays for hemostatic factor activation to somewhat
more severe coagulation activation that may be noticeable by a subtle fall in
platelet count and subclinical elongation of global clotting assays to fulminant
disseminated intravascular coagulation (DIC), manifested by profuse microvascular thrombosis in small- and mid-size vessels and simultaneous widespread
hemorrhage from various sites [5–7]. Patients with sepsis and extensive forms of
DIC may develop overt thromboembolic complications or clinically less apparent microvascular clot formation that may contribute to multiple organ failures
[7, 8]. In other cases, severe hemorrhage may be the dominant presentation [9],
and frequently sepsis and DIC lead to simultaneous thrombosis and bleeding.
Hemorrhage is due to consumption and subsequent depletion of coagulation
factors and platelets, caused by ongoing activation of the hemostatic system
[10]. In its most extreme manifestation, this combination may present as the
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Waterhouse-Friderichsen syndrome, typically observed during fulminant meningococcal septicemia, although many other microorganisms may cause this clinical situation as well [11].

4.2

Frequency of Clinically Relevant Coagulopathy in Sepsis

Clinically relevant hemostatic changes may occur in up to 70% of septic patients,
and approximately 35% of patients with sepsis will meet the criteria for DIC [12, 13].
The majority of septic patients will develop thrombocytopenia (platelet count
<150 × 109/l) [14, 15]. Commonly, platelet count drops in the first 4 days following
admission to the hospital [16]. The severity of sepsis correlates markedly with the
decrease in platelet count [17]. Critical factors that cause thrombocytopenia in sepsis
are decreased platelet production, enhanced consumption, obliteration, or sequestration in the spleen. Decreased production of megakaryocytes in the bone marrow may
seem incongruous with the high levels of platelet production-stimulating pro-inflammatory mediators, such as tumor necrosis factor (TNF)-α and interleukin (IL)-6, and
elevated levels of thrombopoietin in patients with sepsis, which theoretically should
stimulate megakaryopoiesis [18]. However, in a substantial number of patients with
sepsis, significant hemophagocytosis occurs, consisting of active phagocytosis of
platelet precursors and other hematopoietic cells by mononuclear cells, presumably
caused by elevated concentrations of macrophage colony-stimulating factor (M-CSF)
in sepsis [19]. Platelet consumption is presumably also significant in sepsis, due to
platelet activation secondary to continuous formation of thrombin. Platelet activation, consumption, and destruction take place at the endothelial surface as a result of
the widespread endothelial cell-platelet interaction in sepsis, although the extent may
differ between various vascular beds of different organs [20]. Prolonged global coagulation assays (such as the prothrombin time (PT) or the activated partial thromboplastin time (aPTT)) are detectable in 15–30% of septic patients [21]. Other
coagulation assay changes include high fibrin degradation products (in more than
95% of patients with sepsis) [22, 23] and low levels of physiological anticoagulants,
such as antithrombin and protein C (90% of sepsis patients) [23, 24].

4.3

 athways Leading to Coagulation Abnormalities
P
in Sepsis

In the last three decades, the pathways involved in the coagulopathy of sepsis have
been elucidated for an important part [6]. It is clear that various mechanisms in the
coagulation system act simultaneously toward a prohemostatic state. Apparently the
most important factors that mediate this derangement of the coagulation system
during sepsis are cytokines. Ample evidence indicates an extensive cross talk
between inflammation and coagulation, where besides inflammation-induced coagulation activation, coagulation also markedly influences inflammatory activity
(Fig. 4.1) [25]. Of note, systemic activation of coagulation and inflammation in
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Fig. 4.1 Interaction between inflammation and coagulation in sepsis. Expression of tissue factor
in mononuclear cells and subsequent exposure to blood results in thrombin generation followed by
fibrinogen to fibrin conversion. Simultaneously, platelet vessel wall interaction and activation of
platelets contribute to (micro)vascular clot formation. Platelet-derived P-selectin further enhances
tissue factor expression. Binding of tissue factor, thrombin, and other activated coagulation proteases to specific protease-activated receptors (PARs) and binding of fibrin to Toll-like receptor
(TLR) 4 on inflammatory cells affect inflammation through the consequent release of pro-
inflammatory cytokines and chemokines, which further modulate coagulation and fibrinolysis [6]

sepsis may manifest with organ-specific presentations that are relevant for the specific organ failure resulting from severe sepsis [26].
The most important initiator of thrombin formation in sepsis is tissue factor.
Studies of experimental or human endotoxemia or cytokinemia have demonstrated a
central role of the tissue factor/factor VIIa system in the initiation of thrombin generation [27]. Abrogation of the tissue factor/factor VII(a) pathway by specific interventions aimed at tissue factor or factor VIIa activity resulted in a complete abrogation
of thrombin generation in experimental settings [28, 29]. Also, in severe
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Gram-negative sepsis, ex vivo tissue factor expression on monocytes of patients was
demonstrated [30]. Experimental low-dose endotoxemia in healthy humans resulted
in a 125-fold increase in tissue factor mRNA levels in blood monocytes [31]. An
alternative source of tissue factor may be its localization on other blood cells [32],
although it is not likely that these cells themselves produce tissue factor in substantial
quantities [33]. Based on the assessment of transfer of tissue factor from mononuclear cells to activated platelets in an ex vivo perfusion setting, it was postulated that
this “blood-borne” tissue factor is shuttled between cells through microparticles [34].
Platelets have a central role in the development of coagulation abnormalities in sepsis. Platelets can be triggered directly by pro-inflammatory mediators, such as plateletactivating factor [35]. Generated thrombin will further activate platelets. Activation of
platelets may also stimulate fibrin formation by alternative mechanism. The expression
of P-selectin on the platelet membrane not only mediates the adherence of platelets to
leukocytes and endothelial cells but also enhances the expression of tissue factor on
monocytes [36]. The underlying molecular pathway relies on nuclear factor kappa-B
(NFκB) expression, induced by binding of activated platelets to neutrophils and monocytes. P-selectin can be shed from the surface of platelet membrane, and soluble
P-selectin levels are indeed increased during systemic inflammation [36].
In normal circumstances activation of coagulation is controlled by three important physiological anticoagulant pathways: the antithrombin system, the activated
protein C system, and the tissue factor pathway inhibitor (TFPI). In sepsis all three
pathways are importantly deranged [37]. Due to a combination of impaired synthesis, ongoing consumption and proteolytic degradation (e.g., by neutrophilic elastase) levels of all three coagulation inhibitors are low. Also, significant downregulation
of thrombomodulin and endothelial protein C receptor (EPCR) in inflammatory
conditions will cause impaired conversion of protein C to activated protein C. In
addition, at the time of the greatest activation of coagulation in sepsis, endogenous
fibrinolysis is largely turned off. After the acute release of plasminogen activators
(i.e., tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen activator (u-PA)) from storage sites in vascular endothelial cells during inflammatory
conditions, the increase in plasminogen activation and subsequent plasmin generation is annihilated by a sustained increase in plasminogen activator inhibitor type 1
(PAI-1) [38]. Of interest, studies have shown that a functional mutation in the PAI-1
gene, the 4G/5G polymorphism, not only affected the plasma levels of PAI-1 but
was also linked to the clinical outcome of Gram-negative sepsis. Patients with the
4G/4G genotype had significantly higher PAI-1 concentrations and an increased
mortality [39]. Other studies showed that the PAI-1 polymorphism increased the
risk of developing septic shock from meningococcal infection [40].

4.4

Inflammation and the Coagulopathy of Sepsis

Like virtually all systemic inflammatory effects of infection, the derangement of the
hemostatic system in sepsis is orchestrated by several cytokines. Most pro-
inflammatory cytokines have been demonstrated to initiate coagulation activation
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in vitro. In sepsis high levels of cytokines can be found in the circulation of affected
patients and investigational infection or experimental endotoxemia results in the
transient increase in plasma levels of these cytokines [27]. The cytokine tumor
necrosis factor (TNF) is the first mediator that becomes detectable, followed by an
increase in serum levels of several interleukins (IL), of which IL-6 and IL-1 are
prominent. Simultaneously, anti-inflammatory cytokines (such as IL-10) may have
an inhibitory role in the activation of coagulation.
As TNF is the principal cytokine to become detectable in the circulation upon
bacteremia and this cytokine has potent procoagulant effects, it was initially
believed that hemostatic activation in sepsis was mediated by TNF. However, in
several trials using different strategies to block TNF activity, it was shown that
endotoxin induction of TNF could be completely abrogated, whereas activation of
coagulation was not affected, albeit that the effects on coagulation inhibitors and
fibrinolysis seemed to be regulated by TNF [27]. Also, in animals infused with a
lethal dose of E. coli, an anti-TNF antibody had little or no effect on fibrinogen
consumption or clinical outcome [41]. In line with this, clinical trials with an antiTNF monoclonal antibody in septic patients did not show any advantage [42].
Interestingly, it was demonstrated in subsequent studies that strategies that blocked
IL-6 caused a complete inhibition of endotoxin-induced activation of coagulation
[43]. Also, studies in cancer patients with recombinant IL-6 showed that following
the infusion of this cytokine, marked thrombin generation occurred [44]. Hence,
these results suggest that IL-6 rather than TNF is important as a mediator for cytokine-induced coagulation activation. Whereas IL-1 is a potent agonist of tissue
factor expression in vitro, its role has not been fully elucidated in vivo.
Administration of an IL-1 receptor antagonist partly blocked the procoagulant
response in experimental sepsis models and inhibited thrombin generation in
patients [45]. However, most of the alterations in coagulation occur well before
IL-1 becomes detectable in the circulation, leaving a potential role of IL-1 in the
coagulopathy of sepsis an unsettled issue.
Coagulation factors and anticoagulant proteins do not only play a role in hemostatic activation but also interact with specific cell receptors leading to activation of
signaling pathways (Fig. 4.1). Specifically, protease interactions that modulate
inflammatory processes may be important in sepsis. The most significant pathway
by which coagulation factors regulate inflammation is by binding to protease-
activated receptors (PARs). PARs are transmembrane G-protein-coupled receptors,
and four different types (PAR 1–4) have been recognized [46]. A typical property of
PARs is that they serve as their own ligand. Proteolytic cleavage by an activated
coagulation factor leads to exposure of a neo-amino terminus that is capable of
activating the same receptor (and presumably adjacent receptors), leading to transmembrane signaling. PAR-1, PAR-3, and PAR4 are receptors that are activated by
thrombin, while PAR-2 is triggered by the tissue factor/factor VIIa complex, factor
Xa, and trypsin. PAR-1 is also a receptor for the tissue factor/factor VIIa complex
and factor Xa.
It has become apparent that there is a significant cross talk between coagulation
inhibitors and inflammatory mediators as well. Antithrombin can serve as a
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regulator of inflammation, e.g., by direct binding to inflammatory cells, thereby
reducing cytokine and chemokine receptor expression [47]. Also, there is ample
evidence that the protein C system importantly regulates inflammatory activity [48].
Activated protein C has been demonstrated to attenuate endotoxin-induced production of TNF-α, IL-1β, IL-6, and IL-8 by monocytes/macrophages [49]. In addition,
activated protein C blocks cytokine release and leukocyte activation in experimental
bacteremia in vivo [50]. Inhibition of the protein C pathway by a monoclonal antibody aggravates the inflammatory response, as shown by enhanced levels of pro-
inflammatory cytokines and increased leukocyte activation and tissue damage [51].
Mice with a heterozygous protein C deficiency due to targeted disruption of the
protein C gene have not only a stronger hemostatic response to experimental endotoxemia but also show marked differences in inflammatory responses (e.g., higher
levels of circulating pro-inflammatory cytokines) [52].

4.5

Diagnosis of the Coagulopathy in Sepsis

There are several other causes for coagulation changes in septic patients. A low
platelet count is almost invariably present in patients with severe sepsis, but thrombocytopenia may also be due to other (potentially concurrently present) conditions,
such as immune thrombocytopenia, heparin-induced thrombocytopenia, thrombotic
microangiopathies, or medication-induced bone marrow depression [53]. It is crucial to adequately diagnose these differential causes of thrombocytopenia, as they
may necessitate specific management strategies [20]. Laboratory assays can be useful in differentiating the coagulopathy in sepsis from various other hemostatic conditions, such as vitamin K deficit or liver insufficiency. As these disorders may be
present at the same time with sepsis-associated coagulopathy, this differentiation is
not always easy [54, 55].
According to the contemporary thinking about sepsis-associated coagulopathy, the assessment of soluble fibrin in plasma appears to be important [56].
Generally, the sensitivity of assays for soluble fibrin for sepsis-associated coagulopathy is better than the specificity. Some clinical investigations have shown
that at certain concentrations of soluble fibrin sepsis-associated coagulopathy is
highly probable [22]. Most of the clinical trials show a sensitivity of 90–100%
but simultaneously a rather low specificity [57]. Fibrin degradation products
(FDPs) may be assayed by specific ELISAs or by latex agglutination assays,
enabling quick and bedside determination in urgent cases. None of the available tests for fibrin degradation products distinguishes degradation products of
cross-linked fibrin or fibrinogen degradation, which may cause falsely abnormal
results [58]. The specificity of high levels of fibrin split products is therefore
modest, and a series of other clinical situations, such as trauma, recent surgery,
inflammation, or venous thromboembolism, may cause elevated FDPs. More
modern tests are specifically targeted at the determination of neo-antigens on
degraded cross-linked fibrin. Typically these assays react with an epitope related
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to plasmin-degraded cross-linked γ-chain, resulting in fragment D-dimer. These
tests better distinguish degradation of cross-linked fibrin from fibrinogen or
fibrinogen degradation products [59].
Ongoing coagulation activation results in depletion of coagulation factors in septic patients. Also, reduced synthesis, e.g., caused by impaired liver function or vitamin K deficiency, and loss of coagulation factors, due to massive bleeding, may be
important. Measurement of fibrinogen levels has been widely promoted as a helpful
tool for the diagnosis of coagulation abnormalities in sepsis, but in fact this is not
very helpful in most cases [10, 60]. Fibrinogen acts as an acute-phase reactant, and
despite considerable turnover, plasma concentrations can be well within the normal
range. In a consecutive series of patients, the sensitivity of a low fibrinogen level for
the diagnosis of DIC was less than 30%, and hypofibrinogenemia was established in
extreme cases of Gram-negative septicemia only. Sequential assessment of fibrinogen might be more helpful and yield diagnostic insight.
Thrombelastography is increasingly employed in critically ill patients with a
hypercoagulable state, including those with DIC [61, 62]. Procoagulant as well as
anticoagulant states in DIC as indicated with thrombelastography was demonstrated to have a good correlation with clinically important organ dysfunction and
survival although its advantage over usual coagulation assays has not yet been
confirmed [63–65]. In a systematic review of 2 randomized controlled trials and 16
observational studies in patients with sepsis, it was demonstrated that thrombelastography was helpful in correctly identifying the endogenous fibrinolytic state
[66]. The authors also found a correlation between hypocoagulability in sepsis and
increased mortality. The accurate use of thrombelastography for the diagnosis of
DIC has not been rigorously evaluated, although supporters believe that the assay
may be helpful for appraising the state of coagulation in patients with critical illness [67, 68].
Based on retrospective analyses of databases from critically ill patients, composite scores for the diagnosis of sepsis-associated coagulopathy have been devised by
the International Society on Thrombosis and Hemostasis (ISTH) [69]. The system is
based on readily available laboratory tests, i.e., platelet count, prothrombin time,
D-dimer, and fibrinogen levels. A diagnosis of DIC is compatible with a score of 5 or
more points. The prothrombin time expressed in seconds in the scoring system may
be replaced by the INR, making consistency between centers and standardization
easier [70]. Validation analyses have shown a high diagnostic accuracy of the scoring
system [71, 72]. The intensity of the coagulopathy as judged by this composite score
is strongly associated with survival rates in critically ill patients [73]. Combining
predictive intensive care measurement systems such as Acute Physiology and
Chronic Health Evaluation (APACHE-II) with the DIC score seems to be a potent
method to predict the prognosis in septic patients. Similar composite scores have
been designed and studied in Japan [74]. The most relevant discrepancies between
the ISTH and Japanese scores are a higher sensitivity and a higher proportion of
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patients with hemato-oncological diseases that are diagnosed with DIC by the
Japanese systems [75, 76].

4.6

 upportive Treatment of Coagulation Abnormalities
S
in Sepsis

The foundation of the treatment of septic coagulopathy is adequate management of
the sepsis, e.g., by appropriate antibiotics and source control. However, in many
situations, adjunctive supportive treatment, aimed at the replacement of organ function, is necessary. Likewise, coagulation may need supportive measures as the coagulopathy may proceed even after adequate sepsis treatment has been initiated. Some
studies show that adjunctive interventions aimed at the derangement of coagulation
may positively influence morbidity and mortality. The increase in the understanding
of the various pathways that are important in coagulopathy of sepsis has indeed
been helpful in the development of such adjunctive management strategies.
Low levels of platelets and coagulation factors may increase the risk of bleeding.
However, plasma or platelet substitution therapy should not be instituted on the
basis of laboratory results alone; it is indicated only in patients with active bleeding
and in those requiring an invasive procedure or otherwise at risk for bleeding complications [77]. The presumed efficacy of treatment with plasma, fibrinogen, cryoprecipitate, or platelets is not based on randomized controlled trials but appears to
be rational therapy in bleeding patients or in patients at risk for bleeding with a
significant depletion of these hemostatic factors [37]. It may be required to use large
volumes of plasma to restore normal concentrations of coagulation factors.
Coagulation factor concentrates, such as prothrombin complex concentrate, may
overcome this impediment, but these agents may lack important factors (e.g., factor
V). Moreover, in older literature, caution is advocated with the use of prothrombin
complex concentrates in systemic coagulation activation, as it may aggravate the
coagulopathy due to small traces of activated factors in the concentrate. It is, however, less likely that this is still the case for the concentrates that are currently in use.
Specific deficiencies in coagulation factors, such as fibrinogen, may be corrected by
administration of purified coagulation factor concentrates [37].
Experimental studies have shown that heparin can at least partly inhibit the
activation of coagulation in sepsis [78]. Uncontrolled case series in patients with
sepsis and DIC have claimed to be successful. However, an advantageous effect of
heparin on clinically important outcome events in patients with DIC has never been
clearly demonstrated in controlled clinical trials [79], although there is cumulating
evidence that heparin might be beneficial [80, 81]. In addition, there are several
studies showing that critically ill patients with sepsis need adequate prophylaxis
for venous thromboembolism, usually with (low molecular weight) heparin [82,
83]. Therapeutic doses of heparin are indicated in patients with clinically overt
thromboembolism or extensive fibrin deposition, like purpura fulminans or acral
ischemia. Patients with sepsis may benefit from prophylaxis to prevent venous
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thromboembolism, which may not be achieved with standard low-dose subcutaneous heparin [84].
Restoration of the levels of physiological anticoagulants in sepsis may be a rational approach [85]. Based on successful preclinical studies, the use of antithrombin
concentrates has been examined mainly in randomized controlled trials in patients
with severe sepsis. All trials have shown some beneficial effect in terms of improvement of laboratory parameters, shortening of the duration of the coagulopathy, or
even improvement in organ function. In several small clinical trials, the use of very
high doses of antithrombin concentrate showed even a modest reduction in mortality, however, without being statistically significant. A large-scale, multicenter, randomized controlled trial also showed no significant reduction in mortality of patients
with sepsis [86]. Interestingly, post hoc subgroup analyses of this study indicated
some benefit in patients who did not receive concomitant heparin and in those with
the most severe coagulopathy [87]. Recent propensity-adjusted retrospective data
from Japan demonstrated a significant benefit of antithrombin-treated patients with
severe infection and sepsis [88, 89]. However these observations still need prospective validation.
Adjunctive therapy with activated protein C (APC) has also been widely studied.
A phase III trial of APC concentrate in patients with sepsis was prematurely stopped
because of efficacy in reducing mortality in these patients [23]. All-cause mortality
at 28 days after inclusion was 24.7% in the APC group versus 30.8% in the control
group (a 19.4% relative risk reduction). And there was also an improvement of
coagulation abnormalities and reduced organ failure in APC-treated patients. Of
note, patients with the most severe coagulopathy benefited most from this treatment
[73]. However, a series of negative trials in specific populations of patients with
severe sepsis led to scepticism regarding the use of APC in sepsis, and meta-analyses
of published literature concluded that the basis for treatment with APC, even in
patients with a high disease severity, was not very strong or even insufficient [90].
On top of that, there was uncertainty regarding the bleeding risk of APC in patients
with severe sepsis. The last large placebo-controlled trial in patients with severe
sepsis and septic shock was prematurely stopped due to the lack of any significant
benefit of APC [91]. Subsequently, the manufacturer of APC has decided to withdraw the product from the market, which has resulted in a revision of current guidelines for treatment of DIC [92].
The most promising intervention at this moment is recombinant soluble thrombomodulin. Several preclinical studies in experimental sepsis models have shown
that soluble thrombomodulin is capable of improving the derangement of coagulation and may restore organ dysfunction [93]. In phases I–II clinical studies, the
pharmacokinetic profile of recombinant soluble thrombomodulin was determined
[94]. In a subsequent phase III randomized double-blind clinical trial in patients
with DIC, administration of the soluble thrombomodulin had a significantly better
effect on bleeding manifestations and coagulation parameters than heparin, but
the mortality rate at 28 days was similar in the two study groups [95]. When limiting these results to patients with severe infection and sepsis, DIC resolution rates
were 67.5% in thrombomodulin-treated patients and 55.6% in the control group,
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and 28-day mortality rates were 21.4% and 31.6%, respectively. Subsequently,
soluble thrombomodulin was evaluated in a phase II/III clinical study in 750
patients with sepsis and disseminated intravascular coagulation [96]. Twentyeight-day mortality was 17.8% in the thrombomodulin group and 21.6% in the
placebo group. Markers of coagulation activation were lower in the thrombomodulin group than in the placebo group. There were no differences between groups
in bleeding or thrombotic events. The promising results with recombinant soluble
thrombomodulin are supported by retrospective data in large series of Japanese
patients and are currently being evaluated in a large international multicenter trial
[97, 98].

4.7

New Pathways and Targets in the Management of DIC

In view of the overwhelming evidence for the central role of impaired natural anticoagulant pathways in the pathogenesis of DIC, much attention has been focused on
the restoration of physiological anticoagulation as (adjunctive) treatment of DIC
[6]. However, despite the fact that these interventions (such as recombinant human-
activated protein C or antithrombin concentrate) have shown efficacy in reversing
the coagulopathy, they have not resulted in an improvement on clinically relevant
outcomes, such as survival or improvement of organ dysfunction [99]. One of the
factors responsible for this may be that all these anticoagulants are clearly limited
by the potential risk of major hemorrhage in critically ill patients. Therefore, it has
been hypothesized that molecules that have less anticoagulant properties but have
retained their anti-inflammatory effects may be promising new agents for the management of DIC. For example, non-anticoagulant heparin inhibits the expression
and function of adhesion molecules, such as P-selectin and L-selectin. Moreover,
this compound directly affects pro-inflammatory mediators, such as nuclear factor
(NF)-κβ and cytokines, and attenuates endothelial cell dysfunction through the
nitric oxide system. Non-anticoagulant heparin has a strong affinity for extracellular
histones that result from cellular destruction during severe inflammation and that
are robustly associated with endothelial dysfunction, organ failure, and death during
sepsis [100]. Binding of this non-anticoagulant heparin to histones strongly inhibited cytotoxic activity in vitro and translated to impaired inflammation and improved
survival in animal models of systemic infection and inflammation. Similarly, recent
experiments indicate a beneficial effect of activated protein C variants that have lost
their anticoagulant properties [101].
Another interesting new target may the glycocalyx covering the endothelial surface of the vascular bed [102]. The endothelium of the capillary bed is the most
important interface in which the interaction between inflammation and coagulation
takes place. All physiologic anticoagulant systems and various adhesion molecules
that may modulate both inflammation and coagulation are connected to the endothelium. In sepsis, endothelial glycosaminoglycans present in the glycocalyx are
downregulated by pro-inflammatory cytokines, thereby impairing the functions of
antithrombin (AT), tissue factor pathway inhibitor (TFPI), leukocyte adhesion, and
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leukocyte transmigration. Because the glycocalyx also plays a role in other endothelial functions, including maintenance of the vascular barrier function, nitric oxide-
mediated vasodilation, and antioxidant activity, all these processes can be impaired
in DIC. Moreover, specific disruption of the glycocalyx results in thrombin generation and platelet adhesion within a few minutes. Novel interventions aimed at restoration of the glycocalyx may potentially maintain adequate physiological
anticoagulation to balance activated coagulation in DIC [103].
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5.1

The Endocrine System

5.1.1

Introduction

The endocrine system plays a major role in coordinating body functions, through
the production and dissemination of chemical messengers [1]. The endocrine system maintains biological homeostasis by regulating water and electrolytes balance,
metabolism, growth and development, as well as reproduction. The endocrine system is composed of glands which release hormones in response to nervous or hormonal signals. Hormones are specialized chemical compounds which are delivered
through the bloodstream and bind to specialized cellular receptors, thereby modifying the cellular function of target cells. In vertebrates, endocrine glands include the
pituitary, pineal, adrenal, thyroid, and parathyroid glands as well as the islets of
Langerhans in the pancreas, intestinal mucosa, ovary, and testis. Apart from these
specialized glands, hormones may also be produced by organs having a specific
physiological role that may also exhibit secondary endocrine functions such as the
heart or the kidneys (Fig. 5.1). Hormones are divided into three different types:
peptides or proteins (e.g., growth hormone, insulin, glucagon), derivatives of the
amino acid tyrosine (e.g., thyroid and adrenal medullary hormones), and steroids,
derived from cholesterol (e.g., adrenal cortex and sexual hormones). Protein hormones are usually synthesized on the endoplasmic reticulum as inactive preprohormones which are subsequently cleaved into prohormones and then hormones and
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Fig. 5.1 Main organs
involved in the synthesis
and release of hormones
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Adrenal gland
Kidney
Ovary

Testis

stored in vesicles until needed. Exocytosis of the vesicles is induced by an increase
in cellular calcium concentration or an increase in cyclic adenosine monophosphate
(cAMP) concentration leading to activation of a protein kinase. Amine hormones
are formed in the cytoplasm of glandular cells. Thyroid hormones are stored within
the thyroid gland, bound to the thyroglobulin. Epinephrine and norepinephrine are
synthesized and stored in preformed vesicles in the adrenal medulla. Steroid hormones are mainly synthetized from cholesterol. There is very little steroid hormone
storage; however the cholesterol ester precursors are stored in cytoplasmic vesicles,
ready to be rapidly mobilized. Since steroid hormones are lipophilic, steroid hormone synthesis is followed by rapid diffusion into the bloodstream. The main hormones are listed by organ in Table 5.1.

5.1.2

Hormone Secretion Control Mechanisms

Duration of action of hormones varies widely. For instance, the release of catecholamines occurs seconds after a neuronal impulse, and full effect occurs within minutes. Steroids acting through the genomic pathway start having a physiological
action several hours after their release into the circulation. By opposition, other
hormones such as thyroid or growth hormones are fully effective after several
months. Hormone production is a closely controlled phenomenon. Hormone production is controlled through negative feedback mechanisms where, after release
of a hormone, products resulting of the cellular action of this hormone inhibit further production of the hormone. Hormone regulatory mechanisms may occur during synthesis (whether during transcription or translation) or at the time of release.
Rarely, hormones may induce positive feedback. For example, before ovulation,
stimulation of the anterior pituitary by estrogens induces a brisk increase of luteinizing hormone, which in turn stimulates estrogen production.
Hormone secretions also undergo periodic variations, induced by the diurnal
cycle, the stage of development, or the onset of senescence. A well-known example

Organ
Anterior pituitary

Thyroid-stimulating
hormone (TSH)

Melanocyte-stimulating
hormone (MSH)
Prolactin

Growth hormone (GH)

Luteinizing hormone (LH)

Hormones
Adrenocorticotropic
hormone (ACTH)
Follicle-stimulating
hormone (FSH)

Thyroid

Mammary glands

Melanocyte

Female: Graafian
follicles
Male: Sertoli cells
of the testes
Female: granulosa
cells and theca
cells
Male: Leydig of
the testes
Liver,
chondrocyte

Target tissues
Adrenal cortex

Development of female breast
↗ Lactation
Produces triiodothyronine (T3) and thyroxin (T4)
(continued)

Anabolism: protein synthesis, reduction of liver uptake of glucose
Growth during childhood
↗ Calcium retention and bone mineralization
Stimulates the immune system
↗ Melanin synthesis

Main functions
Regulates satiety
Produces glucocorticoids and mineralocorticoids
Reproduction:
 – Female: initiates follicular growth
 – Male: enhances androgen-binding protein and acts in the
spermatogenesis
Reproduction:
 – Females: triggers ovulation and maintains luteal function during the
first 2 weeks of menstruation
 – Males: ↗ testosterone production

Table 5.1 List of main hormones, including site of production, targets, and their function
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Parathyroid

Thyroid

Table 5.1 (continued)
Organ
Posterior pituitary

Bone, intestine,
kidney, central
nervous system
Bone, kidneys,
gastrointestinal
tract

Calcitonin

Parathyroid hormone
(PTH)

Whole body

Kidneys, anterior
pituitary gland,
vessels, pancreas,
adrenal gland

Vasopressin/antidiuretic
hormone (ADH)

Triiodothyronine (T3)
Thyroxine (T4)

Target tissues
Brain, mammary
glands,
endometrium,
myometrium,
kidneys, heart

Hormones
Oxytocin

↗ Blood calcium concentration by enhancing calcium release from the
bone, calcium reabsorption from renal tubules, and calcium absorption in
the intestine

Main functions
Brain actions:
 – Sexual arousal
 – Social behavior
 – Behavior
 – ↗ Trust and ↘ fear
Peripheral actions:
 – Letdown reflex in lactating
 – Uterine contraction
 – ↘ Diuresis and stimulates sodium excretion
 – Embryonic development of the heart
V1a receptor:
 – Vasoconstriction, gluconeogenesis, platelet aggregation, and release
of factor VII and von Willebrand factor
 – ↗ Aldosterone synthesis
 – ↗ Cortisol synthesis
V1b receptor:
 – ↗ Corticotropin release, prolactin release, GH release,
 – ↗ Atrial natriuretic peptides synthesis
 – ↗ Insulin synthesis
V2 receptor: regulates plasmatic osmolality and volemia by reabsorption
of free water in the collecting duct cells (kidneys)
↗ Metabolism
↗ Growth
Metabolic effects:
 – ↗ Carbohydrate metabolism, fat metabolism
 – ↘ Cholesterol, phospholipid, and triglyceride plasma levels
↘ Blood calcium levels
Regulates vitamin D and bone mineral metabolism
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Muscle, cartilage,
bone, liver,
kidneys, nerves,
skin, lung
Liver, vessels,
immune system,
hippocampus

Collecting ducts
of the kidneys

Glucagon
Somatostatin

Angiotensinogen

Insulin-like growth factor

Aldosterone

Pancreas: alpha cells
Hypothalamus cells and
cells of pancreas,
intestine, stomach
Liver

Cortisol

Plasma

Insulin

Pancreas: beta cells

Adrenal medulla

Liver
Pancreas

Brain natriuretic peptide
(BNP)

Cardiac ventricles

Kidneys, vessels,
adrenal, adipose
tissue
Kidneys, vessels,
adrenal, adipose
tissue
Liver, muscle,
adipocyte

Atrial natriuretic peptide
(ANP)

Atrial myocytes of the
heart

Anti-inflammatory and immunosuppressive actions
Metabolism:
 – ↗ Hepatic gluconeogenesis and glycogenolysis
 – ↗ Peripheral insulin resistance
 – ↗ Free fatty acid and amino acid
Cardiovascular:
 – Maintains vascular tone
 – Maintains endothelial and vascular permeability
Reabsorption of sodium and excretion of potassium
(continued)

Promotes glucose entry in many cells
↘ Gluconeogenesis, proteinolysis, lipolysis
↗ Fatty acid and glycogen synthesis
↗ Blood glucose level by increasing glycogenolysis and gluconeogenesis
Suppresses gastro-intestinal hormone secretion
↘ Insulin and glucagon secretion
↘ GH and TSH release
Releases aldosterone
Vasoconstriction
Regulates cell proliferation and apoptosis

↘ Cardiac output, blood volume, central venous pressure, arterial blood
pressure
↗ Elimination of sodium
↗ Renal sodium secretion and excretion
↗ Lipolysis
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Intestinal
epithelium
Bone marrow
Uterus,
coagulation
system, liver,
gastrointestinal
tract
Endometrium,
vaginal
epithelium, brain,
smooth muscle,
immune system,
thyroid, bone
Bone,
gastrointestinal
tract, kidneys
Bone, muscles,
sex organs

Calcitriol

Human chorionic
gonadotropin (HCG)

Testosterone

Testes

Progesterone

Erythropoietin
Estrogen

Target tissues
Plasma

Hormones
Renin

Placenta

Ovary, placenta

Table 5.1 (continued)
Organ
Kidneys

Development of male secondary sexual characteristics
Anabolism: ↗ muscle mass, ↗ bone density and maturation

Maintains the corpus luteum and progesterone production during
pregnancy

Reproduction
Involved in myelinization, synaptic function

↗ Erythrocyte production
Development of female secondary sexual characteristics
Regulates the menstrual cycle
↗ Lipid metabolism, protein synthesis, fluid balance

Main functions
Activates the renin-angiotensin-aldosterone system by cleaving
angiotensinogen to angiotensin I
↗ Calcium absorption from the gastrointestinal tract
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Adrenal medulla

Epinephrine,
norepinephrine

Blood vessels,
heart, pancreas,
liver, kidney,
uterus, bronchi,
seminal tract,
detrusor,
gastrointestinal
tract, adipose
tissue, skeletal
muscle, salivary
gland

Alpha1-adrenergic receptor:
 – Vasoconstriction
 – Contraction of smooth muscle, bronchoconstriction
 – Mydriasis
 – Contraction of urethral sphincter
Alpha 2-adrenergic receptor:
 – Vasoconstriction of the coronary arteries and other arteries
 – Venoconstriction
 – ↘ Lipolysis
 – Suppression of the release of norepinephrine
 – Platelet aggregation
Beta1-adrenergic receptor:
 – ↗ Chronotropic, inotropic, bathmotropic, and dromotropic effect
 – Lipolysis
 – Release renin
Beta2-adrenergic receptor:
 – ↗ Chronotropic and inotropic effect
 – Vasodilatation
 – Relaxation of the smooth muscle like bronchodilation
 – Insulin and glucagon secretion
 – Glycogenolysis
 – ↗ Muscle mass and contraction skeletal
Beta3-adrenergic receptor:
 – Thermogenesis in skeletal muscle
 – Enhances lipolysis
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is the circadian rhythm of glucocorticoid secretion. Indeed, the secretory rates of
CRF, ACTH, and cortisol are high in the early morning but low in the evening.

5.1.3

Organization of the Endocrine System

5.1.3.1 The Adrenergic System
Catecholamines include epinephrine, norepinephrine, and dopamine. Epinephrine is
secreted by the chromaffin cells of the adrenal medulla and by some neurons of the
central nervous system (CNS), while norepinephrine is produced in the locus coeruleus located in the pons. The amino acid tyrosine is the substrate for the biosynthesis
of all catecholamines. The tyrosine hydroxylase catalyzes the transformation of tyrosine to 3,4-dihydroxy-L-phenylalanine (L-DOPA), in a rate-limiting reaction.
L-DOPA is decarboxylated by the DOPA decarboxylase to form dopamine.
Dopamine is subsequently oxidized by dopamine β-hydroxylase into norepinephrine. The terminal step in catecholamine biosynthesis is catalyzed by the phenylethanolamine N-methyltransferase which converts norepinephrine to epinephrine [2].
Stress is the major physiologic triggers of epinephrine release [3]. ACTH and the
sympathetic nervous system stimulate the synthesis of epinephrine precursors by
enhancing the activity of tyrosine hydrolase and dopamine beta-hydrolase, involved
in catecholamine synthesis as well as the release of epinephrine. Catecholamines do
not exert negative feedback in order to downregulate its own synthesis.
5.1.3.2 The Pituitary Hypothalamic Axis
The hypothalamus is organized into three regions: an anterior region, a medial region,
and the posterior region. The pituitary gland is divided into two lobes: an anterior lobe
(adenohypophysis), derived from an invagination of the oral ectoderm, and a posterior
lobe (neurohypophysis), which is an extension of the hypothalamus, originating from
the neuroectoderm. Hypothalamic-derived peptides release stimulating peptides,
including corticotropin-releasing hormone (CRH), gonadotropin-releasing hormone
(GnRH), growth hormone-releasing hormone (GHRH), thyrotropin-releasing hormone (TRH), as well as inhibiting factors such as GH-inhibitory hormone (somatostatin) and prolactin-inhibiting hormone. Hypothalamic cells are directly connected to
the neurohypophysis and secrete releasing hormones in synchronous pulses, into the
vessels of the pituitary stalk, which stimulate or inhibit the secretion of adenohypophysis hormones. The anterior pituitary produces adrenocorticotropic hormone
(ACTH), gonadotropic hormones (follicle-stimulating hormone (FSH), luteinizing
hormone (LH)), growth hormone (GH), melanocyte-stimulating hormone (MSH),
prolactin (PRL), and thyroid-stimulating hormone (TSH). The posterior pituitary
stores and secretes neurohormones such as oxytocin, a peptide hormone produced by
the paraventricular nuclei of the hypothalamus and vasopressin (Fig. 5.2).
5.1.3.3 The Adrenal Glands
The adrenal glands lie at the superior pole of the kidneys. Each adrenal gland is
composed of a central part, the adrenal medulla, and a peripheral part, the adrenal
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Fig. 5.2 Hypothalamic-pituitary controls of endocrine organs and tissues

cortex. The adrenal medulla is closely connected to the sympathetic system and
secretes epinephrine and norepinephrine in response to sympathetic stimulation.
Epinephrine and norepinephrine control cardiac output and blood pressure and
stimulate glycogenesis.
The adrenal cortex produces a different group of hormones called corticosteroids
as well as small quantities of androgenic hormones. ACTH produced by the pituitary
gland stimulates adrenal steroid synthesis. Corticosteroids are derived from cholesterol. Corticosteroids are divided into glucocorticoids (cortisol, corticosterone) and
mineralocorticoids (aldosterone). Circulating adrenocortical hormones are bound to
plasma proteins (cortisol-binding globulin and albumin) and are metabolized in the
liver. Aldosterone is produced in response to increased extracellular potassium concentration, while increased sodium concentration in the extracellular fluid decreases
the production of aldosterone. The renin-angiotensin induces an increased production of aldosterone, while ACTH is necessary for the synthesis of aldosterone but has
little command on the rate of synthesis. Both cortisol and aldosterone bind to a specific intracellular receptor protein, forming a complex which is transferred to the
nucleus where it interacts with cellular DNA, promoting the expression of specific
mRNA. Aldosterone promotes reabsorption of sodium and secretion of potassium at
the renal tubular epithelial cells, leading to increased extracellular volume. Cortisol
stimulates gluconeogenesis and mobilizes proteins and fatty acids for use in stressful
situations. Cortisol also has anti-inflammatory effects as well as causes resolution of
inflammation. ACTH stimulates cortisol production, by activating the adenylyl
cyclase, leading to increased cellular concentrations of cyclic AMP.
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5.1.3.4 Vasopressin
Vasopressin, also known as the antidiuretic hormone, is a small peptide containing
nine amino acids, synthesized as a precursor containing neurophysin II by the hypothalamus and stored in the posterior pituitary gland. Osmotic or hypovolemic stimuli induce vasopressin to be released into the circulation. The V2 vasopressin
receptor is mainly expressed in the ascending loop and collecting duct cells of the
kidney. Upon binding of vasopressin, the receptor, through coupled G-proteins, activates the adenylyl cyclase, leading to the expression of the aquaporin water channels, leading to reabsorption of free water [4]. V1 receptors are implicated in
regulating the production of cortisol, aldosterone, GH, insulin, and prolactin.
5.1.3.5 Insulin
Insulin is a peptide hormone which is produced by the beta cells of the pancreatic
islets. Synthesized as pre-proinsulin, proinsulin is converted into insulin and
C-peptide and stored in secretory granules awaiting release by fusion of secretory
granules with the plasma membrane, following an increase in intracellular calcium
concentration or cyclic AMP signaling. Blood glucose concentration is regulated by
insulin secretion. High blood glucose concentration stimulates the beta cells to
secrete insulin, whereas a low blood glucose level induces the secretion of glucagon
by the pancreatic alpha cells [5].
5.1.3.6 The Thyroid Gland
Thyroid hormones are synthesized from the tyrosine amino acid, thyroglobulin
(TG), and iodine in the thyroid gland. Thyroid hormone production is composed
into 80% of thyroxin (T4) and 20% of triiodothyronine (T3). In peripheral tissue,
such as the liver, the less active prohormone T4 is converted to the active T3 and the
metabolically inactive reverse T3 (rT3) by deiodinases, in equal quantities. Thyroid
hormones are secreted in the bloodstream, where they bind to transport proteins.
The half-life is 7 days for T4 and 24 h for T3. Thyroid hormone production is regulated by TSH synthesized in the anterior pituitary gland, which is regulated by TRH
from the hypothalamus. A negative feedback loop by thyroid hormones, on the
hypothalamus and pituitary gland, maintains homeostasis.
5.1.3.7 The Somatotropic Axis
The two main elements of the somatotropic axis are the GH, a peptide hormone,
secreted by the anterior pituitary, and insulin-like growth factor type I (IGF-I), a
peptide hormone, secreted mainly by the liver. Secretion of GH is pulsatile and is
maximal during slow-wave sleep (stages III and IV). Circulating GH is partially
linked to a binding protein, GH-binding protein (GHBP), in fact the extra membrane fraction of the GH receptor [6]. GH exerts its effects on tissue growth via
IGF-I. A high proportion (about 99%) of circulating IGF-I is bound to proteins,
including the IGF-binding protein (IGFBP) family, of which six proteins are known
(IGFBP-1 to IGFBP-6).
Regulation of GH synthesis involves the growth hormone-releasing hormone
(GHRH) which stimulates GH production, while somatostatin inhibits GH
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production [7]. Ghrelin, a gastric hormone, stimulates the production of GH directly
and indirectly (by stimulating GHRH and inhibiting somatostatin) [8]. Hypoglycemia
stimulates the production of GH by stimulation of the production of GHRH (alpha-
adrenergic pathway) and inhibition of somatostatin. Glucose intake inhibits GH
production by increasing somatostatin (beta-adrenergic) tone. Amino acids
(L-arginine and L-ornithine) are potent secretagogues of GH via somatostatin inhibition. Adult sexual steroids stimulate the production of GH during puberty by
increasing the amplitude of GH peaks. The regulation of the production of IGF-I
and IGFBP-3 is controlled by GH, the nutritional status, and insulinemia [9, 10].
Malnutrition is associated with lower levels of IGF-I and IGFBP-3 and a decrease
in the GH receptors. During obesity, GH production is lowered but IGF-I and
IGFBP-3 levels are normal.

5.1.3.8 Sex Hormones
The female monthly sexual cycle is driven by cyclic changes in secreted hormones.
The pulsatile secretion of GnRH regulates the production by the anterior pituitary of
FSH and LH, both heterodimeric glycoproteins. During the follicular phase of the
ovarian cycle, the predominant hormone is FSH. FSH targets follicles, stimulating
their maturation and production of increasingly higher levels of estrogen.
Paradoxically, FSH levels are only slightly reduced in response to high levels of
estrogens, highlighting a lack of negative feedback of estrogens on FSH. At the end
of the follicular phase, toward the 14th day of the cycle, a surge in estrogen level
triggers FSH and LH peaks through positive feedback mechanisms, leading to ovulation. During the following luteal phase, LH stimulates the transformation of the
follicle into a corpus luteum. As a result, progesterone and estrogen levels increase,
inducing a reduction of hypothalamic progesterone and estrogen receptor expression until estrogen exposure becomes undetectable. This change in hypothalamic
sensitivity to circulating estrogens shifts the GnRH secretion to a lower rate and
inhibits LH and FSH secretion. At the end of the luteal phase, the corpus luteum
degenerates leading to reduced levels of circulating progesterone and estrogen,
which in turn triggers menstruation, and stimulates the secretion of LH and FSH,
thereby signaling the beginning of a new cycle. Through both positive and negative
feedback mechanisms, the secretion of gonadotropins is cyclic [11].
Testosterone, the male sex hormone, is produced by the interstitial cells of Leydig
in the testes, in response to LH stimulation throughout adulthood. Testosterone in
turn exhibits inhibitory effects on the secretion of LH and GnRH.

5.2

The Endocrine Response to Stress

Stress is defined as a state of disharmony, where vital physiological systems do not
function in an optimal manner. Stress is elicited by many different triggers, physical, such as following infection, burns, trauma, or surgery, or psychological. Stress
signals are neurosensory, blood-borne, or mediated through limbic pathways. The
response to stress varies according to the nature, duration, and intensity of the
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stressor which drives physiological changes (involving the cardiovascular, respiratory, endocrine, or immune systems) in order to reestablish homeostasis. The
response to life-threatening stress is usually divided into three phases: an acute
phase, an established organ dysfunction phase, and a phase of recovery.
The acute phase stress response is characterized by the release of the stress hormones, cortisol, catecholamines, vasopressin, glucagon, and GH. The synthesis and
liberation of these hormones is aimed at maintaining an adequate blood volume,
cardiac output, and tissue oxygenation as well as mobilizing reserves for the immediate production of energy. Initially, oxygen consumption and energy expenditure
are increased. At the same time, nonessential functions such as growth or the reproductive functions are suspended. Critical illness is also associated with insulin resistance, where normal concentrations of insulin are unable to correctly regulate blood
glucose levels. This state is partly explained by the effect of cytokines on insulin
resistance as well as by increased gluconeogenesis.
Sometime after the acute phase, during the established organ dysfunction
phase, the hormonal profile alters substantially. Some endocrine changes seem to
be adaptive, such as the low T3 syndrome, which may play a role in reducing
energy requirements. Low T3 syndrome associates a decrease in the concentration
of the T3 due to a decrease of peripheral conversion of T4 to T3 as well as an
increased concentration of rT3, an inactive form of T3. Additionally, several pro-
inflammatory cytokines (IL-1, IL-6, and TNF-α) suppress the thyroid axis. Other
endocrine changes are maladaptive such as the critical illness-related corticosteroid insufficiency (CIRCI), where patients exhibit reduced adrenal responsiveness
to ACTH and relatively low cortisol levels. These endocrine changes are somewhat induced by hormonal modifications observed during the acute phase. Indeed,
cortisol produced during the acute phase suppresses the secretion of GH, gonadotropins, and TSH.
The recovery phase is an anabolic phase occurring up to 2 months after resolution of the acute inflammatory phase. The main hormones implicated in wound
healing are the growth factors IGF-1 and GH. IGF-1 promotes muscle protein synthesis, as well as the proliferation of fibroblasts and keratinocytes, leading to
increased tissue formation of collagen.

5.3

Endocrine Alterations During Sepsis

5.3.1

The Adrenergic System

A major activation of the adrenergic system is observed during sepsis, which in turn
may be worsened by the administration of exogenous catecholamines. Myocardial
depression, defined by a low left ventricular ejection fraction, may occur in up
to 50% of cases of septic shock [12]. Myocardial depression may occur through
multiple pathways, including autonomic dysregulation, metabolic changes, mitochondrial dysfunction, as well as the consequence of increased catecholamine concentrations and possibly microvascular dysfunction [13]. Adrenergic stimulation of
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an already failing heart increases the cardiac work and consumption of oxygen.
The membrane expression of β-adrenergic receptors is reduced during sepsis. Heart
rate variability, which offers an insight into the vagal to sympathetic balance, is
impaired during sepsis and may be associated with an unfavorable outcome [14,
15]. Catecholamines may promote bacterial growth and virulence, while at the
same time negatively affecting the efficacy and survival of immune cells [16, 17].
Adrenergic stimulation favors insulin resistance and the associated hyperglycemia.
β-Adrenergic blockade has been shown to be beneficial in experimental models of
sepsis as well as in one single-center human study [18–20].

5.3.2

The Hypothalamic-Pituitary-Adrenal Axis

Sepsis impedes the function of the hypothalamic-pituitary-adrenal axis through
multiple mechanisms. The first such mechanism is through altered CRH/ACTH
synthesis. Direct ischemic or hemorrhagic damage to the hypothalamus or the pituitary gland may occur during sepsis, thereby altering CRH/ACTH synthesis [21].
Pro-inflammatory cytokines, such as IL-1, are readily produced during sepsis and
interact with the hypothalamus/pituitary inducing a biphasic hormonal response
characterized by an initial transient increase followed by a progressive decline in
anterior pituitary ACTH concentration [22–24]. Sepsis-related decrease in ACTH
synthesis occurs in both rodents and humans and is insufficiently compensated by
the production of ACTH’s natural secretagogues [25]. This condition is also coined
as critical illness-related corticosteroid insufficiency and may in the severest forms
of sepsis affect up to 60% of patients [26, 27]. Indeed, ACTH levels are significantly
lower in septic than in healthy subjects. Additionally, altered ACTH synthesis in
response to metyrapone is observed in roughly 50% of septic patients [26].
Sepsis may also be associated with altered steroidogenesis. One of the most
well-known causes of altered steroidogenesis occurs after necrosis or hemorrhage of both adrenal glands, also known as the Waterhouse-Friderichsen syndrome [28, 29]. Altered steroidogenesis may occur without any structural damage
being done to the adrenal glands. Since cortisol storage in the adrenals is limited,
adequate hormonal response to stress relies on de novo cortisol synthesis.
Approximately 50% of septic shock patients exhibit decreased cortisol synthesis
as well as an inadequate response to the administration of metyrapone [26].
Steroidogenesis may be compromised during any stage of steroid biosynthesis.
Histological examination of the adrenal cortex of both animals and humans with
sepsis found marked depletion in lipid droplets, suggesting deficiency in esterified cholesterol storage, the first compound to enter the steroidogenesis pathway,
possibly mediated by a deficiency in adrenal scavenger receptor B1 (SRB1) [30–
32]. A pharmacological inhibitor of steroidogenesis is etomidate, a commonly
used drug in intensive care units, emergency rooms, and operating theaters,
which inhibits the last enzymatic step in cortisol synthesis and is associated with
an increased risk of adrenal insufficiency (OR 19.98; 95% CI 3.95–101.11) up to
6 h post-dosing as well as a small increase in organ dysfunction [33]. Finally,
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peripheral resistance to glucocorticoids occurs during sepsis. A number of factors may prevent the peripheral bioactivity of cortisol. Sepsis is associated with
a marked reduction in plasma levels of corticosteroid-binding globulin (CBG)
and albumin [26, 34]. Reduced concentration of cortisol carriers leads to
increased plasma concentration of free cortisol. One of the physiological means
by which patients seek to withstand severe illness might be by reducing cortisol
clearance from plasma, thereby diminishing cortisol inactivation [35]. However,
since CBG-bound cortisol is specifically released at sites of inflammation, via
neutrophil elastase-dependent mechanisms, the net effect of sepsis-associated
reduced CBG and albumin levels is a reduced cortisol delivery to local sites of
inflammation [36, 37]. Th2 cell-derived cytokines, such as IL-2 or IL-4, may
upregulate the 11β-hydroxysteroid dehydrogenase type 2 (11β-HSD-2), thereby
promoting the metabolism of cortisol to the less active component cortisone [38].
Finally, the glucocorticoid receptor (GR)-α may be inhibited at a cellular level,
through a decreased capacity of binding, altered capacity to translocate or a loss
of the capacity to form dimers [39–41].

5.3.2.1 Corticosteroids in Septic Shock
The use of corticosteroids remains controversial. There is a general agreement that
corticosteroids improve shock, organ dysfunction, and length of hospital stay. Their
effects on survival and on the risk of secondary infections remain controversial.
Corticosteroids participate in restoring effective blood volume, through activation of mineralocorticoid receptors in the kidney leading to sodium retention.
They also contribute to restoring systemic vascular resistance. Indeed, increasing
sodium and water content in a vessel’s interstitium results in increased stiffness
of the vessel wall. Corticosteroids enhance vascular contractile and blood pressure responses to α-1 agonists, through nongenomic effects such as the modulation of α-1 agonists’ receptor second messenger and ATP-sensitive K channels
[42–44]. Patients with septic shock and a blunted response to a bolus of ACTH
exhibit lower systemic vascular resistance and a greater blood pressure response
to norepinephrine after a hydrocortisone bolus than patients with an intact HPA
axis [43]. Corticosteroids may also improve the microcirculation in septic shock
[45]. A systematic review included the findings of 12 trials reporting the effects
of corticosteroids on shock reversal by 1 week to be 1.31 (95% CI 1.14–1.51; P
value = 0.0001) [46]. Corticosteroids inhibit iNOS expression in the renal cortex, restoring an adequate oxygen supply to the kidney [47]. Corticosteroids may
attenuate sepsis-associated brain dysfunction by preventing a breakdown of the
blood-brain barrier [48]. The same systematic review included the findings of eight
trials reporting the effects of corticosteroids on the reduction of the SOFA of −1.53
(−2.04 to −1.03; P value <0.00001) [46]. Corticosteroids skew T cells toward a
Th2 profile, favoring the production of anti-inflammatory cytokines. Data from
19 trials found the RR for superinfection to be 1.02 (0.87–1.20; P value = 0.81)
[46]. Most animal models of sepsis found the administration of corticosteroids
to be associated with survival benefits [49]. The RR of dying at 28 days of sepsis or septic shock after having received corticosteroids was 0.87 (0.76–1.00, P
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value = 0.05). Current international guidelines recommend restricting the use of
hydrocortisone to vasopressor-dependent septic shock [27, 50].

5.3.3

Vasopressin

In patients with septic shock, circulating levels of vasopressin peak within the first
24 h and then decline over time [51]. Vasopressin supplementation failed to improve
mortality in a large multicenter randomized trial [52]. A recent trial found no
improvement in the number of kidney failure-free days when comparing norepinephrine to vasopressin in septic shock, although the requirement for renal replacement therapy was lower in the vasopressin group [53]. Mortality rates were similar
between both groups.

5.3.4

Insulin

Insulin resistance is a hallmark of critical illness. Hyperglycemia is associated with
mortality. Several trials sought to determine whether controlling blood glucose levels was associated with a better outcome. A German multicenter study, comparing
intensive insulin therapy to conventional treatment, was conducted in severe sepsis.
The rate of death at 28 days and the intensity of organ failure were similar between
the intensive insulin therapy group (target blood glucose levels 80–110 mg/dL) and
the conventional treatment group (target blood glucose levels 180–200 mg/dL).
This trial was stopped prematurely because patients in the intensive therapy group
suffered from more episodes of hypoglycemia [54]. A French multicenter study in
septic shock found similar results [55]. Mortality rates did not differ between the
intensive insulin and the conventional treatment arm although there were significantly more episodes of hypoglycemia in the intensive treatment arm. Current
guidelines recommend the administration of insulin in order to control hyperglycemia during severe sepsis or septic shock aiming at obtaining a target blood glucose
<180 mg/dL [50].

5.3.5

Thyroid Hormones

Critically ill patients suffer from the so called sick euthyroid illness, characterized
by low T3 levels associated with low TSH and T4 levels [56]. These modifications
may be considered adaptive, aimed at sparing energy during a stressful period.
Seeking to artificially correct the hormone levels in patients diagnosed with sick
euthyroid illness may be associated with increased harm, as demonstrated in series
of small trials in the critically ill [57–59].
The daily administration of 300 μg of T4, over a 2-day period, in patients suffering from acute renal failure contributed to lowering TSH levels. There was no effect
on the severity of acute renal failure, and mortality rates were 43% in T4-treated
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patients versus 13% in the control group [58]. The administration of T3 to patients
undergoing coronary artery bypass surgery resulted in an increased cardiac output
and lowered systemic vascular resistance without any effect on patient-centered
outcome [59].

5.3.6

Growth Hormone

Critical illness, including sepsis, is marked by protein catabolism and muscle wasting. This is even more common in patents requiring prolonged stays in the ICU. GH
improves nitrogen balance and tissue healing. Two independent multicenter international trials have investigated the benefits and risks of recombinant human GH in
patients requiring prolonged intensive care [60]. The two studies included a total of
532 patients who had spent more than 5 days in the ICU. Treatment was administered daily throughout the ICU stay for a maximum of 21 days and led to increased
levels of IGF-1, but increased in-hospital mortality (39% in the treatment group vs.
20% in the placebo group for the Finnish study and 44% in the treatment group vs.
18% in the placebo group for the European study).

5.3.7

Androgens

Patients suffering from prolonged critical illness exhibit low serum concentrations
of testosterone, of LH, and of GnRH [61]. The administration of synthetic androgens induces a gain in muscle mass and strength and improves respiratory function
in COPD patients and HIV-associated wasting syndromes [62, 63]. Treating severe
burn victims by testosterone reduced protein catabolism [64]. Data on other subgroups of patients and on patient-centered outcomes are still scarce.
Overall the only endocrine condition during sepsis which is assessable to treatment is critical illness-related corticosteroid insufficiency which can be treated in
the event of septic shock with hydrocortisone (iv bolus of 50 mg q6) combined to
fludrocortisone (oral dose of 50 μg per day) given for 7 days.
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Key Points
• Accurate and early diagnosis of sepsis enables rapid initiation of appropriate
therapy and thus improves outcomes.
• Biomarkers may be used to aid diagnosis, provide indication of disease severity
and prognosis, and guide antibiotic therapy.
• Currently available biomarkers are not specific for sepsis and are raised in other
inflammatory processes, making them more useful to rule out than to rule in a
diagnosis of infection.
• Biomarker levels should never be used in isolation, but can provide complementary information as part of a full clinical patient workup.

6.1

Introduction

Sepsis is a condition of life-threatening organ dysfunction caused by a dysregulated
host response to infection [1]. Potentially affecting as many as 20 million individuals globally each year [2], the consequences of sepsis include prolonged intensive
care unit (ICU) and hospital lengths of stay, long-term morbidity, and increased
short-term and long-term risk of death [3]. Despite many years of active and intense
research, no specific interventions have been identified for the treatment of sepsis,
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and management relies on adequate resuscitation and organ support combined with
eradication of the infecting microorganism with antibiotics and source control [4].
The most important aspect of management for patients with sepsis is to institute
appropriate measures as soon as possible in the course of the disease. But identifying sepsis can be complicated, especially early in its course when signs and symptoms are nonspecific and present in many individuals without as well as those with
sepsis. Moreover, microbiological information may not be available because cultures are still pending or remain negative in part because some patients with suspected sepsis are already receiving antimicrobial therapy and in part because
microorganisms are not always present in the blood. Identifying sepsis may also be
difficult in specific populations, such as neonates, and in specific circumstances,
such as polytrauma or pancreatitis.
Because sepsis is a clinical picture corresponding to the effects of organ dysfunction due to an infection [1], no specific test can identify it. However, the host
response associated with infection can be easily quantified. Indeed, as we have
begun to unravel the pathophysiology and mechanisms of sepsis, some of the
multiple molecules involved in the complex systemic response to organisms have
been identified and proposed as potential (bio)markers or indicators of sepsis.
Some of these biomarkers are known to play key roles in the immune response,
while others are more innocent bystanders. Either way, their concentrations
change as a reflection of the host response, providing an indication of the presence
or severity of sepsis.
Biomarkers can have three important roles:
1. To identify (or rule out) sepsis. Biomarkers are often promoted as being of use to
identify the presence of sepsis, but they are actually better at ruling out sepsis
than at confirming it. Indeed, none of the markers currently available is 100%
specific for sepsis, and given the complexity of the sepsis response and the fact
that similar inflammatory responses are mounted in response to other conditions,
such as major trauma and surgery, it is unlikely that any biomarker specific for
sepsis will ever be identified. Nonetheless, biomarkers, if sensitive enough, may
be useful for ruling out a diagnosis of sepsis, according to the “SnNOut” principle (a test with a high sensitivity, if negative, rules out the diagnosis) [5].
2. To evaluate the severity (and prognosis) of sepsis. For example, greater increases
in the concentration of a biomarker can indicate more severe disease, which may
be useful in patient triage, especially when making decisions about the need for
ICU admission.
3. To evaluate a patient’s response to therapy. This use necessitates repeated measures of biomarker levels to evaluate trends over time. Decreasing biomarker
levels can indicate that a patient is responding to treatment, whereas increasing
levels suggest a need to review and perhaps change treatment.
More than 170 biomarkers have been studied for potential use in septic patients
[6]. In this chapter, we will discuss the two most widely used and studied biomarkers of sepsis, C-reactive protein (CRP) and procalcitonin (PCT), and briefly present
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some promising candidate biomarkers for the future, and then consider in more
depth the potential role(s) of sepsis biomarkers in the intensive care unit (ICU) and
emergency department.

6.2

Biomarkers

6.2.1

C-Reactive Protein

CRP is an acute-phase protein first described in 1930 by Tillett and Francis [7]. CRP
is a member of the pentraxin family [8] and is synthesized principally by hepatocytes in response to stimulation by cytokines, notably interleukin (IL)-6.
CRP concentrations are increased in many inflammatory conditions and are used
across medical specialties as a general indicator of inflammation and to follow disease status and response to treatment in various conditions, including rheumatoid
arthritis [9]. CRP concentrations are therefore readily available at low cost. CRP has
a half-life of approximately 19 h, and levels begin to rise after 12–24 h, peaking
within 2–3 days [10]. CRP concentrations should not be used as a marker of infection in patients with fulminant hepatic failure [11].

6.2.2

Procalcitonin

PCT, another acute-phase protein, is a 116-amino acid prohormone of calcitonin
and is primarily expressed in the C-cells of the thyroid gland. However, during sepsis, PCT is produced by multiple tissues in response to inflammatory cytokines and
bacterial endotoxins [12], resulting in increased concentrations. PCT was first proposed as a biomarker in 1993 [13]. Although PCT concentrations are increased in
other inflammatory conditions, such as pancreatitis or after polytrauma or major
surgery [14–16], PCT levels during systemic bacterial infections are typically
higher than in these noninfectious inflammatory states. PCT levels begin to rise
within 3–4 h and peak within 6–24 h, which is earlier than CRP [10]. However,
whereas CRP levels are unaffected by renal failure or renal replacement therapy
(RRT), PCT levels are raised in patients with renal failure and those receiving RRT,
so that higher cutoffs are needed if PCT is being used as a biomarker of sepsis in
such patients [17].

6.2.3

CD64

CD64 is an immunoglobulin Fcγ receptor (Fcγ-RIII) expressed on monocytes and
eosinophils, which mediates phagocytosis of bacteria and other microorganisms.
Neutrophils normally have low levels of CD64 antigen on their membrane, but
expression (assessed by a FACS [fluorescence-activated cell sorting] analysis) is
increased within 4–6 h after activation by inflammatory cytokines, not only in
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infectious processes but also in many other conditions, including cardiopulmonary
bypass [18]. In 468 ICU patients, a cutoff admission CD64 expression of 230
median fluorescence intensity (MFI) identified sepsis with a sensitivity of 89% and
specificity of 87% [19]. Interestingly, the presence of a normal CD64 expression
combined with a normal CRP value ruled out sepsis with a probability of 99%. In a
meta-analysis of eight studies assessing CD64 expression for sepsis diagnosis, the
pooled sensitivity was 0.76 (95% CI 0.73–0.78) and the pooled specificity was 0.85
(95% CI 0.82–0.87) [20]. de Jong et al. recently reported that although CD64
expression was a good indicator of disease severity, it was not a good predictor of
28-day mortality [21].

6.2.4

Adrenomedullin

Adrenomedullin is a circulating 52-amino acid peptide that is highly conserved
across evolution. It is expressed mainly in endothelial and vascular smooth muscle cells and has multiple functions including vasodilatory activity. It has an
in vivo half-life of just over 20 min. Concentrations of adrenomedullin increase
in patients with sepsis and are independently and strongly associated with mortality [22–24].

6.2.5

sTREM-1

Triggering receptor expressed on myeloid cells-1 (TREM-1), a member of the
immunoglobulin superfamily, is involved in the innate immune response. Present on
the surface of polymorphonuclear cells and mature monocytes, TREM expression is
upregulated during bacterial and fungal infection [25] and soluble TREM (sTREM1) released into the bloodstream. Levels are also increased in other body fluids, such
as cerebrospinal fluid (CSF) and urine. sTREM has demonstrated good diagnostic
and prognostic ability in some patients with sepsis, although a meta-analysis of nine
studies reported only moderate sensitivity and specificity to predict mortality (0.75
[95% CI 0.61–0.86] and 0.66 [95% CI 0.54–0.75], respectively) [26].

6.2.6

Presepsin

Presepsin (soluble CD14) is a glycoprotein receptor involved in the activation of
Toll-like receptor 4 in response to the binding of lipopolysaccharide. Plasma levels
of presepsin rise early during sepsis, and it has a half-life of 4–5 h. Presepsin has
been shown to have diagnostic and prognostic value in patients with sepsis [27–29].
In a meta-analysis of eight studies assessing presepsin for the diagnosis of sepsis,
the pooled sensitivity and specificity were 0.86 (95% CI 0.79–0.91) and 0.78 (95%
CI 0.68–0.85), respectively [30]. Similar results were reported in a subsequent
meta-analysis of 18 studies [31].
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Application of Sepsis Biomarkers in Clinical Practice

In this section, we will concentrate on the two biomarkers that have been largely
investigated in clinical studies, CRP and PCT, but the same possible applications
will also apply to the other potential biomarkers mentioned earlier.

6.3.1

First Application: Recognition or Exclusion of Infection

Sepsis markers can be used to diagnose infection. As mentioned earlier, this is
important because any infection needs prompt therapy with appropriate antibiotics
and source control when indicated. Especially in patients with sepsis, any delay in
diagnosis retards initiation of appropriate treatment, which is associated with worse
outcomes [32].
Importantly, although we generally refer to these biomarkers as sepsis markers,
the more correct term is infection markers or even host response markers. Infection
typically includes some host response, not only fever and the associated tachycardia
but also altered white blood cell count and changes in the concentrations of these
“sepsis” markers. However, these markers are very sensitive, so that elevated concentrations reflect not only infection but also other types of host responses to trauma,
surgery (which is after all a special form of “programmed” trauma), pancreatitis,
etc. Indeed, the sepsis response is essentially triggered by pathogen-associated
molecular patterns (PAMPs), molecules, such as endotoxin, lipoteichoic acid, and
nucleic acid motifs, which are derived from microorganisms. These PAMPs bind to
pattern recognition receptors (PRRs) on macrophages, polymorphonuclear, and
endothelial cells, causing an increase in the transcription of genes involved in
inflammatory responses and leading to the release of the inflammatory mediators of
sepsis. Importantly, damage-associated molecular patterns (DAMPs) released by
cellular injury, for example, postsurgery, trauma, or burns, can induce the same
inflammatory reaction through the same receptors [33]. This explains why biomarker levels can increase in both sepsis and other inflammatory conditions and
why a fever should not always be treated with antibiotics. In addition, many critically ill patients have some degree of gut hypoperfusion, which may be responsible
for translocation of bacteria and their products, again leading to an inflammatory
response [34]. This event can occur in situations where infection is not predominant
(e.g., in trauma) but may again contribute to the “infection-like” host reaction.
This lack of specificity for an infectious source of the inflammatory response has
an important consequence: biomarkers are more useful to rule out than to rule in
infection. Indeed, unless very high, concentrations of sepsis markers are not actually very good at identifying an infection or distinguishing infection from other
causes of inflammation. Because of this low specificity, the so-called “SpPIn” rule
(a test with a high specificity, if positive, rules in the diagnosis) may not be applicable for the diagnosis of sepsis [5]. However, as discussed earlier, low biomarker
concentrations can be used to exclude the presence of infection (Fig. 6.1). This ability for a diagnostic test to rule out a diagnosis may be assessed by several indices
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Fig. 6.1 Biomarkers are
more useful to rule out
than to rule in infection
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including a low negative likelihood ratio (best if close to zero), which is a combination of sensitivity and specificity in a single parameter [5].
CRP has been widely studied for its potential as a diagnostic biomarker of
sepsis. Ugarte et al. reported a sensitivity of 71.8% and specificity of 66.6% for
diagnosis of infection in 190 adult ICU patients, with a CRP cutoff value of
7.9 mg/dL [35]. In 112 ICU patients, Povoa et al. [36] reported a sensitivity
of 93.4% and a specificity of 86.1% for infection using a CRP cutoff of >8.7 mg/
dL. In surgical ICU patients, Santonocito et al. reported that CRP levels increased
more in the first few days after major surgery in infected than in non-infected
patients [37].
Because many, especially elderly, patients will already have a raised CRP concentration prior to ICU admission, an increase in CRP concentrations over time may
be more reliable to identify infection. Povoa et al. measured CRP concentrations
daily in a small cohort of ICU patients and reported that a maximum daily CRP
variation >4.1 mg/dL predicted development of nosocomial infection with a sensitivity of 92.1% and specificity of 71.4% [38].
Several studies have suggested that PCT may be a better diagnostic indicator than
CRP [39, 40]. However, in patients with acute exacerbations of chronic obstructive pulmonary disease (COPD), Daniels et al. reported that CRP was a better marker of infection than PCT [41]. Similarly, Gaini et al. reported that CRP was better than PCT as a
diagnostic marker for infection in patients with suspected community-acquired pneumonia [42]. In a recent study of 1572 episodes of suspected sepsis, Ljungström et al.
reported that CRP had greater sensitivity than PCT but much lower specificity [43].
In addition to aiding with diagnosis of infection versus other cause of inflammation, attempts have been made to use biomarker levels to distinguish between different types of infection. In a recent systematic review of 59 studies that used
biomarkers to distinguish between bacterial and nonbacterial infections, none of the
markers studied, including CRP and PCT, consistently showed high diagnostic performance [44]. Nevertheless, most studies included in the review reported higher
CRP and PCT concentrations in patients with bacterial infections than in those with
infections of other, mostly viral, causes [44]. Other biomarkers have been much less
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widely studied, and it is difficult to draw any conclusions regarding their ability to
differentiate between bacterial and nonbacterial infections.

6.3.2

 econd Application: Evaluation of the Severity of Disease
S
and Prognosis

For many biomarkers, the degree of change in concentration is proportional to the
severity of the disease and, therefore, to the risk of death. Biomarkers could therefore potentially provide useful information for patient triage, particularly in terms of
need for ICU admission. Lobo et al. [45] reported that ICU patients with serum CRP
levels >10 mg/dL at ICU admission were more likely to develop organ dysfunction
than patients with CRP levels <1 mg/dL and had higher mortality rates (36 vs. 21%,
p < 0.05). Raised CRP levels may also be associated with worse longer-term outcomes. For example, in nonsurgical ICU patients, Grander et al. reported that the
maximum ICU concentration during the ICU stay and the discharge CRP concentration were both independently associated with post-ICU mortality in ICU survivors [46]. However, in a mixed medical-surgical ICU, Al-Subaie et al. reported that
discharge CRP concentrations were not different in patients who were later readmitted to the ICU or died in the hospital after ICU discharge compared to other
patients [47].
In ICU patients with sepsis, Giamarellos-Bourboulis et al. reported higher mortality rates in those with PCT concentrations >0.85 ng/mL than in those with
PCT ≤ 0.85 ng/mL (OR for death, 2.404; 95% CI, 1.385–4.171, p = 0.002) [48]. In
patients with healthcare-associated pneumonia, PCT concentrations were significantly higher in 30-day non-survivors than in survivors [49]. In a meta-analysis of
23 studies, Liu et al. reported that an elevated PCT concentration was associated
with an increased risk of death, with a pooled relative risk of 2.60 (95% CI 2.05–
3.30, I2 = 63.5%) [50].
Importantly, changes in biomarker concentrations over time are again more valuable than single measurements. In the study by Lobo et al. [45], a decrease in CRP
concentration after 48 h in patients with CRP concentrations >10 mg/dL on ICU
admission was associated with a mortality rate of 15%, whereas an increase in CRP
was associated with a mortality rate of 61% (p < 0.05). Karlsson et al. [51] reported
in patients with sepsis that although PCT concentrations were similar in hospital
survivors and non-survivors, mortality rates were higher in patients whose PCT
concentration decreased by less than 50% over 72 h than in those whose levels
decreased by more than 50% (30 vs. 12%, p = 0.007). In a retrospective analysis of
409 ICU survivors, patients in whom CRP concentrations decreased by less than
25% between 48 and 24 h prior to discharge had increased mortality (23 vs. 11%,
p = 0.002) and post-ICU length of stay (26 [7–43] vs. 11 [5–27] days, p = 0.036)
than those in whom it decreased by more than 25% [52]. In a prospective multicenter study of 289 patients, Georgopoulou et al. [53] reported that patients in
whom the PCT on day 3 was decreased by more than 30% or was less than 0.25 ng/
mL had a mortality of 12% compared to 30% in patients in whom PCT on day 3 was
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greater than 0.25 ng/mL or had decreased less than 30% (p < 0.0001). In another
recent multicenter prospective study across 13 American ICUs, failure to decrease
PCT by at least 80% from baseline to day 4 was an independent predictor of 28-day
mortality in Cox regression analysis (hazard ratio 1.97 [95% CI, 1.18–3.30;
p < 0.009]) after adjusting for relevant confounders [54].
Few studies have directly compared the prognostic properties of different biomarkers. In an early study comparing CRP to PCT, we reported that PCT had a
stronger prognostic value than CRP [35]. Hoeboer and Groeneveld similarly
reported that PCT was more predictive of septic shock, organ failure, and mortality
in febrile critically ill patients [55].

6.3.3

Third Application: Therapeutic Guidance

If sepsis markers reflect the development and severity of the host response, then
logically they should be expected to provide information regarding patient response
to therapy. A persistently raised biomarker concentration could suggest that source
control is suboptimal or that the chosen antimicrobial regime is not adequately covering the causative pathogen(s). Similarly decreasing biomarker concentrations
may suggest resolution of infection (Fig. 6.2), enabling antibiotics to be stopped.
Adjusting antibiotic therapy according to biomarker concentrations could thus
potentially help reduce adverse effects and costs and reduce the development of
antimicrobial resistance. However, the potential risks associated with this approach
include poorer control of infection with increased risk of relapse.
In 50 adult ICU patients with sepsis, Schmit and Vincent [56] reported that
CRP concentrations decreased more rapidly in patients with a favorable response
to empiric antibiotics than in patients who required a change in antibiotic therapy.
Similarly, in patients with ventilator-associated pneumonia, serum CRP levels
at 96 h were significantly lower in patients with appropriate than in those with
inappropriate empirical treatment [57], and in patients with community-acquired
pneumonia, those in whom CRP levels decreased by less than 60% by day 3 after
admission had an increased risk of having received inappropriate empiric antibiotic
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treatment [58]. However, use of CRP levels to guide therapy has rarely been tested
in adult patients with sepsis. In a randomized controlled study by Oliveira et al.
evaluating the effects of CRP- and PCT-guided algorithms to guide antibiotic discontinuation in patients with sepsis, CRP and PCT were similar in their ability to
reduce antibiotic duration [59].
Several studies using PCT-guided antibiotic therapy have been conducted in different groups of critically ill patients including those with community-acquired
pneumonia [60], lower respiratory tract infections [61, 62], suspected infection [63,
64], and with sepsis [65–69]. Most studies have reported reduced antibiotic duration
in patients managed using PCT algorithms to reduce antibiotic usage, with no negative impact on outcomes. However, a recent retrospective analysis suggested that
PCT use was associated with increased antibiotic days and incidence of Clostridium
difficile infection, with no change in mortality [70]. Moreover, studies using algorithms to escalate antibiotic therapy have suggested harmful effects of this approach
[71]. The most recent meta-analysis of studies that tested PCT-guided antibiotic
decisions for adults with sepsis or septic shock included ten randomized controlled
trials and concluded that “Up-to-date evidence of very low to moderate quality, with
insufficient sample power per outcome, does not clearly support the use of
procalcitonin-guided antimicrobial therapy to minimize mortality, mechanical ventilation, clinical severity, reinfection or duration of antimicrobial therapy of patients
with septic conditions” [72]. The latest Surviving Sepsis Campaign guidelines state:
“We suggest that procalcitonin levels can be used to support the discontinuation of
empiric antibiotics in patients who initially appeared to have sepsis, but subsequently have limited clinical evidence of infection (weak recommendation, low
quality of evidence)” [4].

6.4

Practical Limitations and Challenges of Biomarkers

Any biomarker value needs to be interpreted in the context of a full clinical history
and examination and the presence of other signs and symptoms of infection. This
aspect is true for all three potential biomarker roles. For example, no one would
diagnose sepsis simply based on an elevated CRP or PCT concentration—these
values offer support to the diagnosis when other signs are present, such as fever,
unexplained organ dysfunction, etc. Similarly, no one would guess the severity of
disease or likely outcome based on a biomarker concentration or even a trend in
concentrations without taking into account the multiple other factors that can indicate severity and impact on outcomes. And finally, no one would suggest stopping
antibiotic therapy in a patient with sepsis based purely on a (still somewhat random)
biomarker concentration, without considering the clinical status and evolution of
the patient and bacteriological factors, including the causative microorganism [73].
Indeed, although PCT-guided therapy may be associated with reduced antibiotic
exposure, there is no consensus on cutoff points at which antibiotics could be safely
stopped or on which algorithm of the many that have been tested is most effective.
Such decisions must be made at an individual patient level.
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Another challenge with the use of biomarkers is the complexity of the sepsis
response, which varies among individuals and within individuals over time, making
it unlikely that any one biomarker will ever be sufficient to diagnose sepsis, evaluate
prognosis, or guide treatment. Combinations of biomarkers may prove more useful,
but which biomarkers should be included in such panels is far from clear and will
likely vary according to the intended use of the biomarkers: diagnosis, prognosis, or
therapeutic guidance. In emergency department, patients suspected of having
community-acquired infections, a combination of six biomarkers (soluble urokinase-
type plasminogen activator, sTREM-1, macrophage migration inhibitory factor,
CRP, PCT, and neutrophil count), had a significantly greater area under the curve
(AUC) for bacterial infection than did any of the individual markers [74]. Similarly,
Gibot et al. reported that a combined score of PCT, sTREM-1, and the CD64 index
diagnosed sepsis better than any of the individual biomarkers [75]. In the study by
Dimoula et al. [19], the combination of CRP with CD64 expression had greater
diagnostic power than either biomarker alone.
Finally, the economics of biomarker use must not be neglected. de Jong et al. [64]
reported that antibiotic costs were reduced by about 34 euros per patient when using
a PCT-guided algorithm for antibiotic use. In addition to reduced antibiotic costs,
other cost savings associated with biomarker use may include shorter ICU and hospital stays, reduced adverse effects of antibiotics, and reduced development of antibiotic
resistance. In a retrospective, propensity score-matched multivariable analysis, Balk
et al. [76] reported that patients in whom a PCT test was performed on the first day of
ICU admission had significantly lower hospital and ICU lengths of stay, as well as
decreased total, ICU, and pharmacy costs of care. However, these potential cost savings need to be balanced against the costs of the biomarker tests, which, apart from
CRP, are still considerable. In a small study, Deliberato et al. reported a net cost saving
of $388 per patient after taking into account costs of PCT testing. And in a metaanalysis of 18 studies of PCT-guided antibiotic therapy in adults and children, costeffectiveness acceptability curves showed that PCT-guided treatment had a probability
of ≥ 84% of being cost-effective for the settings and populations considered [77].
Conclusion

Biomarkers reflect the magnitude of the host response to an aggression.
Importantly, the host response is not entirely specific for infection, because the
same molecular mechanisms are involved in different types of injury, including
the damage associated with trauma, postsurgery, burns, etc. Hence, there will
never be a biomarker that is 100% sensitive and 100% specific for infection or
even one that approaches the considerable sensitivity and specificity of troponin
for acute myocardial infarction. There will, therefore, never be a perfect marker
to answer the question “is this patient infected?”. CRP is not a perfect biomarker
for sepsis, but the advantages of PCT are only moderate. Panels of biomarkers
may be better than individual biomarkers to aid diagnosis, but which combinations of biomarkers are likely to be of greatest use remains a matter of ongoing
research. Whichever biomarker(s) is used, levels must be interpreted in the context of the full clinical picture and never in isolation.
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Key Points
• Clinical practice guidelines are propositions developed methodologically to help
physicians in their decisions concerning the appropriateness of care in a given
clinical setting.
• They lead to improvement in health outcomes by advancing the quality of clinical decisions, as they empower physicians to choose treatments of proven benefit
and to abandon those that may cause no benefit or harm.
• The Surviving Sepsis Campaign guidelines were developed to provide guidance
for clinicians caring for adult patients with sepsis or septic shock.
• The most recent SCC guidelines recommend the implementation of bundles in
improving the quality of care of patients.

7.1

Introduction

Recent years have witnessed an exponential growth of scientific data and published
material, with the number of indexed Medline publications rising from 2500 to
more than 5000 per month [1]. This huge quantity of information makes it difficult
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for physicians to integrate related information into daily practice. It has been estimated that between 30 and 50% of patients do not receive health care in accordance
with best practice [2, 3]. Translating research into clinical practice to improve
health-care decision-making is a major concern and is the spotlight of quality
improvement programs around the world. Clinical practice guidelines (CPG) are
one of the tools that have been developed to solve this problem.
CPGs are an important mechanism that can influence clinical practice. Many
local, national, and international societies develop tools to identify relevant clinical
areas, reviewing applicable evidence, formulating specific clinical questions and
recommendations that they believe clinicians and their patients should follow. As
a result, guideline panels have grown in size, which also poses a specific challenge
in decision-making. In this chapter, we review the methodologic considerations for
the development of international clinical practice guidelines while focusing on the
Surviving Sepsis Campaign guidelines and the key points in their recommendations.

7.2

Background

Sepsis is a frequently fatal condition that affects more than one million patients a
year in the United States alone [4]. Based on a better understanding of the pathobiology of infection, the Society of Critical Care Medicine (SCCM) and the European
Society of Intensive Care Medicine (ESICM) updated definitions of sepsis and septic shock in 2015. Sepsis is defined as a life-threatening organ dysfunction caused
by a dysregulated host response to infection. Septic shock can be defined as a subset
of sepsis in which underlying circulatory, cellular, and metabolic abnormalities are
profound enough to cause a substantial increase in mortality [5].
The Barcelona Declaration in 2002 established the formation of the Surviving
Sepsis Campaign (SSC)—a collaboration by the SCCM and the ESCIM to reduce
mortality from sepsis and septic shock. The aim was to harness the support of governments, health agencies, the public, and other health-care professionals to decrease
the relative mortality of sepsis by 25% over the following 5 years [6]. The Barcelona
Declaration outlined a six-point action plan designed to improve the management of
sepsis: building awareness of the problem, improving diagnosis and recognition,
defining and increasing the use of appropriate treatment and care, educating health-
care professionals, improving counseling and post-intensive care unit care, and
developing guidelines of care [6]. The initial SSC guidelines were first published in
2004 and revised in 2008, 2012, and 2016 [7–13]. The mortality of patients with
sepsis has improved over time [14]. In an observational study that included 29,470
patients in sepsis worldwide, every quarter of participation in the SSC initiative was
associated with a significant decrease in the odds of hospital mortality (odds ratio,
0.96; 95%CI, 0.95–0.97; P < 0.001) [15]. The developed guidelines followed a rigorous process which will be discussed in this chapter (Fig. 7.1). Since guidelines are
rarely integrated into practice in a timely fashion, the SSC recommends the use of
bundles, which simplify the intricate processes of care in patients with sepsis and
septic shock.
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7.3

Guideline Development

Health-care professionals rely heavily on the translation of evidence into CPG [16].
The United States Institute of Medicine (IOM) defines CPG as “statements that include
recommendations intended to optimize patient care that are informed by a systematic
review of evidence and an assessment of the benefits and harms of alternative care
options” [17]. The number of guidelines developed by medical societies has increased
exponentially in the last few decades. Clinicians, patients, and other stakeholders struggle with numerous and sometimes contradictory guidelines of variable quality [18].
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Until the 1990s, most guidelines were established based on expert opinion only [19].
While the advantages of this approach were simplicity and rapidity, it was later determined that these recommendations were in contradiction with systematic reviews.
Reliable and valid recommendations require a rigorous methodological approach combining systematic review of the results of clinical research with discussed and explicit
expert judgment [20]. CPG rely on evidence-based medicine (EBM) or factual medicine, which aims at conscientious, explicit, and judicious use of currently available
evidence for making and carrying out decisions about patient care [21]. International
collaboration offers additional opportunities to enhance guideline development [22].

7.3.1

Guideline Development Group

The guideline development group reviews the evidence, translates it into practice
recommendations, writes the guideline, and assures that the recommendations are
not biased by being based on factors other than the best available scientific evidence. These groups should include diverse stakeholders, such as content experts,
health-care professionals, and methodologists, with skills in evidence appraisal and
synthesis. It is important that the groups involve experts from a single discipline, as
groups without multidisciplinary membership have been associated with recommendations that are not evidence based [23–27]. A dysfunctional group may also
yield unreliable recommendations [28].
Guideline chairs and members are charged with weighing published evidence, transforming knowledge into recommendations, illuminating areas of continuing controversy, discarding outdated or disproven guidance, and eventually developing the
guidelines document. All of this requires deep engagement, diversity of opinion, and
substantial investment of time. In the updated version of the SSC guidelines, the selection of committee members was based on expertise in specific aspects of sepsis. The
guideline was generated by 55 international experts representing 25 international organizations involved in the care of patients with sepsis and providing 93 recommendations
on early management of sepsis and septic shock. The resulting large and diverse panels
present opportunities for decision-making, such as ensuring that all participants have a
voice and can influence the results of the debate, dealing with disagreements, achieving
consensus, ensuring transparency, and resolving situations in which consensus is not
possible. Co-chairs were appointed by the SCCM and ESICM governing bodies, and
each sponsoring organization appointed a representative who had sepsis expertise. The
SCC Guidelines Committee Oversight Group and the co-chairs were responsible for
appointing additional committee members and to balance continuity and provide new
perspectives with the previous committee’s membership and to address content needs.

7.3.2

Management of Potential Conflict of Interest

Conflicts of interest are a set of circumstances that create a risk that professional
judgment or actions regarding a primary interest will be unduly influenced by
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secondary interest [29]. Members of a guideline development group should disclose
any personal or household financial and nonfinancial COI relationships related to
the guideline topic. Several systematic reviews have highlighted the influence of
conflicts of interest on the opinion of experts and the conclusions of systematic
reviews and guidelines [30]. In 44 CPG in Europe and North America involving 199
experts, 81% had some relationship with the pharmaceutical industry, 58% had
received some financial support, and 38% had a consultation role or were employed
by industry [31]. This highlights the importance of an explicit and transparent procedure in the declaration made by the members of the working group concerning the
potential conflicts of interest with the main topic of CPG. An effective and neutral
chair is critical and should lead the group to ensure balanced contributions from all
members. The chair should facilitate discussion and consensus and have general
knowledge of the topic.
The updated SSC guidelines did not have any industry input, and the panelists did not receive any honoraria. Each member was required to complete a
personal disclosure of potential COI upon joining the guidelines panel and then
annually. If there was a risk of potential COI, these members had limited voting
opportunities on the topics pertinent to the COI, or they were assigned to a different group.

7.3.3

Question Development

Practice guideline development starts with identification of a clinical problem or
question. The updated SSC guidelines focus on early management of patients with
sepsis or septic shock. The SCC guideline development group was divided into five
different sections: hemodynamics, infection, adjunctive therapies, metabolic, and
ventilation. The group designations developed into the internal work structure of the
guidelines committee. For each question, the co-chairs and group heads defined the
relevant population, alternative management strategies (intervention and comparator), and the outcomes (e.g., population, intervention, comparator, and outcome
[PICO] format). Through discussion via e-mail, teleconferences, and face-to-face
meetings, topics were prioritized and organized.
Each clinical question provided the framework for formulating study inclusion
and exclusion criteria and guided the search for relevant evidence (systematic
reviews and original studies). Panels typically restricted included studies to randomized controlled trials (RCTs) for intervention questions but included observational studies when there was a paucity of RCT data addressing an intervention and
for questions of risk assessment. The decision regarding question inclusion was
reached by discussion and consensus among the guideline panel leaders with input
from panel members and the methodology team within each group. Questions from
the previous version of the SSC guidelines were reviewed, and those that were considered important and clinically relevant were retained. Questions that were considered less important or of low priority to clinicians were omitted, and new questions
that were considered high priority were added (Fig. 7.2).
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Fig. 7.2 The Surviving Sepsis Campaign guideline question development pathway

7.3.4

Decision-Making Process

Group consensus is critical in any guideline development process. It is required to
select and interpret evidence, to translate evidence into recommendations, and, in
settings when there is no clear evidence, to determine how to handle these situations. Most organizations use formal consensus processes, such as Delphi, nominal
group technique, or formal balloting. Formal methods have been shown to result in
a less biased and more evidence-based process than informal methods [24, 26, 32].
A guideline should clearly define a quorum and document the consensus process
[33–35]. The SSC guidelines required 80% agreement on the developed topics from
75% of the panel members. In settings where consensus was not met, reformulation
and revoting of the topics was required.

7.3.5

Grading of Recommendations

Trustworthy guidelines are based on high-quality systematic reviews of evidence
[36–39]. Guideline development groups synthesize and grade evidence using a standardized approach. There are several different grading systems available; however,
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the Grading of Recommendations Assessment, Development, and Evaluation
(GRADE) system is increasingly being adopted by guideline developers worldwide [40, 41]. This method uses structured approaches to collect, analyze, and
summarize the relevant evidence and to use that evidence to produce and grade
recommendations.
The GRADE methodology is based on assessment of evidence according to six
categories: (1) risk of bias, (2) inconsistency, (3) indirectness, (4) imprecision, (5)
publication bias, and (6) other criteria, followed by assessment of the balance
between benefit and harm, patients’ values and preferences, cost and resources, and
feasibility and acceptability of the intervention [41–46]. GRADE classifies quality
of evidence as high, moderate, low, or very low. It also allows the quality of evidence derived from observational data to be upgraded from low to moderate or high
categories and the quality of evidence coming from randomized trials to be downgraded depending on the details of design and execution of the studies. This
approach to determining the quality of evidence requires subjective judgment and
thus invites differences of opinion.
A strong recommendation reflects the collective opinion of the guideline development group that the desirable effects of the intervention (e.g., beneficial health
outcomes, less burden on staff and patients, and cost savings) will clearly outweigh
the undesirable effects (e.g., harms, more burden, and greater costs) [47].
Alternatively, a weak recommendation suggests that the desirable effects will outweigh the undesirable ones, but the panel is not certain about trade-offs. This situation occurs when key evidence is of low quality or the benefits and downsides are
closely matched [47].
In order to explore the range and distribution of the opinions held by SSC guideline development group within the GRADE framework, a GRADE grid was
designed and implemented. This grid allows members of the panel to record their
views about the balance between the benefits and disadvantages of specific interventions, after review of the available evidence. This assessment is then mapped to
the strength of recommendation for each intervention, which should be assigned on
the basis of evaluation of the evidence, benefits and harms, consistency, clinical
effect, and generalizability and applicability, as well as patient preferences. Clear
identification of the quality of evidence and strength of clinical recommendations
increases the trustworthiness and improves the implementation of clinical guidelines [48–50].
Guideline development groups assess whether the desirable effects of adherence
outweigh the undesirable effects, and the strength of a recommendation reflects the
degree of confidence in that balance assessment. A strong recommendation in favor
of an intervention conveys the certainty the desirable effects of adherence to a recommendation will clearly outweigh the undesirable effects [51]. A weak recommendation in favor of an intervention indicates the conclusion that the desirable effects of
adherence to a recommendation probably will outweigh the undesirable effects. This
occurs due to low-quality evidence—and thus uncertainty remains regarding the benefits and risks—or the benefits and downsides are closely balanced. In the SSC
guidelines, a strong recommendation is worded as “we recommend” and a weak
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Table 7.1 Factors determining strong versus weak recommendations
What should be considered
High or moderate quality
of evidence
Certainty about the
balance of benefits vs.
harms and burdens

Certainty in, or similar,
values
Resource implications

Recommended process
The higher the quality of evidence, the more likely a strong
recommendation
 – A larger difference between the desirable and undesirable
consequences and the certainty around that difference, the
more likely a strong recommendation
 – The smaller the net benefit and the lower the certainty for
that benefit, the more likely a weak recommendation
The more certainty or similarity in values and preferences, the
more likely a strong recommendation
The lower the cost of an intervention compared to the alternative
and other costs related to the decision (i.e., fewer resources
consumed), the more likely a strong recommendation

recommendation as “we suggest.” There are several different factors which need to
be considered in determining strong versus weak recommendations, such as the quality of evidence, certainty about the balance of benefits versus harms and burdens,
certainty in the values, and the resource implications (Table 7.1).
Describing a recommendation as strong implies that many patients would accept
that intervention and a majority of clinicians should use it in most situations.
Circumstances may exist in which a strong recommendation cannot or should not be
followed for an individual because of that patient’s preferences or clinical characteristics that make the recommendation less applicable. A strong recommendation
does not imply standard of care. Additionally, best practice statements (BPS) represent ungraded strong recommendations and are used under strict criteria. An
instance where a BPS would be appropriate includes situations when the benefit or
harm is unequivocal, but the evidence is hard to summarize or assess using GRADE
methodology [52].

7.4

 urviving Sepsis Campaign Guideline
S
Recommendations

7.4.1

Utilization of Surviving Sepsis Campaign Bundles

International guideline recommendations are rarely integrated into practice in a
timely fashion. In order to overcome this impedance, the SSC guidelines recommend
the use of bundles to simplify the complex processes of care in patients with sepsis
and septic shock. This development of a practical working plan aims to more easily
convert recommendations into practice [53]. Bundles as set of elements of care,
when distilled from evidence-based guidelines and implemented into a group, have
an effect on outcomes beyond implementing the individual elements alone [54]. The
SSC bundles are an important vehicle in aiding and tracking implementation of the
SSC guidelines. The SSC bundles have undergone revisions over time based on the
best available evidence. The most recent update is shown in Table 7.2.
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Table 7.2 The Surviving Sepsis Campaign bundles
To be completed within 3 h
Measure lactate level

Obtain blood culture prior to
antibiotics

Administer broad-spectrum
antibiotics
Administer 30 mL/kg
crystalloid for hypotension or
lactate level ≥ 4 mmol/L

To be completed within 6 h
Apply vasopressors (for hypotension that does not respond to
initial fluid resuscitation) to maintain a mean arterial
pressure ≥ 65 mmHg
In the event of persistent hypotension after initial fluid
administration (MAP <65 mmHg) or if initial lactate was
≥4 mmol/L, reassess volume status and tissue perfusion and
document findings according to attached table
Re-measure lactate if initial lactate is elevated

Increased compliance with sepsis bundles in the United States is associated with
a decrease in mortality from sepsis and septic shock to less than 10% [55].
Investigators have shown comparable results in other developed countries such as
the United Kingdom and Spain [56, 57]. The SSC recently published outcomes of
bundle implementation over a 7.5-year period and showed that participation in the
SSC alone improved mortality [58]. Additionally, hospitals with higher guideline
compliance also had reduced hospital and ICU length of stay [58]. These results
revealed the sustainability of better outcomes with increased compliance. Similar
results are seen in developing countries such as India, Brazil, and China [59–61].
Compliance with SCC bundles has also been shown to reduce hospital care costs,
with a reduction in up to $5000 per patient in the United States [62]. Consistent
adherence to the SSC bundles can be further extrapolated to cost savings in the billions of dollars in all patients with sepsis and septic shock. However, adherence to
guidelines remains low, specifically among internal medicine and emergency room
physicians at the forefront of managing patients with sepsis and septic shock [63].
Well-described barriers to implementation of evidence-based guidelines include
lack of familiarity, lack of agreement, and an inability to overcome the inertia of
existing behavior [64]. Utilization of a performance improvement program is
strongly associated with improved bundle compliance [65]. Furthermore, initiatives
such as educational programs, clinical decision support tools, and dedicated medical staff have been introduced worldwide, which have augmented compliance with
bundle implementation [65]. A multifaceted approach using early recognition strategies, multidisciplinary educational sessions, and continuous performance assessment may have an exponential value [66, 67].

7.4.2

Educational Programs

Educational programs may vary according to institutional practices, but they should
include training of physicians and nursing staff in the definitions of sepsis and septic
shock, their early recognition, and benefits of timely management. The aim of such
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educational processes should be to affect a culture change to support the immediate
treatment of sepsis and septic shock in the same manner as a trauma, stroke, or
myocardial infarction. Such training can be delivered in various innovative ways—
from an e-learning package to simulation-based courses [68, 69]. Its efficacy should
be assessed by measuring bundle compliance rates. Regular reinforcements should
be scheduled to assure the program’s sustainability and to avoid a gradual decline in
health-care provider awareness. Outcome measures and process-of-care variables
(e.g., bundle compliance) should be assessed regularly to determine the effectiveness of each educational program. Implementation of educational programs based
on the SCC guidelines broadens awareness, enhances interdisciplinary collaboration, improves bundle compliance, and also leads to improved mortality [57, 70].

7.4.3

Clinical Decision Support Tools

Early detection of sepsis is often difficult, as its presentation may be subtle and
insidious. Even after the implementation of educational programs, the diagnosis can
be delayed. Additional factors such as excessive workload, patient acuity, and high
patient care responsibilities are well-defined barriers to early detection and SCC
guideline adherence [71]. Physiologic deterioration often precedes clinical deterioration, and the recognition of this concept has led to the development of early warning systems to enhance early identification of patients who are at high risk for
decompensation [72]. Use of an early warning and response system which monitors
real-time laboratory values and vital signs has been shown to improve early sepsis
care and may reduce sepsis mortality [73]. An early warning system that brings an
interdisciplinary team to the bedside should integrate the patient’s vital signs and
laboratory values into the electronic medical record and establish a threshold for
triggering the alert. The National Early Warning Score (NEWS) incorporates respiration rate, oxygen saturation, temperature, systolic blood pressure, pulse rate, and
level of consciousness and is used in the emergency department to rapidly identify
patients with sepsis and septic shock [72]. The Prehospital Early Sepsis Detection
(PRESEP) score assesses vital signs and blood sugar levels and can be utilized in
the prehospital setting [74]. In the emergency department or hospital wards, commonly used early warning scores may be more accurate than bedside tools such as
qSOFA or SIRS in predicting in-hospital mortality and ICU transfer in patients with
suspected infection [75]. Implementation of an early warning system improves
early sepsis care and has an important role in optimizing timely compliance with the
SSC bundles [71, 74]. However, there are no comparative studies of early warning
systems that demonstrate a clear and significant difference between them.

7.4.4

Dedicated Medical Staff

Early identification and standardized management of sepsis is the cornerstone of the
SSC guidelines, and hospital-based systems should be established to facilitate
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prompt identification of these patients [76]. Institutional support is crucial in cultivating an environment of early recognition and management of patients with sepsis
[76]. Infrastructural platforms must be enabled by administrators and implemented
by health-care providers [77]. Development of quality improvement and performance initiative projects should be utilized to provide continuous feedback to
health-care workers. This can ultimately lead to a reduction in sepsis-related mortality, ICU length of stay, and an increase in cost savings [78, 79]. Once a patient with
sepsis has been identified, a dedicated sepsis response team may be deployed to
enhance compliance with the SSC bundles. This sepsis response team is essentially
a specialized rapid response team, organized and equipped to provide early goal-
directed therapy [80]. The sepsis response team can be equipped with fluids, antibiotics, and the means to obtain venous access in order to expedite timely management
of these patients. These teams can deliver protocolized care in early sepsis and lead
to the appropriate utilization of the sepsis resuscitation bundle. Such a team should
be multidisciplinary and include a critical care physician, hospitalist physician, and
nursing staff. If institutional resources permit, the addition of a pharmacist responder
has also been shown to improve bundle compliance [81].
Conclusion

Clinical practice guidelines are propositions developed methodologically to help
the physician and the patient in their decisions concerning the appropriateness of
care in a given clinical setting. They can apply to prevention, diagnostic procedures, treatments, or follow-up policies of a given disease or group of diseases.
CPG evaluate the present state of knowledge of a particular clinical setting,
based on the critical appraisal of scientific data, and judgment of a group of
experts, and delineate management strategies for the patients concerned. They
lead to improvement in health outcomes by advancing the quality of clinical
decisions, as they empower physicians to choose treatments of proven benefit
and to abandon those that may cause no benefit or harm.
The SSC guidelines were developed to provide guidance for clinicians caring
for adult patients with sepsis or septic shock. They are intended to be best practice and are not created to represent standard of care. The most recent SCC
guidelines recommend the implementation of bundles in improving the quality
of care of patients. Achieving compliance with the guidelines is dependent on the
institutional support and can include educational programs, early warning system utilization, and sepsis response teams.
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Despite being considered one of the cornerstones of treatment, many aspects of
intravenous fluid administration to patients with sepsis remain controversial. While
recent data have provided considerable insights, there remains uncertainty as to the
type, rate and volume of fluid that should be administered. In addition, the appropriate balance between fluids and vasopressors to achieve adequate end-organ perfusion at various stages of the septic insult is open to debate. Nonetheless, there is
increasing evidence that the volume, nature and timing of fluid given can have a
significant influence upon patient outcome. Finally, the conventional paradigms
regarding fluid administration and fluid bolus therapy are being increasingly challenged by newer evidence.
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Definitions

Fluid resuscitation can be defined as intravenous fluid administered because the
clinician judges that there is inadequate end-organ perfusion. This is distinct from
the ongoing maintenance fluids administered, intravenously or enterally, to meet
ongoing patient needs. Sometimes the line between the two may blur.

8.2

Causes of Organ Dysfunction in the Septic Patient

Understanding of several key aspects of organ dysfunction of sepsis has increased
markedly over the last 20 years, reflected in the updated International Consensus
Definitions for Sepsis and Septic Shock published in 2016 [1].
In patients challenged by severe infection, the endogenous release of cytokines
(e.g., tumour necrosis factor, interleukins, etc.), eicosanoids and other mediators activates an inflammatory cascade, and organ dysfunction may be due to both circulatory
and cellular abnormalities that follow. In particular, several mechanisms of lethal cell
injury have now been described (necroptosis [2], apoptosis [3], ferroptosis [4]) that are
independent of perfusion and much more closely related to immunological and metabolic events. These observations make it uncertain whether organ injury in sepsis is an
immune injury-dependent phenomenon or a tissue hypoxia-induced event or both.
The rationale underlying a ‘fluid-liberal’ approach is that organ dysfunction is
mainly hypoperfusion-related and therefore reversible with fluid. A positive fluid
balance when applied beyond the first 24 h has, however, been associated with
worse outcomes [5, 6].
Here, we briefly revisit some of the major causes of circulatory disturbance and
organ dysfunction in sepsis.

8.2.1

Circulatory Disturbances in Sepsis

Absolute volume depletion may be present due to poor intake or excess losses (e.g.,
from diarrhoea, vomiting). Ongoing fluid loss through capillary leakiness may
exacerbate volume depletion beyond this initial stage [7].
Vasodilatation, mediated by increased production of nitric oxide by inflammatory
mediators, contributes to vascular smooth muscle relaxation, producing the so-called
vasoplegia of sepsis, presenting in its most extreme form as septic shock. The Third
International Consensus Definition for Sepsis and Septic Shock (Sepsis-3) defined shock
as a vasopressor requirement to achieve a mean arterial pressure of at least 65 mmHg,
accompanied by a serum lactate level > 2 mmol/L, despite adequate fluid resuscitation
[1]. It should be recognized that ‘adequate’ fluid resuscitation is challenging to define.
Septic myocardial depression, a cytokine-mediated phenomenon of decreased
right and left ventricular contractility, impaired response to filling, and reversibility
with resolution of sepsis [8], is common in patients with sepsis and septic shock [9].
In 1 series of 67 mechanically ventilated septic patients free from known previous
cardiac disease, it was reported in 60% of patients within the first 3 days of
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admission [10]. In its most extreme form, septic myocardial depression can lead to
profound coexisting cardiogenic shock.

8.2.2

Organ Dysfunction in Sepsis

Any of the above circulatory disturbances can affect end-organ perfusion and function in sepsis. They are accompanied by changes at a cellular level, which are only
partly understood, likely driven by inflammatory mediators, as well as changes to
the microcirculation.
Given that many clinicians use blood lactate concentrations and oliguria to guide
fluid resuscitation, these two areas warrant specific discussion.
First, increased blood lactate concentrations that occur with sepsis are generally
not due to cellular hypoxia from hypoperfusion [11], although this may sometimes
be the case if there is significant intravascular volume depletion. Serum lactate
concentration may be better viewed as a nonspecific indicator of cellular or metabolic ‘stress’ [12]. This is not to downplay its importance as a marker of illness
severity, with increases strongly associated with mortality. However, attempts to
increase the cardiac output using fluids or inotropes, simply in response to an elevated serum lactate concentration in sepsis, may not be effective in improving
patient outcomes [13, 14].
Second, animal models of sepsis-induced renal dysfunction in the setting of a hyperdynamic circulation suggest that renal blood flow is actually increased rather than
decreased – with oliguria and acute kidney injury developing in parallel with increased
renal blood flow [15–17]. It is therefore hypothesized that redistribution of blood flow
within the renal microvasculature, with efferent arteriolar vasodilatation, might explain
the associated reduction in observed glomerular filtration rate [18, 19]. Accordingly,
fluid boluses for oliguria, if given to augment renal blood flow, which may already be
enhanced during sepsis, are logically unlikely to benefit and may well cause harm.
Such an approach risks fluid accumulation and may explain the association between
favourable outcomes and restrictive fluid regimens observed in several studies. For
example, the recent Scandinavian CLASSIC (Conservative versus Liberal Approach to
Fluid Therapy of Septic Shock in Intensive Care) trial reported that worsening of acute
kidney injury occurred less frequently in septic patients who received a conservative
approach to fluid management after their initial resuscitation (with fluid boluses only if
there were signs of severe hypoperfusion), when compared to ongoing fluid boluses as
long as the patient appeared to continue to respond to filling (odds ratio for worsening
acute kidney injury 0.46, 0.23–0.92, p = 0.03) [20]. The signal from this feasibility
study, which included 151 patients, requires further investigation.

8.3

The Fluid Bolus

Rapid administration of intravenous fluid with the aim of improving circulatory
disturbances constitutes the ‘fluid bolus’, described around the birth of modern critical care by Max Harry Weil more than 50 years ago. Its effect can be judged; he
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wrote, ‘by objective changes in circulation, such as blood pressure, mental alertness, urine flow, peripheral venous filling, and appearance and texture of the skin’
[21]. Intravenous fluid resuscitation dates even further back—to the 1830s—when
the life-restoring forces of a fluid bolus were eloquently described during the cholera epidemic [22]. Hence, its origins are from hypovolemic shock.
The rationale underlying the administration of a fluid bolus is to achieve an
increase in end-organ perfusion rapidly and thereby minimize the duration of end-
organ hypoperfusion. The 2016 Surviving Sepsis Campaign guidelines strongly
recommend that ‘in the initial resuscitation of sepsis-induced hypoperfusion, at
least 30 mL/kg of IV crystalloid fluid be given within the first 3 h’, though they
acknowledge that the quality of evidence supporting this is low [23]. Interesting, a
retrospective analysis of 49,331 patients receiving mandated emergency care for
sepsis found that time to completion of a first bolus of intravenous fluids was unrelated to mortality (Fig. 8.1) (odds ratio 1.01, 95% CI 0.99–1.02), a result that
requires prospective evaluation [24]. It is our opinion that administration of lesser
volumes, particularly in those patients with significant coexisting illnesses such as
congestive heart failure and chronic renal disease, may be prudent. In all patients,
frequent reassessment of the haemodynamic status after initial resuscitation is recommended [23].
Conventional Guytonian physiology teaches that if a fluid bolus is to improve
organ perfusion, it must increase the stressed volume of the circulation and thereby
venous return and cardiac output [25]. If a fluid bolus is administered and patient is
not a ‘responder’ (i.e., it does not produce a significant increase in cardiac output,
which might arbitrarily be defined as >10–15% [26]), it may only produce tissue
oedema, thereby exacerbating organ dysfunction. There are an increasing number of
studies associating a positive fluid balance and increased mortality in sepsis [27,
28]. While this association may represent that higher severity of illness is associated

Risk adjusted
In-Hospital Mortality (%)

Fig. 8.1 Data from a large
retrospective database of
49,331 patients looking at
time to treatment and
mortality during mandated
emergency care for sepsis.
Time to completion of the
initial bolus of intravenous
fluid was unrelated to
risk-adjusted in-hospital
mortality. Ninety-five
percent confidence
intervals are displayed (OR
1.01, 95% CI 0.99–1.02)
[24] (With permission,
New England Journal of
Medicine)
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with greater volumes of fluid to treat more substantial haemodynamic disturbances,
an alternative explanation is that administration of less fluid—and, by extension,
more vasopressor use to correct hypotension—may have merit.
A recent analysis of a large retrospective dataset of approximately 23,000 septic
patients reported an association with greater mortality for those patients who
received more than 5 L of fluid in the first 24 h, after adjusting for illness severity
[29]. For lesser volumes, mortality appeared unaffected by volume.
In the recent FENICE study that described fluid challenge practices in 2213
patients in 46 countries, the median volume of fluid given was 500 mL (IQR 500–
1000 mL), over a median time of 24 min (IQR 40–60 min) [30]. The most common
indication for its administration was hypotension, present in 59% of patients [30].
Approximately half of the patients with a negative response to fluid received a further fluid bolus, the same proportion as in those who did respond. A relatively low
proportion of responders, between 54.4 and 60.5% (depending on the volume and
rate of administration), was also found in a recent large systematic review and meta-
analysis of the fluid challenge technique [31]. This suggests that decision-making
surrounding fluid boluses remains somewhat arbitrary, or at least not guided by
classical teaching regarding fluid responsiveness. It has been suggested that
decision-making may be driven by a clinical culture where there is a fear of not giving enough fluid, more than anything else [32].
Whether a fluid bolus is actually the best way to resuscitate a septic patient has
been challenged by the observations from the landmark Fluid Expansion as
Supportive Therapy (FEAST) Study [33]. This trial compared the use of fluid
boluses with 5% albumin or 0.9% saline versus resuscitation without boluses, in
African children with severe febrile illness and impaired perfusion. Of note, children with severe hypotension all received fluid boluses initially. These data revealed
significantly greater mortality at 48 h in those patients assigned a fluid bolus: 10.6%
and 10.5% mortality with albumin boluses and 0.9% saline boluses, respectively,
compared with 7.3% with no bolus (p = 0.004). The difference in survival was
apparent even after 4 h. Subsequent analysis suggested that the mechanism of death
in the fluid bolus group was likely cardiovascular collapse, rather than neurological
or respiratory events. This has led to the suggestion of cardiotoxicity or ischemia-
reperfusion as the mechanism for these deaths [34, 35].
While these patients were generally aged between 1 and 3 years, in regions that
had limited capacity for advanced supportive cardiorespiratory care that would be
considered standard in many countries, and many were suffering from malaria and
severe anaemia, these results are thought-provoking. To summarize, we are uncertain that the conventional approach to liberal fluid bolus therapy leads to optimal
outcomes.

8.4

Indications for Fluid Administration

When considering whether to administer fluid to a patient with sepsis or septic
shock, we believe that several factors may be relevant.
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1. A fluid bolus (i.e., administration of fluid without any prior predictive test of
responsiveness), is appropriate initially if there is evidence of hypoperfusion
(e.g., delayed capillary refill, mottling, oliguria) and/or hypotension (e.g.,
MAP < 60 mmHg).
2. The stage of sepsis is an important consideration with regard to fluid administration. Note that an ongoing positive fluid balance beyond the early phase, particularly beyond 24 h, is associated with harm, rather than benefit [5, 6]. This remains
only an association, however.
3. Dynamic predictors of fluid responsiveness (e.g. passive leg raising, pulse pressure variation) are more sensitive than static measures (e.g. central venous pressure), which are less reliable [26, 36–40].
4. An acute physiological response to fluid does not guarantee that fluid administration will lead to improved patient-centred outcomes.
5. While the optimal blood pressure is uncertain, the judicious use of vasopressors
rather than persistence with large volumes of fluid should be considered.
6. Oliguria and acute kidney injury may be an epiphenomenon and are not absolute
indications for further fluid.
7. Further evaluation (e.g., using echocardiogram) may have an important role
when trying to understand mechanisms of shock in patients who are not responding well to initial treatment.
Predicting fluid responsiveness may be useful, particularly when deciding
between ongoing fluid administration and introducing or increasing vasopressors.
There are several methods to predict whether a patient will be fluid responsive. The
most appropriate method used will depend on local availability, expertise, personal
preference, and patient factors. Some of the more commonly employed methods are
summarized in Table 8.1.
Studies incorporating fluid responsiveness as a guide to fluid resuscitation have
been small and few in number, with conflicting results [41, 42]. As has been
observed, such an approach may lead to cardiac output being ‘maximized’ rather
than ‘optimized’, depending on the algorithm used [43]. In other words, continuing
to administer fluids until a patient enters the flat part of the Frank-Starling curve
may not be optimizing their haemodynamic state at all. Conversely, the potential
benefit of incorporating fluid responsiveness into management would be that those
unlikely to respond would be identified, thereby avoiding potentially deleterious
fluid loading [41].
Moreover, when a fluid bolus is given, its actual effect may not be sustained.
Knowledge about the duration of a fluid bolus’ effect appears limited: a recent systematic review of the fluid challenge found that in only 5 of 85 studies was the
haemodynamic effect actually assessed beyond 10 min [44]. A study of 26 postoperative patients, post general and cardiothoracic surgery, who received a 250 mL
fluid bolus of Hartmann’s solution over 5 min suggested that even in those patients
who had an initial increase in cardiac output at 1 min as assessed by a lithium-
dilution calibrated system (LiDCOplus), the haemodynamic effects had essentially
dissipated after just 10 min [44]. Another study of 20 patients with predominantly
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Table 8.1 Common means of predicting fluid responsiveness
Method of
prediction
Pulse pressure
variation (PPV)
Or stroke volume
variation (SVV)

Bilateral passive
leg raise [38, 47]

Fluid challenge
(or mini-fluid
challenge)
[48–50]

Underlying principle
Cyclical changes in
intrathoracic pressure
with mechanical
ventilation alter RV
and LV preload and
afterload
Assess beat-to-beat
variation in stroke
volume as reflected by
arterial pulse pressure
variation (PPV) or by
direct estimation of
stroke volume (cardiac
output monitoring
device [46] or
echocardiography—
LVOT VTI)
Cardiac preload is
transiently increased
by recruiting about
200–300 mL of blood
from the legs to the
central circulation (a
reversible fluid
challenge)

Give small amount of
fluid, e.g., 250 mL,
over 5–10 min and
look for change in
cardiac output before
committing to larger
volumes
(Mini-fluid
challenge = 100 mL
over 1 min has been
more recently
proposed)

Preconditions for
use
PPV—arterial line
SVV—continuous
cardiac output
monitoring device
or
echocardiography
Patient well
adapted to
mechanical
ventilation (often
sedated, in a
mandatory mode)
Absence of
arrhythmias

May have
decreased
sensitivity in
presence of
intra-abdominal
hypertension

Comments
False positives if:
i Arrhythmias
ii Spontaneous breathing
(especially if high
respiratory workload)
iii RV dysfunction
False negatives can occur if:
i Lower tidal volumes
<8 mL/kg (insufficient
change in cardiac
preload)
ii Ratio of heart rate/
respiratory rate > 3.6 [26]
May therefore only be used
in a limited number of
patients
Applicable to patients with
arrhythmias and whether
breathing spontaneously or
mechanically ventilated [38]
Assess increase in cardiac
output after 1 min of leg
raise by:
i Change in arterial
pressure
ii Increase in stroke volume
as measured by
echocardiography (LVOT
VTI) or cardiac output
monitoring device
Widespread applicability
makes it potentially useful,
with high sensitivity and
specificity, though it may
not be practical in all
patients
Avoid if intracranial
hypertension
No prediction before fluids
are infused
Allows assessment of effect
prior to giving further
volume
May require cardiac output
monitoring device or
repeated echocardiography
to assess effect (though an
increased MAP may be a
surrogate of increased CO)
(continued)
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Table 8.1 (continued)
Method of
Underlying principle
prediction
Echocardiography Respiratory variation
[39, 40]
of the IVC and SVC
can be used in
mechanically
ventilated patients

Preconditions for
use

Comments
Respiration variation in IVC
diameter (TTE) or in SVC
diameter (TOE)
SVC changes are more
specific of the two [39], but
measurement requires TOE
Interpretation may be
limited by significant
spontaneous breathing
efforts, decreased lung
compliance and ventilator
settings (e.g. low tidal
volumes)
Echocardiography also
allows assessment of other
important causes of shock

NB An increase in cardiac output or stroke volume of more than 10–15% in response to rapid fluid
administration is a standard definition of ‘fluid responsiveness’ [26]
Note 1. Various definitions of fluid responsiveness exist
RV right ventricle, LV left ventricle, LVOT VTI left ventricular outflow tract velocity time integral,
TTE transthoracic echocardiogram, TOE transoesophageal echocardiogram, IVC inferior vena
cava, SVC superior vena cava

septic shock who received 500 mL crystalloid bolus over 30 min, after the initial
resuscitation phase (greater than 6 h of vasopressor use), similarly found that cardiac output had returned to baseline within 1 h in responders [45]. While these studies focus on physiological outcomes, one might extrapolate these observations to
favour vasopressor use rather than further fluid boluses beyond the early resuscitation period.

8.5

Endpoints of Initial Fluid Resuscitation

The acute physiological endpoint chosen to guide fluid administration may be clinical (e.g., blood pressure, heart rate, cognition, urine output, capillary refill, and skin
temperature) or an investigation (which varies in sophistication and invasiveness,
from a serum lactate to estimating changes in cardiac output and tissue perfusion).
Each endpoint has various strengths and limitations and only tells part of a complex
circulatory picture. For example, as mentioned above, serum lactate is a good
marker of severity of illness, but is nonspecific and unreliable as a marker of organ
perfusion in sepsis.
An approach known as early goal-directed therapy (EGDT), where early resuscitation of septic patients was guided by targeting central venous oxygen saturations
>70%, achieved through a combination of intravenous fluids, vasopressors, inotropes, and blood transfusion, has been shown in three large RCTs from the United
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States (PROCESS) [51], Australia/New Zealand (ARISE) [52] and the United
Kingdom (PROMISE) [53] to not be superior to ‘usual care’, where treatment was
guided by clinical assessment. Furthermore, EGDT led to more interventions and
greater cost.

8.6

Choice of Fluid

An ideal fluid for the septic patient would be one that was inexpensive and readily
available; did not accumulate, cause toxicity or metabolic derangements; and was
associated with a sustained intravascular effect [54].
Crystalloids are solutions containing freely permeable ions, whereas colloids are
suspensions of molecules in solution. It is important to recognize that no particular
type of fluid has been proven to improve patient-centred outcomes, although starchcontaining colloids have been reported to worsen some important outcomes [55,
56]. The lack of a proven superior type of fluid may explain the wide variation in
fluid prescription internationally [57].

8.6.1

Colloids

Semisynthetic colloids, such as starch and gelatins, were popular due to their
decreased cost when compared to albumin. Two recent landmark RCTs have compared the use of starches to crystalloid in ICU patients. The 6S Trial compared
hydroxyethyl starch (130/0.42, Tetraspan) to Ringer’s acetate in 798 patients admitted to the ICU with sepsis. This trial reported an increased risk of death and increased
use of renal replacement therapy in patients who received starch [56]. The CHEST
study compared hydroxyethyl starch (130/0.4, Voluven) with 0.9% NaCl in 6651
ICU patients. Of these, 1937 (29%) were septic. Increased renal injury and renal
failure were reported in patients who received starch [55]. Gelatins, another semisynthetic colloid, may be similarly toxic [58]. We therefore would recommend
avoidance of both starches and gelatins.
An alternative colloid is albumin. In 2004, a preplanned subgroup analysis of
septic patients in Australian and New Zealand SAFE study (the Saline versus
Albumin Fluid Evaluation [SAFE] study), which compared 4% albumin with 0.9%
saline as fluid replacement in critically ill patients, suggested that the risk of death
may be lower with albumin than saline in sepsis [59]. Within the limitation of a
subgroup analysis, this observation is thought-provoking, with a subsequent meta-
analysis suggesting an association between the use of albumin-containing solutions
in sepsis and lower mortality [60].
More recently, the results of the ALBIOS (Albumin Italian Outcome Sepsis)
trial, which included 1795 patients with sepsis, who were randomized to receive
daily 20% albumin aiming for an albumin concentration of 30 g/L when compared
to standard care, were not superior in terms of organ failure rates—as measured by
SOFA scores—or in the mortality rate [61]. However, a post hoc analysis reported a
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reduction in mortality in the subgroup of patients with septic shock, which requires
further evaluation. While albumin appears not to be harmful in sepsis, except in
traumatic brain injury patients [62], it does not have any established benefit over
crystalloid.
The idea that colloids might have a dramatic volume-sparing benefit in the critically ill (as could be assumed from studies in health) was not observed in the SAFE
study of 4% albumin, nor the above two starch studies, where the observed ratio of
colloid to crystalloid was 1: 1.3 [55, 56, 59]. Damage to the endothelial glycocalyx
layer in sepsis plays a major role in increased membrane permeability, such that the
increased intravascular half-life of colloid is largely lost [63].

8.6.2

Crystalloids

Balanced crystalloid solutions (e.g., Hartmann’s solution/Ringer’s lactate and
Plasma-Lyte) intuitively have potential benefits when compared to 0.9% NaCl, particularly as their composition is usually representative of electrolyte concentrations
in humans. Other problems associated with 0.9% NaCl, including a metabolic acidosis from the chloride load, and the potential for chloride-induced nephrotoxicity,
are concerns, but more likely to be problematic when the administered volume is
larger. A before-after study suggested that avoidance of chloride-rich fluids might
lead to decreased rates of acute kidney injury and need for renal replacement therapy [64]. However, the subsequent ‘SPLIT’ (Effect of a Buffered Crystalloid
Solution versus Saline on Acute Kidney Injury Among Patients in the Intensive
Care Unit) study failed to demonstrate any renoprotective effect from avoiding
0.9% NaCl, similar to the SALT (Balanced Crystalloids versus Saline in the
Intensive Care Unit) study that also addressed this question [65, 66]. Further trials
in this area are ongoing [67, 68]. Resuscitation of septic patients with hypertonic
saline has an insufficient evidence basis, and as such it cannot be recommended.
The authors would currently support the use of a balanced crystalloid, or 4% (or
5%) albumin for filling in septic patients, and the avoidance of semisynthetic colloids (starch, gelatins). In the absence of any further evidence, 0.9% NaCl remains
an acceptable and inexpensive alternative to balanced crystalloid solution, although
it may be problematic if used in very large volumes. 4% albumin is a reasonable
alternative where readily available, as long as the patient does not have a traumatic
brain injury.
Conclusions

Fluid administration is a frequent intervention in septic patients, with increasing
evidence that it may considerably influence the outcome. Considerations should
include the patient’s cumulative fluid balance, fluid responsiveness and the early
use of a vasopressor to avoid excessive fluid administration beyond the initial
resuscitation phase.
While there is not compelling evidence for one crystalloid over another, there is
the potential that balanced crystalloids may be associated with less harm, par-
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ticularly if a significant amount of fluid is given. Semisynthetic colloids (starches
and gelatins) should be avoided, while 4% albumin appears safe in the absence
of traumatic brain injury.
Further data are needed to determine whether fluid administered as a bolus is
harmful in the adult critical care setting, to explore the optimal balance between
fluids and vasopressors in the supportive phase of septic shock, and to understand whether certain crystalloids lead to better patient-centred outcomes.
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Septic shock is the most severe form of sepsis in which profound circulatory, cellular, and metabolic abnormalities occur [1, 2]. It is clinically identified by persistent arterial hypotension despite optimal fluid resuscitation requiring vasopressor
agents and associated with signs of altered tissue perfusion (altered skin perfusion, oliguria, altered mental state) and confirmed by elevated blood lactate levels
reflecting abnormal oxygen metabolism [3]. The hemodynamic alterations of septic shock are characterized by impaired endothelial function resulting in profound
alterations in vascular tone leading to arterial and venular dilation, associated
with severe hypotension, hypovolemia (volume loss due to impaired endothelial
barrier function and increased permeability and volume redistribution related to
dilation of venous reservoir), and impaired blood flow distribution between organs
and within organs (microcirculatory level). In addition, myocardial depression
frequently occurs. In most cases myocardial depression has minimal impact on
cardiac output and tissue perfusion, but in some cases it may result in an inadequate cardiac output. These hemodynamic alterations are typical of those of distributive shock [4].
Vasopressors are administered to correct hypotension, aiming at restoring tissue
perfusion. In this chapter we will review the indications for vasopressor use, the
target blood pressure, the hemodynamic and other effects of vasopressors, and the
different types of vasopressors.
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9.1

Indications and Goals

9.1.1

 ypotension May Contribute to Impaired Organ
H
and Tissue Perfusion

Septic shock is characterized by a decreased vascular tone leading to hypotension and worsening of tissue perfusion. Several mechanisms contribute to the
decreased vascular tone and include either activation of guanylate cyclase, leading to vasodilation, or impaired sensitivity to vasoconstrictive substances such as
catecholamines, vasopressin, and angiotensin (Fig. 9.1) [5]. Among the mediators implicated in vasodilation, nitric oxide (NO) through the activation of inducible nitric oxide synthase (iNOS) and vasodilatory prostaglandins may play a key
role. The decreased sensitivity to catecholamines, vasopressin, and angiotensin is
related both to a reduction in the number of the respective receptors and to uncoupling of the receptor from its intracellular effectors [6–8]. Interestingly, the desensitization can vary according to the receptor type, between patients, as well as
over time, which may have implications for selection of the vasopressor agents. A
patient failing to respond to one agent may respond to an agent from another class.
In addition, relative adrenal insufficiency may also contribute in some cases [9].
Hypotension is generally considered as systolic arterial pressure <90 mmHg or a
mean arterial pressure (MAP)<65 mmHg [1, 2]. While one may naively consider
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that hypotension should not be an issue as long as blood flow is preserved, hypotension is the driving pressure of the different organs. In septic pigs, maintaining MAP
50–60 was associated with a higher degree of impairment in renal function compared to 75–85 mmHg, even though there were no differences in cardiac output
[10]. In patients with septic shock, correction of severe hypotension is associated
with improvement in creatinine clearance and lactate [11].
Profound and persistent hypotension represents an independent risk of death [12,
13]. Even non-sustained hypotension (<60 min) is associated with poor outcome
and should not be neglected [14].

9.1.2

Specificities of Some Organs (Kidney, Brain, etc.)

The principal autoregulatory mechanisms that control the regional blood flow
distribution and perfusion of the microcirculation are the global autonomic control, global and local pressure-flow relations, and local autoregulatory control (via
neuroendocrine, paracrine, and mechanosensory pathways). Normally different
vascular beds have different pressure-flow relations (regional P/Q) [15], and they
also have different O2 extraction capacities (regional VO2/DO2) [16]. These mechanisms adapt the locoregional tissue oxygen transport to metabolic needs. Alteration
of these processes in sepsis is mainly due to a decreased adrenergic responsiveness
and a pathologic imbalance between local vasoconstrictor and vasodilatory mediators (NO, endothelin, thromboxane A2, etc.) leading to blood flow heterogeneity
within organs, with a consequent dissociation between blood flow and metabolic
demand.
Endothelial dysfunction in sepsis induces changes in blood flow distribution
between the different organs. These variably affect the different vascular beds.
The mesenteric circulation is typically altered as a result of increased sympathetic
tone and renin-angiotensin activation inducing vasoconstriction of the mesenteric
territory, whereas downregulation of endothelial nitric oxide synthase (eNOS) can
decrease the endothelium-dependent vasodilation. In humans, hepatic flow generally increases in parallel with cardiac output, but hepatic venous saturation (Sho2)
can decrease [17]. Renal blood flow is generally increased in hyperkinetic models
but the repartition between medullar and cortical flow is altered probably largely
because of an increased release of NO. As mentioned above, hypotension is associated with development of AKI [18]. Cerebral blood flow is typically preserved,
even in hypokinetic models. However, autoregulation of cerebral perfusion can be
altered in sepsis [19], and cerebral blood flow may be dependent on blood pressure at MAP levels between 65 and 85 mmHg and can even be affected by changes
in cardiac output [20]. Autopsy findings and nuclear magnetic resonance studies
suggest ischemic lesions may occur in patients with septic shock [21]. These data
suggest that preservation of perfusion pressure is particularly important in sepsis,
but that the level of the ideal perfusion pressure for a given individual is difficult
to predict.
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Implications for the Microcirculation

The microcirculation is responsible for the fine tuning of distribution of flow at the
organ level. The generalized endothelial dysfunction of sepsis has been associated
with severe microcirculatory alterations in sepsis. these are characterized by capillary rarefaction and heterogeneity of perfusion, with no-flow capillaries in close
viscinity to well perfused capillaries [22, 23].
The effects of vasopressors on microvascular perfusion are not straightforward.
On the one hand, vasopressors vasoconstrict precapillary sphincters and venous outflow, which may impair microvascular perfusion. On the other hand, correction of
hypotension may restore the driving pressure of capillaries. Accordingly, the effects
of vasopressors on the microcirculation are expected to be highly variable and
depend on patient condition.

9.2

Timing of Introduction

Vasopressor therapy is used to counteract life-threatening hypotension. It is important to consider introduce a vasopressor early in the resuscitation phase of septic
shock (salvage phase [4]), even when hypovolemia has not been completely
resolved.
Early initiation of vasopressors may be associated with several beneficial effects
in septic shock. By restoring vascular tone in capacitance veins, norepinephrine
increases cardiac preload. This results in an increase in cardiac output in preload-
dependent patients and reduces the degree of preload dependency [24]. This could
help to limit the positive fluid balance and prevent harmful fluid overload.
Administration of norepinephrine with restoration of the MAP also improves the
microcirculation, recruiting microvessels, and improving tissue oxygenation [25].
Early correction of hypotension is probably associated with improved outcome.
Both duration and degree of hypotension have been associated with increased mortality in septic shock patients [12, 13] so that it sounds attractive to rapidly correct
hypotension. While it is difficult to conduct randomized trials delaying introduction
of vasopressor therapy, observational trials have shown that delay in correcting
severe hypotension is associated with an increased mortality rate [26]. Altogether
these data suggest that hypotension should be corrected without delay.

9.3

Target of Arterial Pressure

Targeting a MAP of 65–70 mmHg is considered as a good initial goal [27].
Observational trials showed that a MAP below 65 mmHg was associated with an
increased mortality rate in septic shock patients. Interestingly, these trials failed to
show differences in outcome between 65 and 70 mmHg and higher values. In an
experimental model of sepsis, conflicting results have been observed: targeting a
MAP of 50–60 mmHg was associated with an increased incidence of acute kidney
injury (AKI) compared to a higher MAP of 75–85 mmHg, but it didn’t translate into
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a survival benefit maybe because targeting the higher MAP level was also associated with a more positive fluid balance and greater vasopressor load [10].
Vasopressors cause vasoconstriction, and excessive vasoconstriction can cause two
main problems: (1) it can alter the microcirculation and interfere with the mechanisms regulating the distribution of blood flow in the periphery, and (2) vasoconstriction can increase afterload and result in impaired right and left ventricular
function. In addition, vasopressor agents are associated with their intrinsic side
effects (i.e., arrhythmias with adrenergic agents, impaired splanchnic perfusion
with vasopressin) which are dose dependent, and reaching higher MAP levels
requires higher doses of vasopressors.
Limited size interventional trials evaluated the effects of different MAP levels on
various indices of tissue perfusion and renal function in patients with septic shock [28,
29]. Overall these trials were unable to show a significant benefit for a higher MAP
level but demonstrated an important individual response. In a trial randomizing 776
patients with septic shock to a higher (80–85 mmHg) or a lower (65–70 mmHg) MAP,
no differences in mortality at 28 or 90 days between the two groups [30]. However the
higher MAP target was associated with an improved kidney function and less requirement than the low MAP target. This potential beneficial effect was mitigated by an
increase in the incidence of arrhythmias and in myocardial infarction.
Even though increasing MAP to higher values than 65 mmHg could be beneficial
in some patients, it can also be associated with harmful effects. For each patient a
balance needs to be made between achieving an adequate arterial pressure and limiting adverse effects associated with fluid and vasopressor administration.
It is very difficult to identify patients who may benefit from a higher MAP value.
Some factors like age and history of hypertension suggest that a higher MAP value
may be desired, but even in these cases a high individual variability has still been
observed. One of the key problems in defining “optimal” arterial pressure at the individual level is that global measures of perfusion (cardiac output, central or mixed
venous oxygen saturation) do not always reflect what occurs at the tissue level, both
in terms of regional perfusion (i.e., renal perfusion) and microvascular perfusion. One
may thus consider to use surrogates of organ or microvascular perfusion (i.e., urine
output, lactate, venoarterial difference in PCO2) and perform a MAP challenge during
which the changes in these variables are evaluated. In case of absence of improvement
at higher MAP target, it is probably wiser to come back to the 65 mmHg target.
So after achieving an initial value of at least 65 mmHg, the MAP level should be
adjusted taking into account various indices of tissue perfusion including mental
state, skin perfusion (mottling and capillary refill time), urine output, lactate levels,
and venoarterial PCO2 gradients.

9.4

Which Vasopressor

Different classes of vasopressor agents may be considered. It should be noted that
even though alpha-adrenergic agents, vasopressin, and angiotensin stimulate different receptors (Fig. 9.1), the underlying mechanism leading to constriction is identical: after activation of the surface receptor, the increase in phospholipase C and
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Table 9.1 Main effects of vasopressors
Agent
Adrenergic

Receptor
stimulation
Alpha-adrenergic
Beta-adrenergic
Dopaminergic

Vasopressin

Angiotensin
II

V1
V2
V3
Octreotide
receptor
Angiotensin

Effect
Vasopressor effect
+ Inotropic, splanchnic, and microvascular perfusions
/−/ Tachycardia and arrhythmias, metabolic
+ Splanchnic and renal perfusions (Questionnable in
critically ill patients)
/−/ Tachycardia and arrhythmias, immunologic, impact on
pituitary axis
Vasopressor effect, improved glomerular filtration rate,
decreased permeability, inhibition of KATP channels
Anti-diuresis, platelet aggregation
ACTH release
Vasodilation
+ Vasopressor effect
/−/ Antidiuretic effect (ADH release)

+ positive effect, /−/ negative effect
Table 9.2 Stimulation of the different adrenergic receptors
Dopamine
Norepinephrine
Epinephrine
Phenylephrine

Alpha
++
++++
++++
++++

Beta
++
+
++++
/−/

Dopaminergic
+
/−/
/−/
/−/

protein kinase C leads to mobilization of calcium stores and entry of calcium in the
cell which induce vasoconstriction. The different response to these agents arises
because of the density and localization of the different receptors (density varies in
the different vascular beds, resulting in difference in regional perfusions), downregulation of these receptors in sepsis (the downregulation of adrenergic, vasopressin, and angiotensin II varies individually), and the associated stimulation of other
receptors (i.e., beta-adrenergic, dopaminergic, vasopressin 2 and 3, etc.) with its
own hemodynamic and metabolic consequences (Table 9.1).
It should be noted that all vasopressor agents carry the risk to impair cardiac
function: the septic heart is very sensitive to an increase in afterload; restoring blood
pressure may hence unmask sepsis-associated myocardial depression and compromise cardiac output and hence tissue perfusion.

9.4.1

Adrenergic Agents

Adrenergic agonists are the first-line vasopressors because of their rapid onset of
action, high potency, and short half-life, which allows easy dose titration.
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Each vasopressor (dopamine, norepinephrine, phenylephrine, and epinephrine)
has specific hemodynamic, metabolic, immunomodulating effects (Table 9.2). While
norepinephrine, phenylephrine, and epinephrine have similar vasopressor effects (a
similar increase in blood pressure is achieved by administering a similar dose of
these agents), dopamine is less potent. The other effects depend on the additional
stimulation of beta-adrenergic and/or dopaminergic receptors. Stimulation of each
type of adrenergic receptors has pros and cons. For example, α-adrenergic stimulation will increase vascular tone and blood pressure, but it could increase the afterload
to the left and right ventricle, potentially decreasing cardiac output and regional
blood flows, especially in the hepatosplanchnic region; for these reasons, phenylephrine (pure alpha-adrenergic agent) is rarely indicated. At the other extreme, betaadrenergic stimulation can increase regional blood flows by increasing cardiac
output, but also increases the risk of myocardial ischemia, promotes arrhythmias,
and is associated with immunodepression and metabolic effects (hyperglycemia,
hyperlactatemia). Epinephrine has a combined alpha- and beta-adrenergic effect. As
the dose of the agent is driven by the response in arterial pressure (and thus the alphaadrenergic effect), epinephrine at low doses has minimal metabolic effect and
increases tissue perfusion, while at higher doses this agent is associated with strong
metabolic effects. At high doses, epinephrine decreased splanchnic blood flow and
increased blood lactate levels compared to norepinephrine in septic shock patients
[31]. Epinephrine is also with tachycardia and an increased incidence of arrhythmia.
In a randomized controlled trial comparing norepinephrine and epinephrine in
patients with septic shock, epinephrine was associated with arrhythmic and metabolic effects that resulted in withdrawal of 13% of patients from the study, but there
were no differences in the achievement in hemodynamic targets [32]. It is difficult to
determine the impact of these effects on mortality as it was evaluated only in one
underpowered randomized study which showed a nonsignificant increase in day 28
mortality with epinephrine compared to norepinephrine [33].
Dopamine was initially considered as having a beneficial combination of alpha-,
beta-, and dopaminergic effects. However it became rapidly obvious that the potentially beneficial effects of dopaminergic stimulation on splanchnic and renal perfusion are blunted in patients with shock, while the negative impact on heart rate and
pituitary axis are still observed. As a result, dopamine is associated with tachycardia
and an increased incidence of arrhythmias [34]. More importantly, dopamine is
associated with an increased risk of death compared to norepinephrine (relative risk:
1.1 (1.01–1.20); p = 0.035) [35]. Hence, dopamine is no longer recommended for
the treatment of patients with septic shock.
Norepinephrine has predominantly α-adrenergic properties, but its modest
β-adrenergic effect helps to maintain cardiac output. Its administration generally
results in a clinically significant increase in mean arterial pressure, with little change
in heart rate or cardiac output. The usual dose is 0.1–2.0 mcg/kg min.
Given its favorable head-to-head comparisons with other adrenergic vasopressors, norepinephrine is considered as the vasopressor of choice in septic shock
patients [36]. Epinephrine may at best be considered as a second-line agent for
severe cases [36]. The authors consider that if norepinephrine is unable to increase
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MAP to the desired target, it is better to use vasopressin or angiotensin which are
acting on alternative receptors than to give an additional alpha-adrenergic agent
with potentially more adverse effects.

9.4.2

Non-adrenergic Agents

In cases of septic shock not responding satisfactorily to norepinephrine, adding
another vasopressor with a different mechanism of action may be considered. Non-
adrenergic vasopressors can be considered either as an alternative to adrenergic
agents in order to limit their potential adverse effects (arrhythmias and metabolic
effects) or as additional agents in case of limited response to alpha-adrenergic
agents. Both vasopressin and angiotensin II can be considered for this purpose.

9.4.2.1 Vasopressin
Vasopressin and its analog terlipressin exert their effects by way of vascular V1a
receptors and renal tubular V2 receptors. V1a receptor stimulation leads to arterial
vasoconstriction and V2 stimulation increases renal free water reabsorption.
Terlipressin has higher affinity for vascular receptors than vasopressin as assessed by
a higher V1a/V2 ratio compared with vasopressin (2.2 vs. 1, respectively). While the
vasopressor effect is related to V1 receptor stimulation, stimulation of the other vasopressin receptors can generate other less desired effects (Table 9.1). At high doses
vasopressin impairs splanchnic perfusion and can lead to gut and liver ischemia.
Vasopressin has emerged as an adjunct to catecholamines for patients who have
severe septic shock. The rationale for its use is the relative vasopressin deficiency,
described in septic shock especially when not responding to norepinephrine, but
vasopressin receptor desensitization should also be considered. Administration of
vasopressin usually increases vascular tone and blood pressure, helping to reduce
the need for the use of adrenergic vasopressors. Of note, vasopressin may decrease
blood flow in the heart, kidneys, and intestine, so it should be administered only in
patients with a high level of cardiac output.
In the Vasopressin and Septic Shock Trial (VASST), the investigators found that
the addition of low-dose vasopressin to norepinephrine in the treatment of patients
with septic shock was safe, spared norepinephrine infusion and may have been associated with a survival benefit for patients receiving limited doses of norepinephrine
[26]. The VANISH trial evaluated the impact of early vasopressin use versus norepinephrine on kidney failure in patients with septic shock; the early use of vasopressin
did not improve the number of kidney failure-free days [37]. More importantly, this
study failed to confirm the hypothesis that less severe patients may benefit from
vasopressin compared to norepinephrine, as survival rates were identical with the
two agents.
Altogether, these trials demonstrated that (1) a low-dose vasopressin can be used
to spare doses of norepinephrine or to help to restore blood pressure in patients with
limited response to norepinephrine; (2) a low-dose vasopressin is safe and associated with minimal adverse effects; (3) a low-dose vasopressin has neutral effects on
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mortality compared to norepinephrine and can thus be used as a safe alternative/
adjunct to this agent.
The current recommendations suggest adding vasopressin to norepinephrine as a
second-line vasopressor, with the intent of raising mean arterial pressure to target
and/or to decrease norepinephrine dosage [36]. Vasopressin should not be used at
doses higher than 0.03–0.04 U per minute.
Terlipressin, an analog of vasopressin, has a duration of action of several hours,
as compared with minutes for vasopressin. For this reason, it does not offer an
advantage over vasopressin in the ICU. The ideal dose of terlipressin remains to be
determined.
New V1 derivatives (selepressin, etc.) are currently under investigation in humans
and have shown promising effects in experimental conditions.

9.4.2.2 Angiotensin
Angiotensin II is a strong vasoconstrictive peptide which may help to restore blood
pressure in cases of septic shock not responding to norepinephrine. In sepsis, a
decreased angiotensin II sensitivity has also been reported. Nevertheless, experimental studies have shown that angiotensin II administration can help to maintain
blood pressure with minimal metabolic effects. In a recent trial, angiotensin II was
shown to increase blood pressure and to spare norepinephrine doses [38].
Interestingly, administration of angiotensin II was associated with a trend toward a
decrease mortality at day 28 (46 vs. 54%, p = 0.12) which may justify conduction
of further trials to ensure the safety and effectiveness of this agent. At this stage and
in the absence of large-scale trials evaluating the effects of angiotensin II on outcome, it is probably premature to use this promising agent outside clinical research.
9.4.2.3 Nitric Oxide (NO) Inhibitors
Nitric oxide plays a pivotal role in the development of vasodilatation during septic
shock. In the healthy state, nitric oxide is continuously produced at low concentrations by a calcium-dependent nitric oxide synthase (NOS1 and NOS3, cNOS) from
the substrate l-arginine. This enzyme resides in the vascular endothelial cells and
plays an important role in the control of normal vascular tone. Endotoxin and cytokines released during the host response to infection induce a calcium-independent
NOS (NOS2, iNOS). Induction of iNOS can result in the sustained production of
nitric oxide for a prolonged period of time (up to 10 h), despite the presence of negative feedback mechanisms. The increased production of nitric oxide has been associated with hypotension, decreased responsiveness to vasoconstrictors, and
development of multiple organ dysfunction. Inhibiting the production of nitric oxide
or modulating its effects was thought to be beneficial in patients with septic shock.
Several agents had been used as NOS inhibitors in sepsis, such as methylarginine
(l-NMMA) and nitroarginine (l-NNA). The study done by Lopez et al., a multiple-
center, randomized, placebo-controlled trial, using a nonselective nitric oxide synthase inhibitor (l-NMMA) in septic shock patients, showed a detrimental effect
with an increase in mortality [39]. Accordingly, the administration of nonselective
NOS inhibitors is currently not recommended in septic shock patients.
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Methylene blue inhibits guanylate cyclase and hence modulates the effects of
nitric oxide. Limited size clinical trials have shown that this compound can effectively increase blood pressure without detrimental effects on cardiac function [40],
but large-scales trials are required to ensure safety and effectiveness of this agent.

9.4.2.4 Steroids
Corticosteroids have been investigated for more than 60 years in the management of
patients with septic shock. Yet their use in practice still remains controversial. While
so-called low-dose hydrocortisone may help to restore responsiveness to vasoconstrictive substances and shorten shock duration, their impact on outcome remains
controversial. Current guidelines suggest adding IV hydrocortisone to treat septic
shock patients if adequate fluid resuscitation and vasopressor therapy are unable to
restore hemodynamic stability. The recommended hydrocortisone dose is 200 mg
per day, eventually as a continuous infusion to improve glycemic control, and it is
suggested by the Surviving Sepsis Campaign as a weak recommendation, with low
quality of evidence [27]. Two ongoing large-scale double-blind randomized trials
will provide new information in close future and may clarify these controversies on
the use of hydrocortisone in septic shock.
Conclusions

Prompt correction of hypotension seems desirable as both severity and duration
of hypotension are associated with a poor outcome. Norepinephrine, an alpha-
adrenergic agent, is considered as first-line vasopressor agent. When the patient
fails to respond to norepinephrine, alternative agents acting on different receptors should be considered as second-line agents rather than adding another adrenergic agent. Vasopressin at low dose is an excellent second-line agent. The role
of angiotensin II requires further investigations.
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10.1

The History of Multiorgan Failure

Organ dysfunction resulting from a maladaptive host response to infection defines
the sepsis syndrome [1]. For many patients, the simultaneous or sequential failure
of multiple organ systems triggered by the infection poses a greater threat to life and
health than the primary infection.
The emergence of multiorgan failure (MOF) as a recognized syndrome complicating multiple acute illnesses paralleled the rise of the modern intensive care unit (ICU)
in the 1970s [2, 3]. Advances in the early care of medical and surgical disease combined with the development of methods to support failing organs—including particularly vasopressors, hemodialysis, closed chest cardiac massage, and positive pressure
ventilation—unmasked MOF in many patients [4]. In other words, MOF represented
a new state of biological existence made possible by the ICU: patients who would
once have been dead were now alive, albeit in a state of profound organ dysfunction.
MOF has been commonly defined as “altered organ function in an acutely ill
patient such that homeostasis cannot be maintained without intervention” [5]. MOF is
also defined as failure or significant dysfunction of two or more organ systems [6].
Some advocate substituting “multiple organ dysfunction syndrome” (MODS) for
MOF because impaired organ homeostasis exists on a continuum and to emphasize
the need to interrupt progression of dysfunction to failure [5, 6]. In current usage,
however, MOF/MODS commonly refer to severe single organ failure or milder dysfunction affecting multiple organs. Sepsis III added another twist, since the term sepsis itself now incorporates MOF [1]. Regardless of definition, the MOF concept is
robust, with good construct and predictive validity [7] (Box 10.1). For clarity, we use
here “sepsis-associated MOF” rather than the more ambiguous term “sepsis.”
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Box 10.1: Terminology Applied to Multiorgan Failure

Multiple organ or multiorgan failure
Multiple systems failure
Progressive system(s) failure
Sequential system(s) failure
Acute organ system failure
Multiple system(s) organ failure
Remote organ failure
Multiple organ dysfunction syndrome
Organ dysfunction in the ICU

10.2

MOF Criteria and Scoring Systems

While MOF may be easy to recognize clinically, explicit diagnostic criteria were
necessary for research. Multiple scores exist [8], with most rating pulmonary, cardiovascular, and renal function and many also rating neurologic, hepatic, and hematologic function (Table 10.1). Scoring systems mainly describe the extent of organ
dysfunction rather than predict patient outcomes [9]. Nevertheless, and regardless
of the specific criteria, the number of organ failures predicts mortality [10, 11].
The three most widely used sepsis-associated MOF scores all evaluate the same six
organ systems: the Multiple Organ Dysfunction Score (MODS), the Logistic Organ
Table 10.1 Organ systems included in selected multiorgan failure criteria and scores
Baue [2]

CV
•

Pulm
•

Renal
•

Neuro
•

GI
•

Heme
•

Hepatic
•

•

•
•
•
•
•

•

•

•
•
•

•
•
•

•
•
•

Goris et al. [15]
Fry et al. [16]
Stevens [17]
Knauss et al. [18]
Caricco et al. [19]

•
•
•

•
•
•
•
•

Marshall et al. [20]

•

•

•

•

Hébert et al. [10]
Kollef [21]
Fagon et al. [22]
Moore et al. [23]
Marshall et al. [6]
Le Gall et al. [12]
Vincent et al. [13]
Levy et al. [24]
Howell et al. [25]

•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•
•
•

•
•
•
•
•
•
•

•
•

•

•
•
•

•

•

•

•
•
•

•
•
•
•
•
•
•
•

•
•
•
•
•

Other system(s)
Pancreas/
endocrine

Metabolic,
general
Metabolic,
immunologic

Infection

Metabolic

Abbreviations: CV cardiovascular, GI gastrointestinal, Heme hematologic, Neuro neurologic,
Pulm pulmonary
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Table 10.2 Sequential Organ Failure Assessment scorea
SOFA score
Respiration
PaO2/FiO2, mmHg
Coagulation
Platelets × 103/mm3
Liver
Bilirubin, mg/dL
(μmol/L)
Cardiovascular
Hypotension

Central nervous
system
Glasgow Coma
Score
Renal
Creatinine, mg/dL
(μmol/L) or urine
output

1
<400

2
<300

3
4
<200
<100
——— with respiratory support ———
<50
<20

<150

<100

1.2–1.9
(20–32)

2.0–5.9
(33–101)

6.0–11.9 (102–204)

>12.0 (<204)

MAP
<70 mmHg

Dopamine ≤5
or dobutamine
(any dose)

13–14

10–12

Dopamine >5 or
epinephrine ≤0.1 or
norepinephrine
≤0.1
6–9

Dopamine >15 or
epinephrine >0.1
or norepinephrine
>0.1
<6

1.2–1.9
(110–170)

2.0–3.4
(171–299)

3.5–4.9 (300–440)
or <500 mL/day

>5.0
(>440)
or <200 mL/day

Dysfunction System (LODS) score, and the Sequential Organ Failure Assessment
(SOFA) score (Table 10.2) [6, 12, 13]. Despite its informal development, the SOFA
score’s simplicity and (admittedly modest) predictive validation [11, 14] led to its
broad adoption, including its incorporation into the Sepsis III definitions [1, 11].
Sepsis III also introduced the qSOFA, a simplified SOFA score measuring only
pulmonary, cardiovascular, and neurologic function [11]. External validations of the
qSOFA have been mixed, dependent on the care setting, clinical outcome, and
model priorities [26, 27].

10.3

Epidemiology

10.3.1 Incidence
The incidence of sepsis-associated MOF depends on the criteria employed and population investigated [28]. In infected patients admitted to French EDs, 34% had a
SOFA ≥2 [26]. In a cohort of 184,000 ICU patients with suspected infection, 90%
had a SOFA ≥2 [27]. In a multinational study (N = 8353), 34% of patients in the
ICU at least 24 h had infection on ICU admission, and 50% had MOF [29].

10.3.2 Genetics
Evidence points to a heritable risk of death from infection not attributable to the risk
of acquiring infection. Among adoptees, early death from infection is increased by
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a factor of six if the biological—but not the adoptive—parent died early from infection [30]. If the adoptee died from infection, biological siblings’ risk of death from
infection was dramatically higher (HR 9.36, 95% CI 2.94–29.8) [31]. Similarly,
familial risk of influenza mortality appears independent of viral factors or shared
environment [32]. Because MOF is the usual mode by which acute infection causes
death, these findings indicate the risk of MOF from infection has a genetic component. Despite methodological limitations and the challenges posed by sepsis’s heterogeneity [33], polymorphisms related to TLR4, TNF, and IL-1 have been linked
to organ failure development and trajectory [34].

10.3.3 Natural History and Outcomes
The distribution of septic organ failures depends on the care setting, diagnostic criteria, and case identification methods. In a Spanish ICU cohort (N = 2619), most
patients (56%) had 2–3 organ failures at the time of sepsis diagnosis [35]. Pulmonary
failure was most common (75%), followed by cardiovascular (59%) and renal
(40%). Early descriptions emphasized a characteristic sequence of organ failures,
beginning with respiratory and progressing to hepatic, neurologic, and cardiac failure [2, 4, 36], but later studies deemphasized this concept. Regardless, MOF is the
most common cause of death in sepsis: among 1201 deaths in five sepsis trials,
death from MOF (43%) was more common than cardiovascular collapse (23%) or
refractory hypoxemia (13%) [37].

10.4

 athophysiology and Heterogeneity of Sepsis-
P
Associated MOF

The pathophysiology of sepsis-associated MOF involves multiple overlapping
pathways influenced by the physiologic insult and both fixed (e.g., genetic) and
variable (e.g., nutritional status) host characteristics. Sepsis may initiate a selfsustaining organ failure cascade such that removal of the inciting infectious
stimulus does not lead to MOF resolution. Relevant pathways include microvascular hypoperfusion, direct cell injury, inflammation, and cell hibernation/stunning
[38]. Cross talk between organ systems—crucial to MOF propagation—is mediated by hormones, cytokines, perfusion irregularities, oxygenation, and production, release, or accumulation of toxins.
No pathway in isolation dominates the progression from infection to
MOF. Sepsis-associated MOF is itself an amalgam of multiple phenotypes (clinical) and endotypes (biological), each of which may have a different prognosis
and optimal management [39]. A multicenter study of 2533 septic patients
employing a form of neural networks identified four phenotypes: (a) minimal
MOF, (b) predominant hepatic dysfunction, (c) shock with hypoxemia and
altered mental status, and (d) shock with isolated renal dysfunction [40]. Clusters
were not synonymous with sepsis etiology, preexisting conditions, or sepsis
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severity but nevertheless predicted distinct mortality patterns. Meanwhile, the
leukocyte transcriptome displays two distinct “sepsis response signatures,” one
of which is characterized by immune tolerance, T cell “exhaustion,” and higher
mortality [41].
Importantly, the host response to infection behaves as a complex nonlinear system [42]. Infection’s progression to MOF is determined by a dynamic network of
high-dimensional interactions. Such complexity may explain why treatments of
sepsis-associated MOF targeting a single plausible pathophysiologic mechanism
have been almost uniformly unsuccessful in clinical trials [43]. Absent a simple
linear chain from infection to MOF, therapeutic failure may result from the targeted
pathway’s insufficiency for organ failure development or progression, its inactivity
at the time of treatment, or unpredictable effects of the therapeutic perturbation on
other pathways [44].

10.5

MOF Prevention and Treatment

10.5.1 Global Sepsis Treatments
Dozens of pharmacologic agents targeting pathophysiological mechanisms of MOF
have been tested in clinical trials. So far, none have clear efficacy, even when
restricted to biomarker-identified subgroups. Sepsis treatments targeting immunomodulation are discussed in detail in Chap. 13.

10.5.2 High-Quality Supportive Care
Sepsis care defies easy protocolization [45]. Outcome optimization requires individualized management in addition to early, appropriate antibiotics and, when
applicable, source control [46, 47]. While antibiotic management is discussed elsewhere, we emphasize that delayed antibiotic administration is associated with worse
MOF [48, 49].
ICUs exist largely to treat or prevent MOF progression. However, which patients
benefit from ICU admission is unclear. While treatment guidelines for community-
acquired pneumonia direct location of care, such guidance is lacking for other infections. Validated pneumonia risk scores explicitly [50] favor outpatient management
for some pneumonia patients despite sepsis-qualifying organ dysfunction. Even
when both infection and organ failure are diagnosed, at least 2% of sepsis patients
are discharged home [51]. Additional research on triage for sepsis patients is
indicated.
Septic inpatients merit careful attention to prevention of complications.
Components of optimal care likely include:
• Deep vein thrombosis prophylaxis [52]
• Removal of invasive catheters as soon as they are unnecessary [53]
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• Measures to prevent ventilator-associated pneumonia, though some interventions are recently in question [54]
• Attention to the patient as a person, including engaging patients and families in
care [55, 56]

10.5.3 Treatments Targeting Specific Organ Systems
While ICU interventions may aid restoration of “normal” organ physiology, such
interventions can also reverse an adaptive response to infection, damage the target
organ more than they help it, or trigger adverse effects in distant organs via organ
cross talk [57]. As a result, many—though not all—evidence-based approaches to
sepsis-induced MOF reflect deadoption of harmful or useless interventions.

10.5.3.1 Pulmonary System
The quintessence of sepsis-associated pulmonary failure, the acute respiratory distress
syndrome (ARDS), is defined by the onset of hypoxemia (PaO2/FIO2 ≤ 300 mmHg
despite at least 5 cmH20 positive end expiratory pressure [PEEP]) and bilateral airspace opacities not fully explained by left atrial hypertension within 1 week of a
known insult [58]. Infection is by far the most common cause of ARDS [59].
Lung-protective ventilation (LPV) is the standard of care for ARDS. LPV
involves administration of small tidal volumes, PEEP titration in parallel with FIO2,
and maintaining plateau pressure <30 cmH2O to reduce progressive ventilator-
induced lung injury. The ARMA trial demonstrated that low (6–8 mL/kg ideal body
weight [IBW]) versus traditional (10–12 mL/kg IBW) tidal volumes improved survival and resolution of pulmonary organ failure [60]. LPV should be begun on intubation, as higher initial tidal volumes early in treatment are associated with increased
mortality [61].
“Open lung” strategies—which escalate PEEP before FIO2 to maintain target
PaO2—likely benefit patients with a PaO2/FIO2 ration ≤200 mmHg [62]. Recently,
the ART study (N = 1010) reported increased mortality in patients randomized to an
open-lung strategy, but overly aggressive recruitment maneuvers and high overall
mortality appear to limit these findings’ generalizability [63]. Approximately two-
thirds of patients with sepsis-associated ARDS exhibit a subtype associated with an
inflammatory cytokine profile, prolonged MOF, higher mortality, and improved outcomes with an open-lung strategy [64]. The effect of restrictive versus liberal fluid
management may also vary across ARDS subtypes [65].
Prone positioning improves ventilation of dependent lung units and likely
improves ARDS outcomes [66]. The most recent and influential trial of proning
studied 466 patients with at least moderate ARDS, demonstrating lower mortality
(16% vs. 33%, p < 0.001) with proning [67]. Many clinicians and investigators
feel that equipoise has been lost on the question of proning for at least moderate
ARDS [68].
Neuromuscular blockade (NMB) is the only pharmacologic therapy that currently has reasonable evidence for efficacy in ARDS. In 340 ARDS patients
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randomized to a 48-hour infusion of cisatracurium or placebo, the NMB group had
32% lower 90-day adjusted mortality [69]. Efficacy appeared greatest in patients
with baseline PaO2/FIO2 ≤ 120 mmHg. Due to generalizability concerns related to
protocolized deep sedation of control patients, a large, multicenter study comparing
NMB to standard care (i.e., light sedation and early mobilization where possible)
for severe ARDS is underway [70].
The timing of intubation may also be important. Noninvasive ventilation (NIV)
to “protect” the patient from intubation and mechanical ventilation with NIV may
adversely influence outcomes [59, 71]. Whether this reflects distinct ARDS dynamics or NIV-related “self-inflicted lung injury” [72] from high tidal-volume respiration cannot be determined from observational data.
Numerous other ventilator-related interventions have failed investigation for routine application in ARDS. Importantly, almost no data inform “rescue” therapy for
the rare ARDS patient with refractory hypoxemia. Failed therapies include high-
frequency oscillatory ventilation (which may even increase mortality versus LPV)
[73] and inhaled pulmonary vasodilators [74, 75]. Recent multi-society consensus
guidelines recommend against routine HFOV use [76]. While extracorporeal life
support (ECLS) allows radically lung-protective ventilation while preserving life in
severe ARDS, the evidence supporting its routine use for ARDS is poor, including
observational data from the H1N1 influenza pandemic [77] and a methodologically
limited trial that suggested referral to an ECLS-capable center improved outcomes
[78–80]. Randomized trials currently underway should improve the ECLS evidence
base in the next few years.
Many opportunities to improve ARDS outcomes involve increasing utilization of
proven therapies. Nearly 15 years after publication of ARMA, the LUNG-SAFE
study of 3022 ARDS patients from 50 countries found that only 60% were clinically
diagnosed with ARDS and 35% received tidal volumes >8 mL/kg IBW [59]. Among
patients with severe ARDS, only 38% received neuromuscular blockade, and 16%
underwent prone positioning. Further improvements in pulmonary organ failure
will likely require implementation science approaches to investigate why evidence-
based therapies are not applied, the reasons disproven therapies continue to be utilized, and methods to aid evidence-based adoption and deadoption of therapies [81].
ARDS Prevention
Most (though not all) experts see ARDS prevention as a worthwhile goal [82, 83].
Early application of LPV in at-risk patients likely reduces progression to ARDS
[84]. In contrast to older studies (in the pre-LPV era) in which IV steroids did not
prevent ARDS [85, 86], a meta-analysis suggested IV corticosteroids may reduce
ARDS development in patients presenting with severe community-acquired pneumonia [87]. To date, no other pharmacologic therapies have proven effective for
ARDS prevention [83]. Early administration of aspirin for patients at risk for ARDS
(including 78% with suspected sepsis), for instance, recently failed to reduce ARDS
incidence in a notably underpowered trial [88]. Agents of potential future interest
include inhaled corticosteroids and β-agonists, vitamin D, vitamin C, and inhibitors
of the renin-angiotensin-aldosterone axis [89].
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Oxygenation Goals
Tissue dysoxia is common in MOF, making oxygen supplementation an attractive
therapy. Given the biology of hemoglobin, however, hyperoxia does little to increase
oxygen delivery and may increase formation of reactive oxygen species. High FIO2
is also toxic to the lung, worsens ventilation/perfusion matching, and is associated
with worse outcomes in multiple other critical syndromes [90].
Two recent studies suggest harm from higher oxygenation targets in sepsis-
associated MOF. A trial of FIO2 1.0 versus FIO2 titrated to SpO2 88–95% in 442
intubated patients with septic shock was stopped early for possible harm from
hyperoxia (28-day mortality 45% vs. 35%, p = 0.12) [91]. A single-center trial
(N = 480), stopped early for slow enrollment, also suggested lower mortality and
improved MOF among patients randomized to SpO2 94–98% versus 97–100% [92].

10.5.3.2 Cardiovascular System
Cardiovascular failure is common in sepsis-associated MOF. Current MOF scores
measure distributive shock, which is associated with worse prognosis [93] and is
covered in Chap. 9. Here, we consider other forms of sepsis-associated cardiac
dysfunction.
Myocardial Dysfunction
Left ventricular (LV) systolic and diastolic dysfunction affects as many as 60–70%
of sepsis patients, depending on the criteria used and population studied [94].
Whereas depressed LV ejection fraction does not clearly portend poor prognosis
and often normalizes over time, the link to increased mortality is stronger for LV
strain and diastolic dysfunction. Toxicity from adrenergic overstimulation (both
endogenous and exogenous) may be more important than inflammatory cytokines
as a cause of microvascular dysfunction generally and cardiomyocyte toxicity specifically [95].
Inotropic support for septic cardiomyopathy has a long history but poor supporting evidence. Adrenergic agonism for inotropic support targeted to ScvO2 > 70%
was enshrined in early goal-directed therapy (EGDT) [96], but enthusiasm has
waned since EGDT failed validation in subsequent trials [45]. The non-adrenergic
inotrope, levosimendan, is a calcium-sensitizing agent also tested in septic shock. In
a trial of 516 septic shock patients, treatment with levosimendan may have worsened MOF compared to placebo [97].
Although seemingly counterintuitive, analogous to the benefits of reducing
adrenergic tone in systolic heart failure, β-blockade may improve septic shock outcomes by reducing ventricular work, interrupting adrenergic cardiomyocyte toxicity, and improving diastolic and endovascular function [98, 99]. Infusion of the
short-acting β-blocker esmolol appears safe in septic shock. However, while one
randomized trial of esmolol suggested benefit, its interpretation is limited by a lack
of placebo control, extremely high control group mortality, and heavy reliance on
levosimendan [100]. Trials are therefore underway to clarify this agent’s role in
septic shock.
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Cardiac Dysrhythmias
Almost a third of sepsis patients experience new-onset atrial fibrillation [101].
Incident atrial fibrillation is associated with worse outcomes, including mortality,
although causation is unclear. Optimal treatment is also unclear, as observational
data suggesting improved outcomes with β-blocker treatment rather than digoxin or
amiodarone suffer from confounding by indication [102].

10.5.3.3 Renal System
Up to 50% of ICU patients suffer acute kidney injury (AKI), with sepsis the most
common cause [103]. AKI is the most common element of sepsis-associated MOF,
and AKI in sepsis confers higher mortality [104]. Prevention and treatment of
sepsis-associated AKI are therefore a high priority.
Dopamine Receptor Agonists
Though low-dose dopamine (≤5 μg/kg/min) increases renal blood flow and urine
output, dopamine infusion is ineffective for AKI prevention or treatment [105].
While data are more encouraging for the D1 receptor agonist fenoldopam, its application in sepsis remains unclear and may be limited by its prominent antihypertensive effect [106].
Renal Replacement Therapy
Management of sepsis-associated AKI is largely expectant until renal replacement
therapy (RRT) is begun. The timing, mode, and intensity (or dose) of RRT are all
important questions.
• Mode: While continuous RRT (CRRT) has fewer hemodynamic consequences
than intermittent hemodialysis (HD), randomized trials have not shown a benefit
for CRRT over HD [107]. Hemofiltration using polymyxin B cartridges also has
not shown efficacy in randomized trials [108].
• Timing: In one trial, initiating RRT at onset of KDIGO stage III AKI rather than
waiting for traditional indications for RRT showed no mortality benefit, but only
51% of delayed RRT strategy subjects eventually received RRT [109]. By contrast, in a trial comparing RRT initiation at KDIGO stage II versus stage III (or
any traditional RRT indication), 90% of delayed RRT patients received RRT, and
the early-initiation strategy reduced 90-day mortality (39% vs. 55%, p = 0.03)
and improved renal recovery [110]. Interpretation of this study is challenging, as
the delayed-treatment arm does not represent standard care in the United States.
• Dose: In multicenter trials enrolling general ICU populations (49–63% sepsis),
increased intensity RRT did not improve outcomes [111, 112].

10.5.3.4 Hematologic System
Hematologic dysfunction in sepsis patients may manifest as disseminated intravascular coagulation (DIC), venous thromboembolism (VTE), or anemia due to bone
marrow suppression or bleeding.
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Thrombotic Pathways
The coagulation system aids the fight against infection but can also contribute to the
dysregulated host response (Fig. 10.1) [113]. Multiple anticoagulant agents have
been tested in sepsis without durable evidence of efficacy.
Activated Protein C
Activated protein C (APC) was the only targeted agent approved to treat sepsis in the United States. In complex with protein S, APC deactivates clotting
factors V and VIII and exhibits anti-inflammatory properties [114]. The original
large APC study, PROWESS, was stopped early for efficacy for 28-day mortality
(25% vs 31%, p = 0.005) [115]. Post hoc analyses suggested the observed benefit
began only after protocol/agent modification midway through the trial and was
restricted to more severely ill patients [116]. Regulatory approval thus limited
APC’s indication to sepsis patients with an APACHE II score ≥ 25 and mandated
additional trials, which yielded null results in less severely ill adults and in children [117, 118]. Ultimately, PROWESS-SHOCK randomized 1697 septic shock
patients without evidence of APC benefit [119]. The manufacturer subsequently
withdrew APC from the market.
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Fig. 10.1 Thrombotic pathways involved in sepsis and associated candidate anticoagulant treatment targets. Dotted lines indicate endogenous anticoagulants evaluated as treatment targets for
sepsis. Abbreviations: a activated, EPCR endothelial protein C receptor, FV factor V, FX factor X,
FVII factor VII, PC protein C, TF tissue factor, TFPI tissue factor pathway inhibitor

10 Management of Multiorgan Failure in Sepsis

149

Other Anticoagulants
• Antithrombin is a circulating anticoagulant that binds and inactivates thrombin
and other procoagulants. Treatment of sepsis patients with exogenous
antithrombin increased bleeding but did not improve mortality [120, 121].
• Thrombomodulin is an endothelial membrane-bound protein that activates protein C from its zymogen after binding thrombin. A phase II trial (N = 741) of
thrombomodulin treatment in sepsis suggested nonsignificant improvement in
mortality, especially in sicker patients with overt DIC [122]. A phase III study in
this population is underway [123].
• Tissue factor pathway inhibitor (TFPI) binds to and inhibits tissue factor, a key
initiator of sepsis-related coagulation. Trials in pneumonia and general sepsis
showed no benefit with exogenous TFPI treatment, and the sepsis trial demonstrated increased bleeding [124, 125].
• Heparinoids act by binding antithrombin and increasing its efficiency and activity. A
meta-analysis of trials testing heparin versus a comparator suggested borderline significant mortality reduction with heparin (RR 0.88, 95% CI 0.77–1.00, p = 0.05)
[126], but analysis was dominated by a study in which prophylactic heparin was withdrawn in control patients. Based on current evidence, chemoprophylaxis for venous
thromboembolism is reasonable, but higher doses are not supported by the data.
Anemia and Transfusions
Hemoglobin levels in sepsis patients commonly start low and fall further due to inflammatory bone marrow suppression, serial phlebotomy, and invasive procedures [127].
Furthermore, derangements common in sepsis—including acidemia and fever—impair
hemoglobin’s oxygen affinity and may reduce erythrocytes’ oxygen transport efficiency. Transfusion to target hemoglobin >10 g/dL in sepsis was once common based
on the physiology of oxygen delivery and a single-center trial of protocolized resuscitation [96], but benefit was not borne out in large trials [45]. Transfusion to maintain
hemoglobin >7 g/dL appears prudent in sepsis-associated MOF.

10.5.3.5 Endocrine System and Metabolism
The endocrine system in sepsis is discussed in detail in Chap. 5. Here, we highlight
data on vitamins, micronutrients, and modulators of mitochondrial metabolism as
sepsis treatments.
• Vitamin D: Besides regulating calcium levels, vitamin D exerts pleiotropic
effects on the innate immune system and lung function. A massive dose of vitamin D may reduce hospital mortality in critically ill patients with baseline vitamin D ≤ 12 ng/dL [128]. A large trial of high-dose vitamin D in patients at risk
for ARDS (commonly due to sepsis) is underway [129].
• Nitric oxide (NO) inhibition: Increased NO production in sepsis may contribute
to distributive shock and tissue damage from reactive oxygen species.
Unfortunately, therapies attempting to reduce NO production or scavenge NO
have proven harmful [130, 131].
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• Thiamine: Thiamine, an important cofactor for mitochondrial respiration and
antioxidant production, is often low in septic patients [132]. A single-center trial
of thiamine in septic shock showed no benefit overall but may have reduced
mortality among the third of patients with thiamine deficiency [133].
• Selenium: Selenium is an essential trace nutrient integrated into enzymes with
important antioxidant roles that is depleted in sepsis [134]. A large RCT including 1089 patients with severe sepsis or septic shock found no difference in mortality with sodium selenite supplementation [135].
• Vitamin C: A small, single-center, observational study suggested improved survival and MOF in sepsis patients treated with a cocktail of high-dose vitamin C,
thiamine, and hydrocortisone [136]. These and related hypothesis-generating
observations have created equipoise for randomized trials of vitamin C-based
cocktails in sepsis.

10.5.3.6 Gastrointestinal System
Although it has not figured in standard scoring systems, gut failure—manifested by
“ileus” (feeding intolerance, bowel distension, absent bowel sounds, vomiting, or
high gastric residuals), gastrointestinal bleeding, and diarrhea—may portend worse
prognosis among ICU patients [137]. Disturbances in the gut’s barrier functions,
increased virulence of the gut microbiome, and post-antibiotic abrogation of the gut
microbiome’s ability to promote immune autoregulation may play a role in the
development and progression of MOF [138]. Both selective gastrointestinal decontamination and replenishment of the nonpathogenic microbiome with probiotics
have shown positive effects [139, 140]. Treatment of persistent sepsis-associated
MOF with fecal microbiota transplant (after eradication of the inciting infection) is
an intriguing concept that needs further evaluation [141, 142].
Though an element of the SOFA score and other MOF scores, the implications
of sepsis-associated cholestasis are poorly understood [143]. Management is conservative. Frank hepatic failure is rare as a result of sepsis-associated MOF and
should raise concern for an alternative diagnosis.
10.5.3.7 Nervous System
Sepsis-associated encephalopathy (SAE) is a distressingly common manifestation
of sepsis-associated MOF and likely represents a mix of MOF and iatrogenic effects
from medications. Patients with SAE may manifest impairment ranging from mild
cognitive slowing to coma. Patients with SAE are at risk for long-term cognitive
impairment and other adverse outcomes [144]. Treatments for SAE are not yet
evidence-based. Strategies to minimize sedation and increase early mobility may be
helpful [145, 146]. Early evidence of utility of N-acetyl cysteine (NAC) in chronic
cognitive impairment may suggest the need for further study of NAC in SAE.
Beyond cognitive impairment, sepsis survivors commonly suffer serious psychological disability, including post-traumatic stress disorder, anxiety, and depression.
Whether these outcomes are directly related to SAE or the psychological experience
of immobilization and life support therapies is not yet known.
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Organ Failure as an Outcome

The need for efficiency in critical care trials, especially at and before phase 2, has
motivated interest in surrogate and/or composite outcomes. For sepsis, MOF may
be an attractive target for such surrogate outcomes. The best-known composite
outcome in critical care research is ventilator-free days (the VFD score). The VFD
score combines a primary outcome (mortality) and a proposed surrogate outcome
(duration of mechanical ventilation) into a single composite [147]. This unitless
score—reflecting probability of death and duration of ventilation among survivors—has been widely used in ARDS trials. More generally, organ failure trajectory represents an attractive surrogate outcome (including as a constituent of a
composite outcome) in sepsis trials because it is the most common final cause of
death for this syndrome. In fact, in a recent meta-analysis of randomized trials, the
effect of a treatment on SOFA trajectory—but not the MODS severity measured by
the SOFA score measured at a fixed point in time—was strongly correlated with
the observed effect of the tested treatment on mortality [148]. Challenges to routine application of organ-failure-free days as a surrogate outcome, however, include
persistent criteria variation and limited validation to date of the outcome’s statistical properties.
Conclusion

MOF is a syndrome enabled by the modern ICU, which made survival possible
after previously fatal physiologic insults such as overwhelming infection or serious trauma. Currently, prevention and management of sepsis-associated MOF
focus on integrated, supportive care and avoidance of toxic therapies. The most
familiar organ systems affected by MOF, the lung and kidney, have reasonable
treatments, including non-injurious mechanical ventilation and renal replacement therapy, even as controversies persist. Expanding implementation of proven
therapies and deadoption of disproven treatments would likely improve sepsis
outcomes. The complex, nonlinear nature of MOF and the number of endotypes
underlying this syndrome have hampered the development of specific therapies
even as mortality has improved overall. While speedy assessment of sepsis endotypes is likely to aid therapeutic targeting in the future, reliable evidence may
require new study designs and alternative outcome targets.
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11.1

Introduction

11.1.1 D
 o Identity and Nature of the Causative Pathogen Really
Matter in Sepsis?
Sepsis is now defined as “life-threatening organ dysfunction caused by a dysregulated host response to infection” [1]. This definition appropriately focuses upon the
deleterious and dysregulated host response as the principal pathophysiologic event
in sepsis. However, this definition seems to imply that while infection might be the
initiating factor causing sepsis, pathogens play little or no role to the generation of
the potentially fatal sequence of events underway in septic patients. With some
highly pathogenic organisms, the causative microorganism can directly damage
host tissues and play an active role in the pathogenesis of sepsis.
Does the treating physician really need to know the precise identity of the causative organism and its virulence properties to effectively resuscitate and prevent
irreversible damage to organ systems in septic patients? Probably not, but ignoring
the contribution of the pathogen to the ongoing microcirculatory tissue perfusion
abnormalities and organ dysfunction would be unwise. Perhaps the most enduring,
lifesaving intervention in numerous sepsis clinical studies is the urgent administration of appropriate antimicrobial agents [1–4]. Choosing the right initial antibiotic(s)
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requires some knowledge of the likely pathogens responsible for sepsis, even if the
final identity of the actual microorganism in the microbiology laboratory might take
many hours or days to precisely define. Broad-spectrum antibiotics covering the
most likely pathogens are usually employed to assure a reasonable chance that the
offending microorganism(s) is effectively treated. Rapid molecular diagnostics to
identify the causative microorganism and determine its antimicrobial susceptibility
profile in sepsis management are greatly needed in tailoring antimicrobial agents to
the identified pathogen [5]. Knowing the pathogen causing sepsis in individual
patients can also help direct diagnostic efforts to identify the site of origin of infection (e.g., Streptococcus pyogenes—skin and soft tissue sites, Bacteroides fragilis—anaerobic abscesses in the abdomen). Additionally, finding the pathogen and
beginning specific therapy in an expeditious fashion can limit ongoing microbial
growth, toxin production, and organ injury by controlling total microbial biomass
(i.e., bacterial load) within the host before potentially lethal pathogen levels have
accumulated [6].

11.2

Microbial Features That Contribute to Pathogenicity

Microbial invasion of the human host across the epithelial barriers to infection is an
uncommon event and only occurs with a highly virulent pathogen, a significant
break in the integumental barrier, or a major defect in innate or acquired immune
defenses. This chapter will focus upon the special characteristics needed to permit a
microbial invader to successfully cross physical barriers, evade host defenses, and
disseminate within the host.
Capable pathogens must possess an array of virulence properties to invade and to
replicate at a greater rate than the impressive capacity of the human host to clear
microorganisms from the systemic circulation [7, 8]. If a pathogen has succeeded in
finding a breach in the physical barriers to infection, the microorganism immediately finds itself in an unhospitable environment and is under attack from innate
host defenses. Antimicrobial peptides, oxidant stress, heat stress, severe iron limitation, complement opsonic and lytic activity, pathogen-associated pattern recognition receptor binding, opsonophagocytic antibodies, and phagocytosis and killing
by innate immune cells of the myeloid lineage, neutrophils, dendritic cells, and
monocyte/macrophage cells await the opportunity to eliminate pathogens.
The most immediate threat to invading pathogens as they enter the plasma compartment is likely complement itself [9, 10]. Complement (C′) fixation by either the
alternate C′ system or the mannose-binding lectin pathway can rapidly kill gram-
negative bacteria within a few minutes by the assembly of the C′-mediated membrane
attack complex. Gram-positive bacteria are also susceptible to C′-mediated, pattern
recognition, opsonization, and lysis within phagocytic cells. If the host has previously
been exposed to this specific pathogen, immunologic memory in terms of pre-existing, specific antibodies will bind, fix complement, and rapidly kill bacteria, fungi, and
viruses by the classical C′ pathway. The terminal membrane attack complex (C5b-C9)
creates pores through the outer and inner membranes of gram-negative organisms and
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rapidly lyses the bacterium. With the exception of bacteremia associated with
infected intravascular catheters, essentially all bacterial strains that cause bloodstream infection express “serum resistance,” the capacity to prevent rapid lysis from
circulation C′ components. Most urinary and intestinal strains of E. coli and other
enteric bacteria do not have the capacity to avoid C′-mediated lysis. Only certain
virulent subsets of gram-negative bacilli and cocci can prevent lysis from C′ and disseminate in the bloodstream [9–11].
Prevention of complement clearance by bacteria is generally accomplished by one
of three mechanisms: (1) covering the bacterial outer membrane with anticomplement
factors, (2) steric inhibition of C′ components from reaching the inner membrane via
synthesis of excessively long and complex O′-specific side chains of the lipopolysaccharide (LPS) outer membrane (see Fig. 11.1), or (3) synthesis of secretion of specific,
thick exocapsular polysaccharide coats that shield bacteria of complement attack [10].
Bacterial expression of binding sites for specific complement inhibitors (such as factor H) is found in some gram-negative and gram-positive bacterial pathogens. The
synthesis of excessively long and complex O′-specific side chains of the lipopolysaccharide (LPS) outer membrane is a characteristic of gram-negative bacilli and gramnegative cocci (see Fig. 11.1). Exocapsules are anti-C′ defenses commonly employed
by both gram-positive and gram-negative pathogens [10, 11].

Polar
flagella

Surface Adhesins
Pili
Porin

Peritrichous
flagella

R-Plasmids
Cytoplasm
Inner membrane
Periplasmic space
Peptidoglycan layer
Phospholipid layer
Lipopolysaccharide layer
Toxin Chromosome
(endotoxin)
delivery
Polysaccharide exo-capsule
Type 3 secretion
systems

Fig. 11.1 Basic morphology of a gram-negative bacillus. Bacteria are 0.5–5 μm, unicellular
organisms that have a simple di-phospholipid inner membrane and a complex, multilayer outer
membrane. The chromosome is usually a single, covalently closed DNA molecule without histones or a nuclear membrane. Separate, autonomously replicating, extrachromosomal DNA elements known as plasmids are frequent sites for antibiotic resistance genes. Plasmids can transmit
resistance genes horizontally to other bacteria. Bacteria communicate with each other by quorum
sensing systems to act like a team of pathogens in biofilm formation and during microbial invasion. Motile bacteria use either polar flagella (e.g., Pseudomonas aeruginosa) or multiple peritrichous flagella (enteric bacilli) for locomotion. Secretion of exotoxins and extracellular enzymes is
accomplished by multicomponent secretion systems
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When adequately opsonized bacteria are detected in the bloodstream, they are
rapidly and efficiently removed from the circulation by the liver. The liver is a huge
organ (about 1500 g in an adult human), and its endothelial surface receives about
25% of the total cardiac output. Hepatic sinusoids are heavily invested with Kupffer
cells which avidly bind bacteria and kill invading organisms, assisted by neutrophils
from within the liver microcirculation [7, 8]. Splenic sinusoids are the most capable
sites for removing poorly opsonized bacteria in the early stages of bloodstream
infection. This accounts for the well-known risk of sudden and at times devastating
systemic infections following splenectomy or with congenital or acquired splenic
hypofunction (e.g., sickle cell disease and other hemoglobinopathies, congenital
asplenia, graft-versus-host disease, etc.) [12].

11.3

 icrobial Virulence, Genomic Regions of Diversity,
M
Pathogenicity Islands, and Integrons

Pathogenic microorganisms express an array of virulence factors allowing them to
invade, avoid host defenses, cause disease, and replicate fast to outcompete antimicrobial clearance mechanisms of the host innate and adaptive immune systems.
Comparative genomic analyses find that many gram-positive and gram-negative
pathogens often arrange their chromosomes with a common set of core genes intrinsic
to each bacterial species and discrete regions where virulence genes are clustered. The
core genomic components consist of essential gene products for normal cell homeostasis, metabolic and structural genes, and gene products for transcription, translation, and replication. Interspersed among the core genome are regions of diversity
(RDs) and are recognized by tightly compacted regions of invasion genes, toxins,
adhesins, and anti-phagocytic or anticomplement elements. These 10–100 kb RDs are
part of the “flexible gene pool” distinguishable from more stable core regions which
make up the rest of the pathogen chromosome. Importantly, RD sequences significantly differ in their guanine-cytosine (G + C) ratio and/or different codon usage pattern from core regions, suggesting that these genes have been relatively recently
inherited by horizontal transfer of DNA from other bacterial species [13–15]. They
are also referred to as “pathogenicity islands,” “genomic islands,” or “mobile genetic
elements (MGEs)” to emphasize their recent and extrinsic genetic acquisition along
the bacterial chromosome. These regions also feature accumulations of toxin genes
originally derived from lysogenic bacteriophage remnants and other mobile genetic
elements such as insertion sequences and transposons [15]. Bacterial genomes retain
core regions but are surprisingly mobile and tolerate variability and chromosomal
rearrangements within the flexible gene pool found in genomic islands.
This genomic plasticity provides microorganisms an evolutionary advantage in a
rapidly changing and often toxic environment as seen in an ICU where patients
often receive multiple antibacterial agents during their hospital stay. This variability
in genomic islands allows for rapid recombination events and inheritance of large
sequences of DNA from related species, involving many functional genes, all at the
same time. This property allows bacteria to rapidly adapt to environmental changes,
a process referred to as “evolution by quantum leaps” [16]. This capability has
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confounded efforts to eliminate bacterial pathogens by modern antimicrobial chemotherapeutic agents and fosters the evolution of multiple drug-resistant (MDR)
bacterial pathogens.
Another evolutionary advantage for bacteria is the facility to readily acquire and
sample exogenous DNA for potentially advantageous genes such as those mediating
antibiotic resistance. Such a genetic system is in widespread use, particularly in
enteric bacterial species, and known as integrons [13, 17]. Integrons are often
located on bacterial chromosomes and are especially common on accessory extrachromosomal genetic elements known as plasmids (Fig. 11.1). Integrons feature an
integrase enzyme that allows transient DNA strand cleavage and uptake of new
sequences derived from foreign DNA that has entered the cell from the environment. These new sequences are strategically placed to attachment sites and linked
together with other adjacent DNA sequences as a series of inserted cassettes. A
high-frequency promoter site exists at the 5′ end of integrons, thereby facilitating
efficient transcription and translation of the newly acquired DNA cassette.
If this newly acquired DNA happens to encode a gene for an antibiotic resistance
mechanism, this genetic event provides the host bacterium with an enormous survival
advantage in a hospital setting filled with patients receiving an array of antibiotics.
Integrons are commonplace within the genomes or plasmids of MDR pathogens. A
cluster of different resistance genes to various classes of antibiotics can be found lined
up one after another as integron gene cassettes. If such integrons are located on transferable plasmids, multiple resistance genes can spread rapidly as a single conjugal
event by an integron-bearing plasmid that transfers MDR genes to susceptible recipient
bacteria. Resistance plasmids carrying integrons and transposable elements are regularly shared among bacteria, even across species and genera barriers, aiding to the rapid
evolution of MDR pathogens. This capacity is highly favored and adds to the fitness of
microorganisms in a world awash in antibiotics. As a recent example, investigation of
a newly discovered gene for colistin resistance (mcr-3) in China was found on a selfconjugating plasmid encoding 18 other antibiotic resistance genes [18]. The flexible
gene pool of antibiotic resistance genes is often found on plasmids which can be readily gained or lost independent from the core genes predominately found along the bacterial chromosome [15]. These plasmid-derived resistance genes are disposable to
bacteria in an antibiotic-free environment when no longer needed. Such plasmids
become an unnecessary metabolic burden by wasting DNA substrates for replication if
the resistance genes are no longer needed to protect the bacterial host from antibiotics.
Bacteria can rapidly reacquire resistance genes through continuous horizontal transfer
of R plasmids in antibiotic-rich locations such as the hospital wards.

11.4

Common Bacterial Pathogens That Cause Sepsis

An overview of the current types of bacterial pathogens felt to be responsible for
causing sepsis in recent sepsis trials is provided in Table 11.1 [19–32]. This summary
includes over 11,000 patients from 14 recent trials in which only slightly over half
(n = 6105) had an identifiable, causative pathogen defined as the probable or definite
pathogen responsible for sepsis by the treating physician. Presumably early
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Table 11.1 Frequency of pathogen types causing sepsis in recent interventional trials

Gram-positive pathogens
Streptococcus pneumoniae
Staphylococcus aureus
Enterococcus spp.
Streptococcus pyogenes
(Group A streptococci)
Coagulase-negative
staphylococci
Streptococcus agalactiae
(Group B streptococci)
Other gram-positive
bacteria including:
Clostridium,
Corynebacterium,
Listeria, Lactobacillus,
Propionibacterium spp.
anaerobic streptococci,
other gram-positive
anaerobes

Total n = 2701
(% of gram-
positive bacteria)
890 (32.9%)
849 (31.4%)
326 (12.1%)
158 (5.8%)

Gram-negative pathogens
Escherichia coli
Klebsiella spp.
Pseudomonas aeruginosa
Enterobacter spp.

120 (4.4%)

Bacteroides spp.

301 (8.8%)

Haemophilus influenzae

270 (7.9%)

Other gram-negative
bacteria including:
Serratia, Proteus,
Acinetobacter, Legionella,
Citrobacter, Mycoplasma,
Chlamydophila,
Fusobacterium, Neisseria
spp., other gram-negative
anaerobes

226 (6.6%)

98 (3.6%)
260 (9.6%)

Total n = 3404
(% of gram-
negative bacteria)
1460 (42.3%)
491 (14.4%)
329 (9.7%)
327 (9.6%)

Distribution summary of microorganisms determined by the clinical investigators to be the probable or definite causative pathogen or co-pathogen in patients with sepsis. These data were derived
from large sepsis intervention studies conducted over the past 20 years (Refs. [18–31]). These
studies included a total of 11,848 patients in which a definite or probable pathogen was determined
in 6105 of these patients (51.5%). A total of 44.2% were gram-positive bacteria, and 55.8% were
gram-negative bacterial pathogens. Candida spp. accounted for an additional 209 infections in
these studies (1.7% of total septic population in this summary)

antimicrobial therapy stymied attempts to culture the causative pathogen in almost
one half the septic population. Hopefully, non-culture dependent, genomic methodologies will allow us to identify more thoroughly the precise etiologic agent responsible as the cause of sepsis and septic shock [33].
Within the patients with identifiable causative bacterial organisms, gram-negative
bacteria slightly outnumbered gram-positive bacteria (55.8% vs. 44.2%), while fungal organisms (also exclusively Candida species) accounted for a small (1.7% of
total septic population in this summary) but important group of patients with an
excessively high mortality. Only about one third of septic patients from these interventional sepsis trials had positive blood cultures thought to represent the causative
microorganism. Again, non-culture, PCR-based diagnostic systems might be more
useful to detect bloodstream pathogens no longer cultivatable as a result of empiric
antibiotic therapy [32, 33].

11.5

Bacterial Communication Systems

A wide variety of pathogenic bacterial pathogens communicate with each other via
small molecule signaling molecules and specific receptors (see Table 11.2). These
signaling networks are called quorum sensing systems as they inform individual
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Table 11.2 Quorum sensing systems in bacterial communities and their role in pathogenesis
Quorum sensing
type
Autoinducer 1
(AI-1)

Bacterial species
using this system
Vibrio spp.,
Pseudomonas
aeruginosa, other
gram-negative
bacilli

Oligopeptide
autoinducing
peptides (AIP)

S. aureus and
other grampositive bacteria

Autoinducer 2
(AI-2)

P. aeruginosa,
Vibrio spp. enteric
gram-negative
pathogens, EHEC

Autoinducer 3
(AI-3)

Enteric bacteria,
EHEC

Basic signaling molecules
Acyl homoserine lactones
of different length freely
diffuse across membranes
to recipient receptors to
activate target operons
Cyclic short peptides are
transported outside the
cell wall and bound to
surface sensor histidine
kinases which
phosphorylate
transcription factors
Complex small molecule
signaling structures
derived from SAM-
mediated furanone-borate
ring formations. AI-2 is
secreted by specific
transporters
Catechol-like molecules,
epinephrine, and
norepinephrine require
adrenergic receptors to
signal between cells

Primary functions
Increasing concentrations
of bacteria reaches
threshold of AI-1 and
activates expression of
virulence genes for
dissemination
Transcription of the agr
locus activates virulence
genes (alpha toxin,
proteases, superantigens)
in S. aureus while limiting
biofilm formation
V. cholerae expresses
virulence factors (cholera
toxin, mucinases, biofilm
formation at low
concentration) and shuts
off virulence during
diarrhea phase to
disseminate
Full expression of E. coli
attachment and effacing
lesions in colon during
bloody diarrhea and
hemolytic uremic
syndrome

AI autoinducer, AIP autoinducer peptides, agr accessory gene regulator, SAM S-adenosylmethionine,
EHEC enterohemorrhagic Escherichia coli (see Refs. [34–36])

bacteria about the quantity and density of highly related strains of bacteria within
their immediate vicinity [34]. Once a critical threshold of related bacteria reach a
predesignated quorum, the population density level changes the transcriptional profiles of the microbial pathogens in a specific manner. Usually when low population
densities are present, this signals the bacteria to remain inactive and not express
virulence factors in an attempt to avoid detection by the recognition by the vertebrate host. However, when large concentrations of similar organisms have accumulated, the necessary quorum has been assembled to turn on virulence genes and
attack the host [35]. Quorum sensing plays a role in directing bacterial populations
in many cooperative behaviors such as formation of complex, stable biofilms, sporulation, toxin production, secretion delivery systems, and dissemination with fully
activated invasion genes. Some bacteria do not make quorum sensing effector molecules but still express receptors for other bacterial signaling molecules, perhaps
“listening” to what other competing bacteria might be up to nearby.
An impressive array of chemical signals are involved in quorum sensing [34–36].
Gram-negative bacteria primarily rely upon homoserine lactone signals, while most
gram-positive bacteria utilize short cyclical peptide signaling molecules. The signaling receptor systems are highly reminiscent of receptor signaling in eukaryotes
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with an extracellular receptor linked to an intracellular kinase molecule that phosphorylates transcriptional activators to change bacterial expression of growth, virulence, bacterial defenses and toxin secretion. Experimentally, natural and synthetic
inhibitors of quorum sensing have been discovered and offered some level of protection in some experimental animal studies. Whether type of intervention could be
successfully deployed in human infections or not remains an open question worth
further investigation [36].

11.6

 elected Traits of the Common Bloodstream Gram-
S
Negative Pathogens Causing Sepsis

11.6.1 Escherichia coli
E. coli remains the most common gram-negative bacillus causing severe sepsis
or septic shock in numerous clinical studies in sepsis over the past 20 years [19–
33]. A highly selected subset of E. coli clones are capable of causing bloodstream infections [9, 10, 37]. These virulent clones that are capable of bloodstream
invasion are called extraintestinal pathogenic E. coli (exPEC) [38]. Using molecular typing systems from single-nucleotide polymorphism pyrosequencing to
whole genome sequencing, a multi-locus sequence type (MLST) can now be
generated to define relatedness of E. coli bacterial clones at the chromosomal
level [39].
Recent surveys of blood isolates of E. coli in the North America and several
European countries reveal that over half of these strains belong to only three, highly
adapted, sequence types known as ST131, ST73, and ST69 [38, 40, 41]. Typically
blood isolates of E. coli are more likely to carry an array of virulence factors (protection against complement and neutrophil killing, adhesins, toxin production, iron
acquisition systems, attachment fimbriae, etc.) than commensal E. coli isolates cultured from the gastrointestinal or urinary tract [40–43]. Serum and neutrophil
phagocytosis resistance were found in the majority of blood isolates. These virulence traits were less prevalent when the bacteremic strain of E. coli was isolated
from patients with intravenous catheters or patients with nosocomial infections or
with severely immunocompromised states [41, 43, 44].
The emerging role of E. coli ST131 (serotype O25b:H4) as a dominant cause of
extraintestinal bloodstream infection is a disturbing development highlighting the
interplay between fitness, virulence, and antibiotic selection pressures existing in the
environment and within the patient residing in and outside the hospital setting [45–
47]. This strain of bacteria contains an impressive array of virulence factors in its
genome and expresses a large number of antibiotic resistance genes, usually encoded
on R plasmids, to commonly employ antimicrobial compounds. The majority of isolates within this clone carries an extended spectrum beta-lactamase blaCTX-M-15, along
with two or more DNA gyrase mutations resulting in high-level fluoroquinolone resistance. Most strains also feature resistance genes to trimethoprim-sulfamethoxazole
and even a number of aminoglycosides.
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The end result is that a patient admitted with an apparently uncomplicated E. coli
urinary tract infection, treated with a seemingly appropriate antibiotic regimen with
a third-generation cephalosporin or ciprofloxacin, might become increasingly ill
over the first 8 h into hospital admission from an as yet untreated systemic infection
from this MDR pathogen. While awaiting the culture and susceptibility test results,
the astute clinician might detect a failure to respond to the original antibiotic choice
and decide to add an aminoglycoside or trimethoprim-sulfamethoxazole. This
patient would still not be receiving an effective antibiotic for another 12–36 h while
awaiting the susceptibility results. Delayed effective antibiotic therapy during bacteremic sepsis is well known to be associated with poor outcomes in treating sepsis
[1–4]. Treatment with carbapenems or extended spectrum beta-lactams with beta-
lactamase inhibitors would work against most stains of E. coli ST131, but such
agents are usually and appropriately reserved for difficult to treat nosocomially
acquired infections. Regrettably, clone ST131 is now being isolated from the environment and commercial food products, even organically grown chickens supposedly not exposed to antibiotics [46].
Another adverse trend in the epidemiology of E. coli ST131 is the increasing
prevalence of bloodstream infections with this virulent, MDR pathogen in elderly
patients exposed to multiple courses of antibiotics during prolonged hospitalizations. The modest fitness cost to E. coli ST131 from the metabolic burden needed to
maintain multiple resistance genes on R plasmids might be worth it in a hospital
environment where repeated courses of antibiotics are administered over time [47–
50]. Rapid molecular detection and resistance testing will be needed to correctly
detect and treat this emerging microbial threat [47].

11.6.2 Klebsiella pneumoniae
This resourceful and often recalcitrant nosocomial pathogen is the second most
common, gram-negative bacterial pathogen causing sepsis in recent clinical trials
(Table 11.1). Human infections with Klebsiella spp. are becoming more frequent,
more virulent, more antibiotic resistant, and more widely disseminated than in previous decades [51, 52]. The epidemiology of K. pneumoniae is changing with more
virulent, community-acquired infections in previously healthy people and more
pronounced dissemination of multiple resistance genes within nosocomial infections worldwide [51–54]. A cluster of highly virulent clones of K. pneumoniae
expressing hypermucovicosity exo-polysaccharides have been identified in invasive
infection community acquired in Taiwan, other regions in Southeast Asia, and South
Africa for the past three decades. These infections are associated with primary pyogenic liver abscesses, bloodstream infections, and occasional complications of septic endophthalmitis and meningitis. These acute infections are usually community
acquired and are often found in previously healthy persons or diabetic patients [53].
They are caused by hyper-viscous, heavily mucoid strains of K. pneumoniae primarily belonging to serotype K1 or K2 (favored sequence types ST23, ST25, 65,
and 231). Their virulence is attributed to heavy capsular polysaccharide production,
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iron acquisition siderophores, and perhaps other virulence factors [52, 53, 55].
These infections are now spreading and are now reported in several European countries along with reports from the North America and Australia [56–59].
Another separate yet emerging threat with K. pneumoniae within the hospital
environment is the dissemination of favored clones of Klebsiella spp. (such as
ST258) which possess a remarkable proclivity to rapidly evolve by the horizontal
spread of antibiotic resistance genes including carbapenemases (KPCs). These
clones rapidly adapt to new antibiotic threats by the spread of antibiotic resistance
genes by plasmids and transposable elements from other Klebsiella spp. or even
other genera of bacteria (including New Delhi metallo-beta-lactamase-1 [NDM-1],
oxacillinase-48 [oxa-48], and others) [51, 52]. Fortunately, the highly invasive liver
abscess-forming, community-acquired strains have not yet acquired many resistance genes with MDR nosocomial strains of K. pneumoniae. This eventuality
might only be a matter of time and bear careful monitoring.

11.6.3 Pseudomonas aeruginosa
The third most frequently recognized gram-negative bacterial pathogen causing
sepsis in recent large clinical trials is Pseudomonas aeruginosa (see Table 11.1).
Other than their similar appearance on routine Gram stain, P. aeruginosa shares
little in common with E. coli, K. pneumoniae, or the other enteric bacterial species.
Enteric bacteria are part of the normal resident microbiota of humans throughout
life. Pseudomonas aeruginosa, on the other hand, primarily resides in freshwater
and soil environments and are only accidental, opportunistic pathogens of humans
[60]. The large pangenome content of P. aeruginosa differs markedly from enteric
bacteria, and sharing of resistance genes and virulence genes is relatively uncommon. Horizontal gene transfer does occur between Pseudomonas spp. and other
bacteria, and genomic pathogenicity islands are identifiable in the chromosomes
and plasmids of these organisms. They communicate with each other through quorum sensing systems (see Table 11.2) but usually only communicate with quorum
sensing molecules recognized between other members of their own species [34, 36].
P. aeruginosa is notorious among microbiologists and clinicians for its remarkable
ability to intrinsically resist the actions of many common antibiotics. Moreover,
Pseudomonas spp. possess the distressing capacity to become more resistant to antibiotics, to which they were initially susceptible, during the actual treatment period
itself. Intrinsic and rapidly developing resistance to antibiotics in this species is
accomplished primarily by point mutations altering the permeability characteristics of
their cell wall porin genes (e.g., oprD), the derepression of existing resistance genes
by accumulation of mutations in regulatory genes, and upregulation of the actions of
multiple efflux pumps [50, 60]. They can also acquire and express resistance genes
from conjugal transfer of R plasmids from related bacterial species. MDR strains and
even XDR (extreme drug resistance) strains are becoming more prevalent over time in
P. aeruginosa and exist in specific, high-risk clones such as sequence types ST111,
ST175, and ST235 [60].
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In addition to intrinsic and acquired antibiotic resistance development, P. aeruginosa has the potential capability for high-level virulence expression during dissemination of pathogens into a compromised host. This capacity is related to two major
factors: (1) expression of PAMPs (pathogen-associated molecular patterns) and (2)
expression and secretion of a myriad of highly potent exotoxins. PAMPs of P. aeruginosa include cell wall lipopolysaccharide (toll-like receptor TLR-4) TLR2 agonists (e.g., lipopeptides, peptidoglycans) and TLR5 agonists (polar flagella). When
these PAMPs are released systemically, they activate innate immune cell signaling
and procoagulant activity inducing septic shock [4, 5]. A second critical factor in
disease pathogenesis from Pseudomonas aeruginosa is its synthesis and secretory
release of multiple, highly injurious, exotoxins.
These exotoxins are delivered to the microenvironment surrounding the organism by a series of ingenious, energy-requiring, nanomachine structures known as
bacterial secretion systems (types 1–7 SS) [61]. Other common gram-negative bacteria also employ toxin secretion systems, but P. aeruginosa is perhaps the most
proficient bacterial pathogen at creating these toxin delivery systems to injure host
cells. By electron microscopy these secretion systems appear like syringe structures
that pass from the bacterial inner membrane through the outer membrane of the
bacterium. This is usually a one-stage event, although two-step secretion systems
exist (T2SS and T5SS). The toxin or protease can be released to the extracellular
space or directly into the cytoplasm of host cells thereby delivering a fatal blow to
the patient’s cells without warning or immune recognition (e.g., type 3 SS). The
characteristics of the seven currently identified secretion systems of bacteria are
described in more detail in Table 11.3 and diagrammatically shown in Fig. 11.1.
P. aeruginosa possesses at least five of the secretion systems known to bacteriologists at present [61]. The type 1 SS is used to deliver proteases, cytotoxins,
iron acquisition, and heme-binding proteins to the extracellular environment during infection to acquire iron and damage cells during infection. Type 2 SS is used
to deliver the highly injurious protease elastase, a series of phospholipases and
phosphatases, and the critically important exotoxin A, the two component ADP-
ribosylating, lethal inhibitor of human cell transcription into the microenvironment surrounding P. aeruginosa [61]. The type 3 secretion system directly
delivers four important toxins into human cells including the cytoskeletal inhibitor of phagocytosis ExoS, the cytotoxins exoU and exoT, and the adenylate
cyclase inhibitor of phagocytosis, exoY, to impair innate immune cell defenses
against invasive infection [62].
The type 4 secretion system is widely used by many gram-negative bacteria for
DNA exchange during bacterial transformation and conjugation but does not appear
to be expressed or found in the genome of P. aeruginosa [63, 64]. Type 5 secretion
systems are used by P. aeruginosa for the release of inflammatory proteases and to
deliver substrates necessary for fimbria assembly on the bacterial outer membrane
[61]. The type 6 system deploys the cellular toxin hemolysin-coregulated protein to
the extracellular space for P. aeruginosa [65–68]. The recently described type 7
system is important in the pathogenesis of mycobacterial infections, but no homologues of this system have been identified in Pseudomonas spp. [69, 70].
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Table 11.3 Bacterial secretion systems and their role in toxin delivery and virulence
Secretion
Bacterial species
system
using this system
type
TISS
Pseudomonas
aeruginosa, other
gram-negative bacilli
TIISS
Widely expressed in
gram-negative
bacteria
TIIISS

TIVSS

TVSS

TVISS

TVIISS

Sec

SecA2

Tat

Sortase

Basic structure
Forms a 12-stranded
beta-barrel OMP, powered
by an ABC transporter
Two-phase transport
system to cross the IM
and then the OM

Primary functions
Delivers alkaline proteases to OM
surface and heme-binding protein to
acquire iron, hemolysins, cytotoxins
Secretion of lytic enzymes, proteases,
elastase, and A/B exoA in P.
aeruginosa, lipases, phospholipases,
phosphatases
P. aeruginosa, Vibrio Needle structure that
ExoS interferes with cytoskeleton
spp. enteric
delivers toxins directly
impairs phagocytosis, exoU and
gram-negative
into cytosol of eukaryotic ExoT are cytotoxic, exoY adenylate
pathogens
cells
cyclase, impairs phagocytosis, TIIISS
is recognized by the inflammasome
Pilus like, form mating
Enteric bacteria,
Intracellular toxin delivery into
Legionella, Neisseria, bridge for transformation, human cells, DNA transfer, impair
conjugation, cytotoxin
and Brucella spp.
phago-lysosome fusion for
delivery
intracellular survival for Legionella,
Brucella spp.
Exports materials for fimbriae
Pseudomonas, other
Two-phase transport
synthesis, also delivers a protease that
gram-negatives
system to cross the IM
activates NFkB via PAR-1
and then the OM
Bacteriophage-like
Pseudomonas spp.,
Can deliver toxins to human cells,
tubular structure,
other gram-negative
primary role is eliminating
punctures host cells, and
bacteria
competitors within bacterial
other bacteria
communities (wounds, airways, GI
tract)
Mycobacterium spp. Tubular structure
Secretes the virulence factors ESAT-6
extending through IM and and CFP-10 into extracellular space,
and some gram-
mycolic acid containing
positive bacteria
which can impair and kill
layer
macrophages
Three-part system:
Gram-negative and
Transports unfolded (SecA) or folded
protein targeting, motor
gram-positive
proteins (SecB) across IM. Common
protein, IM channel
bacteria
mechanism for transporting proteins
SecYEG translocase
across IM (CM for gram positives)
L. monocytogenes, C. Smaller proteins missing Cell wall adhesion delivery,
difficile, MTB, S.
hemolysins (including pneumolysin),
the helical wing domain
aureus, some
found in other secretases facilitate biofilm formation
Streptococcus spp.
2–3 subunits (TatA, B, C) Transports various proteins across IM
P. aeruginosa, E.
(CM for gram positives)
form IM spanning
coli, MTB,
channel
gram-positive
Anchors surface proteins to cell wall,
Most gram-positive
Cysteine transpeptidase
including protein A, clumping factors
organisms
with transmembrane
A and B, fibronectin-binding protein
domain

OMP outer membrane pore; ABC adenosine triphosphate-binding cassette; OM outer membrane; IM
inner membrane (see Fig. 11.1); MTB Mycobacterium tuberculosis; CM cytoplasmic membrane; A/B
binary toxins with an active domain (A) and a binding domain (B), exo-exotoxin; exoA in P. aeruginosa
uses the B subunit to bind to cell membranes and an A component to ADP-ribosylate elongation factor
2, inhibiting eukaryotic protein synthesis which kills cells; NFkB nuclear factor kappa B cell is a transcriptional factor for activation of acute phase proteins by innate immune cells; PAR-1 protease-activated
receptor 1 activates human cells to secret cytokines and inflammatory mediators; ESAT-6 early secreted
antigenic target of 6 kDa; CFP-10, culture filtrate protein of 10 kDa (see Refs. [61–70, 145])
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Armed with this formidable array of toxins, and a series of complex secretion
systems to deliver these toxins, it comes as no surprise that multidrug-resistant P.
aeruginosa infections are feared pathogens in immunocompromised patients.
Considerable efforts are now underway to come up with new ways to deal effectively with this microorganism by vaccine strategies, monoclonal antibodies, quorum sensing inhibitors, and a spectrum of other novel therapeutic approaches against
P. aeruginosa [50, 60, 61].

11.7

 elected Traits of the Common Bloodstream Gram-
S
Positive Pathogens Causing Sepsis

11.7.1 Staphylococcus aureus
Staphylococcus aureus is one of the most common gram-positive pathogens causing
severe sepsis, particularly among hospitalized patients [71–73]. S. aureus is by far
the most virulent species of the genus Staphylococcus, due partly to its ability to
acquire and integrate virulence-conferring genetic elements [74]. These mobile
genetic elements (MGEs), which include plasmids, transposons, prophages (genes
inserted by bacteriophages), and pathogenicity islands, can contain an immense
array of virulence factors and antimicrobial resistance genes. Additionally, S. aureus
possesses a sophisticated network of regulatory mechanisms that allow differential
gene expression of toxins, surface proteins, and capsular polysaccharides depending
upon external environmental stressors [75].
Like many gram-positive cocci, many clinically relevant S. aureus isolates produce a polysaccharide capsule, of which at least 13 serotypes have been identified
[76]. Serotypes 5 and 8 appear to be most prevalent in human infection, although the
reasons for this finding remain uncertain [77, 78]. Encapsulation, as in other organisms, protects the organism from opsonophagocytosis, although it may reduce adhesion to endothelial cell surfaces and may alter virulence in vivo. Conjugate capsular
polysaccharide vaccines have been developed and trialed for serotypes 5 and 8, but
no trial to date has met its predetermined successful end points [79].
Several surface proteins expressed on S. aureus may play a role in pathogenesis.
Adhesins recognize mammalian extracellular matrix molecules and serve a critical
role in bacterial colonization [80]. Coagulase binds to host prothrombin, forming
staphylothrombin, which catalyzes the formation of fibrin from fibrinogen. This
function cloaks S. aureus from immune system detection and facilitates intravascular infection. Clumping factors A and B facilitate this activity and also play a role in
intravascular and skin surface adhesion and clustering of free-floating bacteria in
plasma [81]. Protein A (an adhesin) both plays a powerful role in immune activation/sepsis and binds the Fc portion of human immunoglobulin, facilitating immune
system evasion [82].
S. aureus elaborates many proteins to facilitate nutrient acquisition and tissue
invasion and plays a powerful role in pathogenesis due to infection. Several hemolysins, most notably α-hemolysin, induce erythrocyte hemolysis and can also cause
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skin necrosis, cytokine release, and shock [83]. Isolates expressing γ-hemolysin
(sometimes called γ-leucocidin) may cause necrotizing skin infections. Several toxins, including γ-hemolysin and Panton-Valentine leucocidin (PVL), are bicomponent, secreted toxins that polymerize on host cell surfaces, forming pores in the
cytoplasmic membranes of specific host cell types [84]. For example, PVL forms
from the combination of the proteins lukS-PV and lukF-PV. These toxins are also
part of a group of secreted proteins called invasins, which also include matrix metalloprotease, hyaluronidase, and phospholipase C. As a group, these proteins facilitate tissue invasion and release of nutrients vital to continued growth and survival.
Finally, S. aureus can elaborate several toxins which can cause “toxin-mediated”
diseases. Staphylococcal scalded skin syndrome (SSSS) is mediated by exfoliative
toxins A and B (ETA and ETB) which cleave glycoprotein desmoglein 1, thus
allowing the organism to more effectively spread beneath the stratum corneum [85].
Staphylococcal enterotoxin A (SEA) is part of a family of enterotoxins that can
cause food poisoning, and some have been studied as potential biological weapons
[86]. Staphylococcal enterotoxins B and C (SEB and SEC) and toxic shock syndrome toxin 1 (TSST-1) are the most common causes of staphylococcal toxic shock
syndrome (TSS) and will be discussed with other superantigens, below.
Antimicrobial resistance in S. aureus is derived from acquisition of genes both
from other, often less pathogenic, species and from other S. aureus isolates [87–89].
Resistance to penicillin rapidly emerged after its introduction in the 1940s through
the elaboration of a beta-lactamase, and strains producing modified penicillin-
binding proteins, conferring resistance to beta-lactamase-resistant penicillins (e.g.,
oxacillin, nafcillin) followed decades later. In recent decades S. aureus species with
resistance to vancomycin have emerged, apparently through the transfer of plasmids
from enterococci [87, 88]. Biofilm production, which is regulated at least in part via
quorum sensing and nutrient availability, also protects S. aureus from antimicrobial
activity. Bacteria deep within biofilms tend to be dormant and therefore less susceptible to antimicrobials, and concentrations of antimicrobials achieved within biofilms may be significantly lower than in surrounding tissues or intravascularly.

11.7.2 Streptococcus pneumoniae
The most commonly reported gram-positive bacterial pathogen causing severe sepsis or septic shock in most intervention trials, particularly among patients with
community-onset sepsis, is Streptococcus pneumoniae [19–31]. A common colonizer of the nasopharynx of healthy individuals, S. pneumoniae can cause focal-
invasive disease due to contiguous spread that progresses to bacteremia, meningitis,
and sepsis. The most prominent virulence factor of pneumococci is its polysaccharide capsule, of which at least 90 distinct types within 45 serogroups have been
identified [90]. Invasive pneumococcal disease (IPD) most commonly follows colonization with a new serotype. Specific serotypes (notably 1, 2, 7F, 9, 14, 16) are
most likely to cause IPD, many of which are now included in the 13-serotype pneumococcal conjugate vaccine. Vaccination has resulted in decreases in IPD of up to
80% in some populations [91]. Non-encapsulated S. pneumoniae isolates may
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create biofilms and are associated with higher rates of antimicrobial resistance than
their encapsulated counterparts [92].
Other virulence factors expressed by S. pneumoniae can include adhesins CbpA and
phosphorylcholine that promote myocardial adhesion and invasion via interactions
with vascular endothelial surface receptors [93]. Pneumolysin, a cholesterol-dependent
pore-forming toxin that can lyse a variety of cell types, promotes tissue invasion/damage and is secreted via the accessory Sec system [94]. Other virulence factors facilitate
immune evasion by preventing complement-mediated attach (elongation factor Tu
[Tuf]) and promoting biofilm formation (polyamine transporter [potABCD]) [95, 96].

11.7.3 Streptococcus pyogenes
Streptococcus pyogenes (group A streptococci, GAS) causes severe disease through
a combination of three main mechanisms: immune-mediated inflammation, release
of toxins, and suppuration/pus formation [97]. A primary virulence factor of GAS is
the M surface protein, which is anchored to the surface in a manner similar to that
of the sortase gene in S. aureus [98]. M protein, along with fibronectin, facilitates
adherence and internalization into host epithelial cells [99]. Pili, which are assembled and inserted into the cell wall by sortases, facilitate attachment and adhesion to
tonsillar epithelium, a primary location for initial colonization [100].
Once colonization is established, several factors facilitate tissue invasion.
Streptococcal pyrogenic exotoxin B (SpeB), a cysteine protease, degrades complement proteins, immunoglobulins, and cytokines, thus inhibiting host responses to
invasive infection [101–103]. M proteins bind complement and the Fc portion of
immunoglobulins and, when released from the cell surface, form complexes with
fibrinogen that induces neutrophil activation and capillary leakage and potentiates
the development of septic shock [104]. Additionally, M protein, in concert with
streptokinase, binds host plasminogen and activates it to plasmin, creating a
proteolytic-coated bacterial cell surface that facilitates tissue invasion [105].
GAS also secretes a variety of proteins that serve as potent toxins to a variety of
cell types. Streptolysins S and O (SLS and SLO) induce cell lysis through pore
formation and facilitate tissue invasion [106, 107]. At lower concentrations SLO
inhibits neutrophil phagocytosis and oxidative burst activity [108]. The hyperinvasive GAS clone M1T1 also elaborates a powerful serum inhibitor of complement
(SIC), promoting innate immune evasion and Sda1, a phage-encoded protein that
prevents toll-like receptor recognition resulting in decreased cytokine response and
macrophage bactericidal activity [109, 110]. Several superantigens are also elaborated by GAS, including SpeA and SpeC, which are discussed below.

11.7.4 Streptococcus agalactiae
Streptococcus agalactiae (group B streptococcus, GBS) is the most common cause
of neonatal sepsis in the developed world and a common cause of skin and soft tissue infection leading to sepsis in adults, particularly in diabetic or medically
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debilitated patients [111, 112]. A normal component of the intestinal microbiome in
up to 20% of patients, GBS, is often considered a “pathobiont,” a potentially pathogenic colonizing species that usually coexists with the host but is capable of causing
invasive and/or severe disease [113]. Similar to GAS, virulence factors critical to
establishing invasive infection include adhesion, invasion, and immune evasion.
Fibrinogen-binding protein FbsA promotes adhesion, while FbsB mediates tissue
invasion [114]. Pili facilitate both adhesion to epithelial cell surfaces and translocation across the blood-brain barrier [115, 116]. The hypervirulent clonal complex
ST-17 of serotype III GBS expresses an adhesin (HvgA) that facilitates colonization
and tissue invasion and has a tropism for meninges [117].
Tissue invasion is facilitated by both surface proteins (notably alpha C proteins)
and beta-hemolysins [118, 119]. Of previous diagnostic relevance, the co-hemolysin
CAMP factor may facilitate invasion and survival but likely plays a more minor role
in the development of severe systemic infection [120]. Capsular polysaccharides prevent opsonophagocytosis and have been studied as potential vaccine targets [121].
Streptococcal C5a peptidase of GBS (SCPB) inhibits the complement response, and
factors H and BibA (GBS immunogenic bacterial adhesin) inhibit complement binding [122, 123].
Unlike GAS, the severe systemic inflammatory response of GBS infection, particularly in neonates, is not due to secreted toxins but to dysregulated immune
responses to cell wall and intracellular components. Bacterial lipopeptides induce
tumor necrosis factor (TNF) formation and release via interactions with toll-like
receptor 2 (TLR2) [124]. Intracellular recognition of GBS DNA occurs in a TLR-
independent fashion and results in type I interferon formation [125]. Finally, RNA is
recognized via a TLR7 pathway in dendritic cells and via the NOD-like receptor
family pyrin domain containing three (NLRP3) inflammasomes resulting in macrophage and dendritic cell activation [126]. This resulting activation of innate immune
system cells is exacerbated in young infants by immature/poor opsonophagocytosis
and intracytoplasmic killing that allows GBS to persist in the host and Th2-dominated
adaptive immune responses that further contribute to a hyperinflammatory state,
resulting in the rapid development of fulminant sepsis [113].

11.8

Superantigens

S. aureus, GAS, and some strains of other beta-hemolytic streptococci secrete proteins from a family of virulence factors called superantigens [127]. Superantigens
are non-glycosylated low-molecular-weight exoproteins that undergo N-terminal
cleavage and secretion through the Sec pathway. This family of exoproteins includes
24 different superantigens among S. aureus and 11 serologically distinct proteins
among GAS. For S. aureus, the most commonly recognized superantigens clinically
include TSST-1 and staphylococcal exotoxins; among GAS streptococcal pyrogenic
exotoxins (SPEs), streptococcal superantigen (SSA), and streptococcal mitogenic
exotoxin Zn (SMEZn) are most commonly discussed [128]. Superantigens non-
specifically cross-bridge T-cell receptors and major histocompatibility complex
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class II (MHC II) molecules on antigen-presenting cells, thus inducing T-cell proliferation and APC activation [129]. Superantigens stimulate up to 50% of T cells (as
compared to the typical 1 in 10,000 ratio of other conventional processed antigens),
inducing a runaway immune response often termed a “cytokine storm.” During this
process LPS clearance (an ongoing imperative due to endogenous intestinal flora)
drops precipitously, and the lethality of circulating LPS increases by 106-fold [130].
Several clinical syndromes result from host exposure to superantigens, with variation due in part to host factors, site of infection, and specific superantigen.
Staphylococcal TSS due to TSST-1 was first commonly reported among menstruating
women, where growth of S. aureus on intravaginal tampons resulted in TSST-1 elaboration and the development of illness [131]. Symptoms of TSS in these cases include
high fever, hypotension, erythematous rash (erythroderma), and multiorgan dysfunction or failure. Diarrhea and/or vomiting are also common symptoms early in disease,
a common feature among shock syndromes due to other superantigens. Importantly,
for staphylococcal TSS, toxin is often elaborated by bacteria that are extrinsic to the
circulation, making it possible for staphylococcal TSS to occur as a complication of
nearly any infection due to S. aureus. Some staphylococcal superantigens (particularly SEs) also produce an intense response when ingested, resulting in episodes of
severe retching, vomiting, and diarrhea every 15–30 min for up to 48 h, an illness
termed staphylococcal food poisoning. Streptococcal TSS has most often been
described in association with skin and soft tissue infections (a classic example being
post varicella infection in childhood) and is most commonly seen in conjunction with
bacteremia [132]. Necrotizing fasciitis is commonly complicated by streptococcal
TSS, and failure to achieve prompt source control (which may require extensive tissue
resection or amputation) greatly increases the risk of mortality.
Treating sepsis complicated by TSS or milder forms of cytokine storming due to
superantigens requires prompt source identification and control and antibiotic administration. Clindamycin use as part of antibiotic therapy regimens in TSS can reduce
superantigen production, which can improve symptom course and clinical outcome
[133]. Reducing circulating superantigen concentrations has been demonstrated
through administration of intravenous immune globulin (IVIG) which has been
shown to reduce fatality among patients with streptococcal TSS [134]. Monoclonal
antibodies to certain superantigens have been proposed, but no preparation has made
it to market. Studies of active immunization strategies are also underway but remain
in early stages [135].

11.9

Virulence Traits of Candida Species Causing Sepsis

Of the many species of fungi capable of causing invasive disease and sepsis in humans,
Candida species are by far most prominent. Candida species have been attributed as
the cause of up to 7% of cases of septic shock in some reports [136]. The most common
species causing infection include C. albicans, C. glabrata, C. krusei, C. parapsilosis,
and C. tropicalis [137]. More recently, the multidrug-resistant species C. auris (first
identified from cultures of the ear of a patient in Japan) has emerged as a pathogen
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causing sepsis and invasive disease [138]. Invasive candidiasis most commonly affects
severely debilitated hosts, including the immunocompromised and those with indwelling vascular catheters, and can cause a myriad of invasive disease syndromes, including hepatosplenic candidiasis, endocarditis, endophthalmitis, and central nervous
system disease [139]. Mortality from invasive candidiasis can exceed 30% [138].
The virulence of Candida species in sepsis stems largely from the underlying
debilitated state of the host, necessitating prompt diagnosis of invasive candidiasis
among at-risk patients in order to initiate empirical therapy as soon as possible
(Table 11.4). Initial symptoms of invasive candidiasis are non-specific, and microbiological cultures may merely represent colonization in many cases. In general,
isolation of Candida spp. from normally sterile body fluid in critically ill patients
confirms the diagnosis [140]. Culture of respiratory tract secretions most often represents colonization and demonstration, with some exception in the severely immunocompromised. Candiduria may represent colonization, UTI, or secondary
candiduria from primary candidemia. Non-culture-based methods of detection have
been variably successful, with polymerase chain reaction and β-d-glucan (a cell wall
component of Candida and other fungal species) having demonstrated the best sensitivity and specificity, depending on body site of infection and sample source [141].
Prompt source control and antifungal treatment of invasive Candida infections is
critically important, as delays can result in significant increases in mortality risk
[142]. Antifungal therapy differs based upon species-associated susceptibilities. C.
albicans is assumed to be universally susceptible to triazoles (e.g., fluconazole),
amphotericin B, and echinocandins. For other common species, particularly C. glabrata and C. krusei, fluconazole resistance is common. C. auris in particular can be
resistant to amphotericin B, fluconazole, voriconazole, or echinocandins, necessitating broad-spectrum antifungal therapy and confirmatory susceptibility testing
[143]. Suspected invasive candidiasis among ICU patients, particularly among
patients with septic shock, should be treated aggressively and early; survival exceeds
80% if antifungals are started within 2 h of septic shock onset, but provider-reported
practice suggests that delays in antifungal administration may exceed 30 h [144].
Finally, it is important to assess for metastatic foci of infection, particularly among
patients diagnosed with candidemia, as identification of invasive candidiasis at
other sites necessitates prolonged antifungal therapy.
Table 11.4 Risk factors for invasive candidiasis and/or candidemia
Patient factors
Diabetes
Renal failure (incl. hemodialysis)
Prior surgery (esp. intra-abdominal)
Immunocompromise, including:
 
(a) Malignancy
 
(b) HIV
 
(c) Primary immunodeficiency
Premature birth (in infants only)

Exposure factors
Immunosuppressive drugs including:
 
(a) Corticosteroids
 (b) Anti-transplant rejection drugs
 
(c) Myeloablative chemotherapy
Broad-spectrum antibiotics
Indwelling vascular catheters
HSCT or SOT recipient
Prolonged ICU stay

HIV human immunodeficiency virus, HSCT hematologic stem cell transplant, SOT solid organ
transplant
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Conclusions

Clinicians are faced with many challenges when treating septic patients. The vast
array of potential infecting organisms responsible for the development of sepsis
makes the identification of targeted therapies particularly difficult. Each pathogen
possesses a unique and versatile array of virulence and survival factors that can be
differentially activated and expressed depending on environmental exposures and
host factors, making it possible even for routine colonizing organisms to cause
life-threatening disease. Understanding the role that these virulence factors, toxins, and communication mechanisms play in microorganism survival is providing
valuable insight into human immune system functions and will likely prove critically important to refining the broad, syndromic diagnosis of sepsis into more
discrete disease entities that will be amenable to specific and targeted therapies.
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12.1

Introduction

The management of septic patients requires a comprehensive, multidisciplinary
approach based on the five fundamental pillars of sepsis medicine: early recognition of the symptoms and signs of sepsis, the use of rapid and rigorous diagnostic
tools, prompt initiation of resuscitation measures and supportive care, timely
administration of antimicrobial therapy, and source control. Sepsis is a time trial.
Any delay in the five management steps will inexorably translate into increased
morbidity and mortality. History-taking and a detailed physical examination will
often provide important clues to the identification of the most likely site of infection and help to quickly assess the severity of the infectious process and the need
for hemodynamic and organ support. Judicious diagnostic tests, first and foremost
sampling of blood, biological fluids, and relevant tissue for microbiological studies, should be performed expeditiously and followed by the prompt administration
of broad-spectrum antimicrobial agents. Imaging studies may help ruling in the
most likely source of infection and decide whether source control actions are
needed, such as percutaneous or surgical drainage of an abscess or debridement of
infected tissue. The 2016 update of the international guidelines for the management of sepsis and septic shock of the Surviving Sepsis Campaign provides a very
useful framework guiding physicians into the multifaceted elements of the management of the septic patient [1]. The aim of this chapter is to review the rationale,
the basic concepts, and the modalities of antimicrobial therapy for patients with
sepsis or septic shock.
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Impact of Appropriate Antimicrobial Therapy

Numerous studies have shown that prompt administration of appropriate antimicrobial therapy improved outcome in patients with bloodstream infections (reviewed in
[2, 3]). Over the last 50 years, numerous retrospective studies of patients with
Gram-negative bacteremia indicated that appropriate antibiotic therapy reduced
mortality when compared with inappropriate therapy, which was defined as the use
of at least one agent active in vitro against the infecting pathogen [4–16]. More
recently, similar findings have also been made in patients with Gram-positive bacteremia [17–19] or candidemia [20–23]. However, one should acknowledge that several studies did not found an association between the appropriateness of antibiotic
therapy and patient’s outcome [24–28].
A number of potential confounding factors or selection biases may account for
these conflicting findings. These studies were characterized by a great deal of heterogeneity in terms of study design (retrospective vs. prospective), inclusion and exclusion criteria, sample size, comorbidities, severity of diseases (sepsis or septic shock),
type of infections (community-acquired vs. nosocomial infections including hospital- or ventilator-associated pneumonias, localized vs. systemic infections), causative
microorganisms (Gram-negative vs. Gram-positive, monomicrobial vs. polymicrobial infections), definitions (based on in vitro susceptibility with or without consideration of pharmacokinetic and pharmacodynamic parameters), time of assessment
of appropriateness of antimicrobial therapy, type of antimicrobial therapy (empirical
vs. targeted therapy), and endpoints (morbidity vs. mortality).
Methodological recommendations have been proposed to improve the quality of
studies, to facilitate the comparisons of results, and to ease the generalizability of the
findings [29]. Studies that have integrated these methodological recommendations
have confirmed that inappropriate therapy was associated with increased mortality.
For example, in a multicenter prospective study that included 801 episodes of bloodstream infections in 756 patients, inadequate empirical therapy increased mortality at
day 14 and day 30 (odds ratios 2.12, 95% confidence interval, 1.34–3.34 and 1.56,
95% CI, 1.01–2.40, respectively) [30]. A systematic review and meta-analysis of 70
studies on the efficacy of appropriate antibiotic therapy for sepsis showed that patients
with inappropriate therapy had higher unadjusted (univariate analysis) and adjusted
(multivariate analysis) all-cause mortality (odds ratios 2.11, 95% confidence interval,
1.82–2.44 and 2.05, 95% CI, 1.69–2.49, respectively) [31]. A high level of heterogeneity was noted, and study sample size had an important influence on the observed
effect of the appropriateness of therapy. Septic shock was the only confounding factor
positively associated with odds ratios in a meta-regression analysis.

12.3

Empirical Therapy

Empirical therapy is defined as a probabilistic antimicrobial therapy initiated in the
absence of a definitive microbiological documentation of the nature of the infection
that is prior to the identification of the causative microorganism and therefore in the
absence of antimicrobial susceptibility data.
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Timing. The existence of statistically significant relationships between hourly
delays in the administration of appropriate antibiotics and outcome of severe sepsis
and septic shock has been reported in several studies [7, 8, 15, 16, 32]. A strong
association was noted between a longer time until the administration of antibiotics
and an increased risk-adjusted in-hospital mortality (odds ratio 1.04 per hour; 95%
CI, 1.03–1.06; P < 0.001) in the most recent study on the impact of a 3-h bundle of
sepsis care [16]. But other studies did not show similar associations [14, 26, 33]. In
a meta-analysis of 11 studies that included 16,178 patients, administration of antibiotic within 3 h of emergency department triage or within 1 h of shock recognition
was not associated with improved outcome [34]. As mentioned above, many studies
are of low quality for a variety of reasons such as the retrospective nature of the
analyses, the pooling of patient cohorts, an imprecise or lack of information regarding the appropriateness of therapy, or issues about selection of zero time points.
In the 2016 international guidelines for management of sepsis and septic shock
published by the Surviving Sepsis Campaign (SSC), the recommendation is that the
“administration of IV antimicrobials be initiated as soon as possible after recognition and within one hour for both sepsis and septic shock (strong recommendation,
moderate quality of evidence; grade applies to both conditions)” [1]. This is obviously a very reasonable recommendation. However, one should also acknowledge
that specific recommendations on antibiotic timing as a metric of quality of care are
not supported by very robust data.
Selection of antimicrobial agents. Factors to be taken into account when choosing
the initial antimicrobial regimen to be used empirically in patients with suspected
infection are presented in Table 12.1. The basic principles guiding the selection of
antimicrobial agents are well established. The spectrum of activity should be sufficiently broad to cover all likely pathogens with a reasonable margin of security.
Given the large range of elements to be taken into account in the process of selecting
an empirical antimicrobial regimen, it is difficult to make specific recommendations.
The most appropriate choice may consist of one (monotherapy) or more (multidrug
or combination therapy) antimicrobial agents chosen among various classes of antibiotics. These are typically extended-spectrum penicillins with or without a betalactamase inhibitor, third- or fourth-generation cephalosporins, carbapenems,
fluoroquinolones, aminoglycosides, glycopeptides, lipopeptides, or oxazolidinones.
Table 12.1 Elements guiding the selection of antimicrobial agents in patients with sepsis
 • Host factors: underlying diseases/comorbidities, immunodeficiencies (primary or
acquired such as immunosuppressive therapy, neutropenia, transplantation), travels,
contact with animals, prior hospitalization, immediate past medical history (recent
exposure to antimicrobial agents, drug intolerance), presence of implants, or other
invasive devices
 • Location of the patient at the onset of infection (community or healthcare environment)
 • Site of infection
 • Severity of the clinical condition (sepsis, septic shock)
 • Epidemiological data, local ecology (general and ward-specific)
 • Colonization with resistant pathogens
 • Pharmacokinetic and pharmacodynamic parameters

188

T. Calandra and B. Guery

Facing the increase in resistance [35], carbapenems should however be considered as
second-line drugs [36, 37]. Whenever possible, one should start therapy with microbicidal rather than microbiostatic antimicrobial agents. To ensure broad-spectrum
empirical coverage against the most likely pathogens, it is often necessary to opt for
a multidrug therapy. In theory, combinations of antibiotics provide broad-spectrum
coverage, may exert additive or synergistic effects, and may reduce the risk of emergence of resistant strains [2]. Some classes of antibiotics may also exert immune
modulatory effects (macrolides). Multidrug therapy is a sensible therapeutic option
when multidrug-resistant pathogens (such as methicillin-
resistant staphylococci
[MRSA], Pseudomonas aeruginosa, or Acinetobacter species) are suspected. An
increased risk of toxicity, superinfections with resistant bacteria or fungi, and higher
costs are classical trade-offs of multidrug therapies. Historically, combination therapy consisted of an association of a beta-lactam with an aminoglycoside. Today
empirical triple- or quadruple-agent therapy is often required to make sure that all
potential pathogens are covered particularly in an environment where antimicrobial
resistance is a major concern.
For empirical therapy, the 2016 guidelines of the SSC recommend “broad-
spectrum therapy with one or more antimicrobials for patients presenting with sepsis or septic shock to cover all likely pathogens (including bacterial and potentially
fungal or viral coverage) (strong recommendation, moderate quality of evidence).”
In patients with septic shock, it is suggested to start “empiric combination therapy
(using at least two antibiotics of different antimicrobial classes) aimed at the most
likely bacterial pathogen(s) for the initial management of septic shock (weak recommendation, low quality of evidence)” [1].

12.4

 harmacokinetic (PK) and Pharmacodynamic (PD)
P
Parameters

According to the 2016 SSC guidelines, it is recommended that “dosing strategies of
antimicrobials be optimized based on accepted pharmacokinetic/pharmacodynamic
principles and specific drug properties in patients with sepsis or septic shock (Best
Practice Statement)” [1]. What does that rather general statement imply concretely?
Antibiotics could be classified according to their solubility characteristics as
hydrophilic or lipophilic [38]. Hydrophilic molecules like beta-lactams, aminoglycosides, or glycopeptides are affected by changes of the volumes of distribution and
of renal function which occur frequently in critically ill patients. On the contrary,
lipophilic molecules (fluoroquinolones and macrolides) are less influenced by the
volumes of distribution but more often by renal clearance. Antibiotics could also be
artificially divided in two groups, concentration-dependent or time-dependent molecules, although some molecules share properties of both groups. For concentration-
dependent molecules, the maximum plasmatic concentration (Cmax) over minimum
inhibitory concentration (MIC) of the pathogen is the PK/PD parameter associated
with clinical success (Fig. 12.1a). For time-dependent molecules, the time over the
MIC is the parameter associated with outcome (Fig. 12.1b). We will describe these
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Fig. 12.1
Pharmacokinetic/
pharmacodynamic
parameters associated with
clinical cure. (a)
Concentration-dependent
molecules, (b) timedependent molecules.
Cmax maximum plasmatic
concentration, MIC
minimum inhibitory
concentration, AUC area
under the curve
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two groups underlining the role of the individual dose for concentration-dependent
molecules and the rationale of continuous infusion for time-dependent molecules.
Concentration dependence and initial dosage. The best example of concentration-
dependent molecules is the aminoglycosides. A seminal paper published in 1987
analyzed the clinical response to aminoglycosides in 236 patients with Gram-negative
bacterial infections [39]. The authors showed a graded dose-response effect between
an increasing maximal peak concentration/minimal inhibitory concentration (MIC)
ratio and clinical response. A ratio greater than 8 was associated with more than 80%
of clinical cure. Consistent with those data, when a Cmax/MIC equal to or greater
than 10 was achieved within the first 48 h of aminoglycoside therapy, there was a
90% probability of temperature and leukocyte count resolution by day 7 in patients
with nosocomial pneumonia [40]. This effect directly related to the Cmax/MIC ratio
can be explained by the post-antibiotic effect. Once-daily dosing resulted in high
peak concentration exposure and was associated with both an extended post-antibiotic effect and a greater bacterial killing when compared to multiple-daily dosing
[41]. Initially described in vitro, this phenomenon of adaptive resistance was then
confirmed in vivo in a rabbit endocarditis model [42]. Maximum adaptive resistance
occurred between 8 and 16 h after amikacin exposure. After 24 h, bacteria had partially recovered their susceptibility to amikacin. It seems therefore important to use
high dosage of aminoglycosides especially in critically ill patients. In patients with
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severe sepsis or septic shock, a first dose of 11 mg/kg of gentamicin was required to
reach a peak plasma concentration equal to or greater than 30 mg/L [43]. This
increase of dose is related to the modification of the volume of distribution (Vd) in
septic patients. A clear relationship between aminoglycoside Vd and illness severity
measured by the APACHE 2 score was also noted in a study of 42 septic patients
[44]. Interestingly, in sepsis it must also be emphasized that Vd changes over time. In
septic patients, gentamicin intra-patient pharmacokinetics showed that Vd decreased
from 0.43 ± 0.12 L/kg to 0.29 ± 0.17 L/kg between the first and the seventh day of
treatment [45]. Even with a loading dose of 25 mg/kg of amikacin (the classic dose
is 15 mg/kg), a therapeutic target was achieved in only 70% of 74 patients with
severe sepsis and septic shock [46]. All these data confirm that high doses of aminoglycosides should be given for 24–48 h (i.e., one or two injections) in patients with
sepsis or septic shock. The goal is to be rapidly bactericidal without toxicity. The
initial dose should not be decreased to obtain the highest Cmax/MIC ratio.
Fluoroquinolones belong to the group of molecules with concentration-dependent
and time-dependent characteristics. In 74 acutely ill patients treated with various
dosages of ciprofloxacin, the 24-h area under the concentration-time curve (AUC)/
MIC ratio (AUIC) was the most important predictor of efficacy, not the Cmax/MIC
ratio or the time above MIC [47]. The results also showed that an AUIC below 125
was associated with low microbiological and clinical cures (26% and 42%, respectively). Pharmacodynamic analyses of ciprofloxacin performed in 42 patients with
Enterobacteriaceae bloodstream infections revealed an even higher AUIC threshold
than previously suggested [48]. Clinical cure was obtained in 91.4% of the cases if
the AUIC was above 250 and in only 28.6% if it was below this value. Like aminoglycosides, the dosage is critical for this group of molecules even though the Vd is
less important than for aminoglycosides. Monte Carlo dosing simulations indicated
that achievement of therapeutic exposures was dependent on renal function, pathogen, and MIC but that it was not related to critical illness per se [49].
Continuous infusions and time-dependent molecules. In severely ill patients, it is
critical to optimize the use of antibiotics based on their PK/PD characteristics.
Personalized antibiotic therapy may indeed increase the accuracy of antibiotic dosing and the effectiveness of therapy and improve patient’s outcome. Intermittent
dosing either as bolus injections or short infusions is the conventional mode of
administration of antimicrobial agents. Yet, continuous infusions of time-dependent
antibiotics like beta-lactams may increase drug exposure and antimicrobial activity
and may result in a better outcome. A review of the medical literature between 2000
and 2016 supports that beta-lactam concentrations higher than five times the MIC
for 100% of the time could maximize the efficacy and minimize the emergence of
resistance [50].
In agreement with the previous work of several groups of investigators, a prospective, multinational, pharmacokinetic point-prevalence study on eight beta-lactam antibiotics (i.e., time-dependent antibiotics) revealed that 16% of the patients did not have
free antibiotic concentrations above the MIC of the pathogen for at least 50% of the
dosing interval [51]. The PK/PD endpoints of the study (i.e., antibiotic concentrations
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above the MIC during 50% and 100% of the dosing intervals) were associated with a
positive clinical outcome in multivariate regression models.
Three randomized control trials examined the clinical influence of continuous
infusions versus intermittent bolus injections of beta-lactams [52]. Continuous infusions resulted in higher plasma concentrations of piperacillin-tazobactam, meropenem, or ticarcillin-clavulanate than intermittent infusions, which exceeded the MIC
of the pathogen in a much larger number of patients (82% vs. 29%, P = 0.001) and
resulted in a better clinical response (70% vs. 43%, P = 0.037) in a prospective,
double-blind, randomized controlled trial [52]. In a follow-up study conducted in 25
ICUs with the same antibiotics, the number of alive ICU-free days at day 28 (the
primary endpoint) was similar in the continuous and intermittent treatment groups
[53]. The duration of bacteremia, the number of alive organ failure-free days at day
14, the clinical cure rates 14 days post-antibiotic cessation, and the 90-day survival
were also comparable in both treatment groups. In the third study conducted in
patients with severe sepsis who were not on renal replacement therapy, higher clinical cure rates (56% versus 34%, P = 0.01) and PK/PD target attainment (day 1 97%
versus 70%, P < 0.001; day 3 97% versus 68%, P < 0.001) were obtained in the
continuous infusion group than in the intermittent bolus injection group [54]. A
meta-analysis of these three clinical trials showed that continuous infusion of beta-
lactams was associated with reduced hospital mortality (relative risk 0.74, 95% CI
0.56–1.00, P = 0.045) [55]. Prolonged infusions of carbapenems or piperacillin-
tazobactam were also associated with lower mortality (RR 0.59, 95% CI 0.41–0.83)
in a meta-analysis of 14 studies comparing extended (equal to or greater than 3 h)
or continuous (24 h) versus short (20–60 min) infusions in severely ill patients [56].
In contrast, in two meta-analyses of 14 and 29 randomized controlled trials of time-
dependent (beta-lactam antibiotics) or time-dependent and concentration-dependent
antibiotics, continuous infusions did not improve outcome [57, 58]. Major methodological weaknesses and biases were noted, such as lack of information about the
randomization process, the study blinding, the dosing of antibiotics, and a partial or
selective report on data sets and outcome. No recommendation can be made regarding the use of continuous administration of antibiotics before adequately powered
randomized clinical studies are performed.
Beside beta-lactams, vancomycin like fluoroquinolones also belongs to the molecules where AUIC is associated with clinical and microbiological cure. The use of
intermittent or continuous administrations is still debated [59]. Only one study of methicillin-resistant Staphylococcus aureus infections showed that continuous infusion of
vancomycin reached the targeted concentration levels faster and with a lower variability than intermittent infusions [60]. The efficacy was not different between the two
groups. Like for beta-lactams, a loading dose of 35 mg/kg is required for vancomycin
to rapidly achieve a targeted concentration of 20 mg/L if administered in continuous
infusions in critically ill patients. To maintain target concentrations, the daily dosage
was 35 mg/kg for a patient with creatinine clearance of 100 mL/min/1.73 m2 [61].
Dosing of antimicrobials. The 2016 SSC guidelines recommend that “dosing
strategies of antimicrobials be optimized based on accepted pharmacokinetic/
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pharmacodynamic principles and specific drug properties in patients with sepsis or
septic shock (best practice statement)” [1]. A large number of studies showed that
PK-/PD-driven approaches for anti-infective agents are critical in intensive care unit
patient and could be associated with improved clinical and microbiological cure. All
these approaches rely on plasma concentration and on the MIC of the bacterial
strain. There is still a debate whether measuring plasma concentration is enough
when we know that only free tissue concentrations at the target site are associated
with the therapeutic effect [62]. In fact, plasma concentrations often overestimate
target site concentrations. Dosing antimicrobials can be motivated by several reasons: no response to treatment, evaluating toxicity (aminoglycosides and glycopeptides on renal failure risk), drug interactions (rifampicin and immunosuppressors),
and targeting a plasmatic concentration (multiresistance). For example, in hemofiltration, it is often difficult to obtain the right dosage. Antibiotic levels will allow a
better optimization of the therapeutic schedule [63]. Serum concentrations are
important for toxicity, yet several studies have underlined, for example, with aminoglycosides and vancomycin, a major role of the patient’s underlying diseases and
the effect of combination of toxic drugs [64, 65].
PK/PD and resistance. If PK/PD was mostly used to optimize clinical cure, the
recent increase in emergence of resistance led several authors to propose the use of
PK/PD parameters to minimize the development of resistance. Most of the initial
studies were performed with fluoroquinolones [66]. The notion of mutant selection
window was introduced almost 20 years ago. The selection of antibiotic-resistant
mutants occurs in a drug concentration ranging from the minimum inhibitory concentration (MIC) of susceptible cells to the MIC of the least susceptible single-step
bacterial mutants (defining the mutant prevention concentration, MPC) [67]. The
range of mutant selection window (MPC/MIC ratio) varied largely between each
couple of drug/bacteria ranging from 6 to 160. This approach provides a conceptual
basis to use drugs at concentrations higher than the mutant MPC or to use combination therapy to stay beyond the mutant selection window. While initially described
in vitro, there also are in vivo data supporting this concept. In rabbits pneumococcal
pneumonia treated with moxifloxacin, the recovery of the mutants was suppressed
when the drug concentration exceeded MPC for almost half of the dosing period
[68]. The mutant selection window has a large number of potential applications.
One would be to optimize monotherapy and also combination therapy. This also is
a critical parameter for new drugs, and it should be involved in the design and
screening of new compounds [69]. However, we lack well-designed clinical studies
showing an improvement on clinical cure and prognosis.

12.5

Targeted Therapy

As its name implies, targeted therapy is defined as the use of one or more antimicrobial agents active against the microorganisms identified as the causative pathogens
based on antimicrobial susceptibility data.
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Monotherapy versus combination therapy. Is there evidence supporting the use of
more than one agent for definitive therapy in patients with sepsis, Gram-negative
infections, or microbiologically documented infections caused by problematic bacteria such as Pseudomonas aeruginosa? In a retrospective cohort study of patients with
bacterial septic shock, combination therapy defined as two antibiotics active against
the isolated pathogen was associated with improved outcome [70]. Likewise, several
retrospective and observational studies indicated that a survival benefit may be
obtained with beta-lactam and aminoglycoside dual therapy in patients with P. aeruginosa bloodstream infections (reviewed in [2, 71]). However, important methodological limitations such as the use of different beta-lactam antibiotics in experimental
and control treatment groups and a lack of power were noted in many studies. In a
post-hoc analysis of 593 single episodes of P. aeruginosa bacteremia with adjustment for confounding factors, mortality at day 30 was similar in patients receiving
monotherapy or combination therapy (adjusted hazard ratios for empirical or definitive therapy were 1.17, 95% CI 0.70–1.96 and 1.34, 95% CI 0.73–2.47, respectively)
[72]. No survival benefit was observed in patients given combination therapy either
as empirical or as definitive therapy in a meta-analysis of 19 studies (including eight
RCTs) comparing beta-lactam given either alone or in combination with an aminoglycoside or a fluoroquinolone for the treatment of P. aeruginosa infections [73]. In
the latest Cochrane review on this topic, all-cause mortality (relative risk 1.01, 95%
CI 0.75–1.35) and clinical failure (relative risk 1.11, 95% CI 0.95–1.29) were similar
in studies using the same beta-lactam in studies comparing beta-lactam monotherapy
with a combination of beta-lactams and aminoglycosides for the treatment of patients
with sepsis [71]. Similar results were obtained when analyses were limited to patients
with Gram-negative infections, Gram-negative bacteremia, or P. aeruginosa.
Monotherapy was clearly associated with a lower rate of nephrotoxicity (RR 0.30,
95% CI 0.23–0.39). In contrast to expectations, combination therapy did not prevent
the development of bacterial resistance (relative risk 0.88, 95% CI 0.5–1.45).
Fluoroquinolones have also been used in association with beta-lactam antibiotics
providing dual therapy against Gram-negative bacteria including P. aeruginosa while
avoiding the toxicity caused by aminoglycosides. Combination therapy with meropenem and fluoroquinolone (ciprofloxacin or moxifloxacin) was not superior to
meropenem monotherapy in two multicenter studies of empirical therapy for suspected ventilator-associated pneumonia or severe sepsis [74, 75].
In summary, systematic reviews and meta-analyses of patients with Gram-
negative sepsis, including P. aeruginosa infections, do not indicate that outcome is
improved when patients are treated with dual-targeted therapy using antibiotics
belonging to different antimicrobial classes. Therefore, the 2016 sepsis guidelines
of the SSC suggested that “combination therapy not be routinely used for ongoing
treatment of most other serious infections, including bacteremia and sepsis without
shock (weal recommendation, low quality of evidence)” [1]. The panel also recommended “against combination therapy for the routine treatment of neutropenic sepsis/bacteremia (strong recommendation, moderate quality of evidence)” with a
remark that “this does not preclude the use of multidrug therapy to broaden
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antimicrobial therapy.” If combination therapy is initially used for septic shock, the
panel recommended “de-escalation with discontinuation of combination therapy
within the first few days in response to clinical improvement and/or evidence of
infection resolution.” This recommendation applies to “both targeted (culture-positive infections) and empiric (for culture-negative infections) combination therapy
(best practice statement).” Clearly, the persistent controversy about the place of
dual-targeted therapy in the management of patients with sepsis or septic shock is
unlikely to be resolved unless adequately powered randomized controlled multicenter trials are conducted.
De-escalation and duration of antimicrobial therapy. De-escalation therapy is an
important component of antimicrobial stewardship programs aimed at the prevention of the development of antimicrobial resistance but also at a reduction of drug
cost and adverse events. The existing evidence on the clinical and microbiological
effects of de-escalation of antimicrobial therapy in patients with sepsis is rather
limited. Another difficulty in the interpretation of the available literature is the lack
of a standardized definition. De-escalation therapy has been defined as a reduction
in the number, the spectrum, or the duration of antimicrobial therapy. In addition,
numerous clinical and microbiological criteria have been used to assess the effects
of de-escalation therapy. Endpoints have included the resolution of the primary
infection, the occurrence of a relapse of infection, the development of superinfections, the emergence of resistant pathogens as part of the colonization flora or as an
infecting microorganism, the length of ICU or hospital stay, and all-cause or attributable mortality.
A Cochrane review published in 2013 concluded that there was no direct evidence
derived from published randomized clinical trial of the efficacy and safety of deescalation therapy in patients with sepsis, severe sepsis, or septic shock [76]. Other
studies have been published in the meantime. A single-center, prospective, observational study conducted in 712 ICU patients indicated that de-escalation therapy significantly reduced mortality at day 90 (OR 0.55, 95% CI 0.34–0.87, P = 0.011) [77].
In a multicenter, unblinded, randomized ICU study conducted in 116 patients with
severe sepsis, de-escalation or continuation of empirical antibiotic therapy was associated with a comparable median length of ICU stay (9 versus 8 days, P = 0.71),
which was the primary study endpoint [78]. But the duration of antibiotic therapy
was longer (9 versus 7.5 days, P = 0.03), and the rate of superinfection was higher
(27% versus 11%, P = 0.03) in the de-escalation group than in the continuation
group. A small sample size, the selection process of patients, an unblinded treatment
allocation, and significant imbalances between treatment groups were some of the
limitations of that study [79]. A systematic review of two randomized controlled trials and 12 cohort studies on antimicrobial de-escalation in the ICU confirmed that
there was a high degree of variability in the definition of de-escalation therapy.
De-escalation therapy was more likely to be used in patients on broad-spectrum or
appropriate antibiotics and in patients not colonized with multidrug-resistant microorganisms [80]. De-escalation therapy was associated with a lower relative risk of
mortality (0.68; 95% CI 0.52–0.88). Yet, this observation should be analyzed with
great caution because of a high degree of heterogeneity regarding key parameters
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such as the study design, the populations of patients enrolled, and the lack of adjustment for confounding variables. De-escalation therapy was also associated with a
lower (OR 0.53, 95% CI 0.39–0.73) unadjusted 30-day all-cause mortality in a systematic review and meta-analysis of bloodstream infections and microbiologically
documented pneumonia or sepsis [81]. However, this protective effect on outcome
disappeared after adjustment (OR 0.83, 95% CI 0.56–1.16). De-escalation did not
impact on the development of antimicrobial resistance, but this analysis was limited
to just two studies that provided data on the emergence of resistance during therapy.
It is therefore not surprising that the recommendation of the SSC guidelines could
not go beyond a “best practice statement” of daily assessment for de-escalation of
antimicrobial therapy in patients with sepsis and septic shock [1].
The spectrum of infections in patients with sepsis is quite large, and it explains
why few studies have been able to address the question of what constitutes an appropriate duration of antimicrobial therapy in such a heterogeneous patient population.
Available data are derived from studies performed in less severe patients with well-
defined infections. In that context, the 2016 SSC guidelines suggested that “an antimicrobial treatment duration of 7 to 10 days is adequate for most serious infections
associated with sepsis and septic shock (weak recommendations, low quality of evidence)” with the caveat that “longer courses are appropriate in patients who have
a slow clinical response, undrainable foci of infection, bacteremia with S. aureus,
some fungal and viral infections, or immunologic deficiencies, including neutropenia. (weak recommendation, low quality of evidence)” [1]. Conversely, shorter
courses may also be appropriate in patients who improve rapidly or in whom source
control was effective.
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Key Points
• Overall, immunosuppressive therapy has not been found to improve sepsis
outcome.
• Dampening of the immune response may be beneficial in selected sepsis patients
with evidence of hyperinflammation, e.g., macrophage activation syndrome.
• Sepsis itself induces an immunosuppression, and this is increasingly recognized
as an important cause for sepsis morbidity and mortality.
• Innate-immune-enhancing cytokines, GM-CSF and IFNγ have shown therapeutic promise in small clinical trials and case series.
• Adaptive-immune-enhancing molecules IL-7 and anti-PD-1/PD-L1 have shown
beneficial results in preclinical studies and are under investigation in currently
ongoing trials in sepsis patients.
• Adjunctive immunotherapy should be personalized by determining the immune
status of the individual patient.

G. P. Leijte, M.D. · M. Kox, M.Sc. · P. Pickkers, M.D. (*)
Department of Intensive Care Medicine, Radboud University Medical Center,
Nijmegen, The Netherlands
Radboud Center for Infectious Diseases, Nijmegen, The Netherlands
e-mail: guus.leijte@radboudumc.nl; matthijs.kox@radboudumc.nl;
peter.pickkers@radboudumc.nl

© Springer International Publishing AG, part of Springer Nature 2018
W. J. Wiersinga, C. W. Seymour (eds.), Handbook of Sepsis,
https://doi.org/10.1007/978-3-319-73506-1_13

201

202

13.1

G. P. Leijte et al.

Adjunctive Immunotherapies

Apart from antibiotics/source control and supportive measures, a sepsis-specific
treatment is lacking. Nevertheless, advances in the management of sepsis and
increased compliance with the Surviving Sepsis Campaign guidelines have led to
major quality improvements in sepsis care. This has resulted in a significant reduction in the case fatality rate of sepsis [1]. Importantly, mortality rates still remain
high, and as sepsis incidence is on the rise, the absolute sepsis mortality over the last
decades has increased (Chap. 2 and [2, 3]). Hence, there is still an unmet need for
adjunctive treatment for this lethal syndrome [4–8].
The search for a specific immune system-targeting therapy has dominated the
scientific field for more than four decades. Over these years, our understanding of
the innate and adaptive host response and immunopathology in sepsis has improved
tremendously. In contrast to the former belief that sepsis patients predominantly
suffer from an exaggerated pro-inflammatory response, it has now become evident
that pro- and anti-inflammatory responses are mounted simultaneously and can both
be harmful to the patient [5, 8–10]. Furthermore, in many septic patients, even after
successful treatment of the primary infection, the host response remains dysregulated, and organ dysfunction and unwanted clinical outcome may ensue. Whether
pro-inflammation or anti-inflammation is the overriding detrimental immune
response differs between patients and will also evolve over time in individual
patients [4]. The prominent role of the dysregulated immune response has been
represented in the new definition of sepsis [11], defining sepsis as a life-threatening
organ dysfunction caused by a dysregulated host response to infection. In parallel
with our increased understanding of the host response in sepsis, many adjunctive
immunotherapies have been developed and tested over the last decades. These therapies target specific pathological mediators or pathways that play a role in the
immune response and were initially aimed at curtailing excessive inflammation but
later on also focused on preventing or reversing immunosuppression. In this chapter, we will provide an overview of the most important adjunctive immunotherapies
that have been studied for the treatment of sepsis and discuss future perspectives on
this subject.

13.2

Immunosuppressive Strategies

From the 1970s to the turn of the century, it was commonly assumed that a pathogen-
induced overzealous pro-inflammatory response resulted in organ dysfunction of the
host as “collateral damage”. Eventually, mortality was thought to be the consequence
of this too pronounced pro-inflammatory response. As a result, therapeutic research
in the sepsis field was virtually exclusively focused on dampening or preventing
excessive inflammation to prevent tissue damage and to improve survival. Below, we
discuss the most extensively studied immunosuppressive therapies.
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13.2.1 Corticosteroids
The place of corticosteroids in the treatment of sepsis has been an important subject
of debate for decades. The first trial evaluating the anti-inflammatory effects of cortisone during severe infection dates back to 1950 [12], and in the late 1970s, the use
of high-dose corticosteroids in 172 septic shock patients showed an impressive
reduction in mortality [13]. These findings resulted in the use of high-dose methylprednisolone or dexamethasone as standard treatment for septic shock patients.
However, subsequent well-designed and larger prospective clinical trials yielded
different results, as they did not reveal any treatment advantage of high-dose corticosteroids on sepsis mortality [14–16]. Strikingly, several studies even demonstrated possible harm associated with high-dose steroid treatment [17–20]. As a
result, the use of high-dose corticosteroids as a treatment for septic shock was abandoned [21, 22]. Importantly, low-dose corticosteroid therapy (extensively discussed
in Chap. 5) is currently mainly used in refractory septic shock patients aimed to treat
relative adrenal insufficiency and not to modulate the immune response, which is
therefore outside the scope of this chapter. Nevertheless, in the CORTICUS trial,
low-dose hydrocortisone resulted in a higher rate of positive blood cultures following sepsis and the occurrence of secondary infections, illustrating untoward effects
of suppression of the immune response even by low-dose corticosteroids [23]. An
ongoing study in 3800 septic patients will hopefully resolve the longstanding controversy about the effects of hydrocortisone therapy in sepsis (Table 13.1).

13.2.2 Cytokine-Targeted Therapies
Several promising preclinical studies using antibodies targeting tumor necrosis factor (TNF)α paved the way for clinical development of agents targeting pro-
inflammatory cytokines [24, 25]. However, it needs to be acknowledged that these
animal studies used endotoxemia as a model for sepsis, and not a more clinically
relevant model of polymicrobial sepsis such as cecal ligation and puncture, and in
most studies, the cytokine-targeted treatment was administered prior to the endotoxin infusion. Such an approach is clinically not feasible in sepsis patients who
arrive in the hospital with overt inflammation before treatment can be initiated.
Endotoxemia is a sterile model of systemic inflammation induced by administration
of the bacterial cell wall component endotoxin (also known as lipopolysaccharide
[LPS]), which results in massive production of pro-inflammatory cytokines such as
TNFα, in turn leading to immunopathology and multi-organ failure. Without the
presence of living bacteria in the endotoxemia model, animals suffer only from the
detrimental effects of the pro-inflammatory response, and it is therefore not surprising that anti-TNFα therapy showed beneficial effects. Perhaps due to these differences between the preclinical studies and clinical practice, treatment with a
TNFα-neutralizing fusion protein resulted in increased mortality in septic shock
patients [26]. A trial with an anti-TNFα monoclonal antibody fragment showed
mild improvements in survival, but only in patients with elevated serum levels of

Anti-PD-1 Antibody

Thymosin alpha 1
(TEST trial)
BCG vaccination

GM-CSF (GRID
trial)

Anti-PD-L1
Antibody

NCT02797431

2017

1200 sepsis patients
(lymphocytes ≤ 1.1 × 109 cells/L)

2200 pediatric patients

Enhanced responsiveness of
innate immune cells

Reversing T cell exhaustion by
inhibition of PD-1/PD-L1
pathway

1106 sepsis patients

488 severe sepsis (mHLA-DR < 8000
ABs/cell)

35 severe sepsis patients

15 sepsis patients

ICU acquired
infections at day
28
28-day all-cause
mortality
Severe illness in
the first 14 weeks
of life
90-day all-cause
mortality

>50% lymphocyte
increase +
mortality
90-day all-cause
mortality

NCT01598831

2018

28-day mortality

–

NCT02606526

2020

Start date:
2018

NCT02867267

NCT02361528

2018

2019

NCT02576457

NCT02469857

NCT02647554

2018

2018

NCT01448109

2017

2019

290 patients with necrotizing soft
tissue infections
800 severe sepsis patients
(coagulopathy: INR > 1.4)

384 sepsis patients

NCT02588794

2017

Sepsis-induced
acute kidney injury
90-day all-cause
mortality
28-day all-cause
mortality
28-day mortality

Identifier

124 severe sepsis patients
(IL-6 > 1000 pg/mL)
3800 sepsis patients

Anticipated
completion date

Primary outcome

Study population (stratification)

Augmentation of mHLA-DR

Reversing T cell exhaustion by
inhibition of PD-1/PD-L1
pathway
Improves proliferation and
function of phagocytes

Inhibits interaction CD28 and
bacterial superantigens
Thrombomodulin
Combined anticoagulant + anti-
(ART-123)
inflammatory effects
Immunostimulatory strategies
Recombinant IL-7
Restore lymphocyte count
(IRIS-7a)

AB103 (ACCUTE)

Proposed benefit
Agent (study)
Anti-inflammatory strategies
CytoSorb
Cytokine absorption
(CASAKI)
Hydrocortisone
Combined hemodynamic + anti-
(ADRENAL)
inflammatory effects
Ulinastatin
Urinary trypsin inhibitor

Table 13.1 Ongoing adjunctive immunotherapy trials in sepsis patients
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interleukin (IL)-6 [27]. This relatively early study may have hinted to the future, as
it suggests that targeted therapy based on immune status could be the way forward
in immunotherapy for sepsis. A similar case could be made for IL-1-targeted treatment. Following promising preclinical and phase II clinical research, a large trial
published in 1997 reports that administration of recombinant human IL-1 receptor
antagonist failed to reduce 28-day mortality when compared to standard therapy
[28]. Interestingly, 19 years later, a post hoc analysis of this study identified that
5.6% of the study population presented with features of macrophage activation syndrome (sepsis with concurrent hepatobiliary dysfunction/disseminated intravascular
coagulation), which is representative of hyperinflammation. In this subgroup, mortality was 65% in the placebo-treated patients and 35% in the IL-1 receptor blockade patients (p = 0.0006) [29]. Naturally, this is a post hoc analysis, and no definitive
conclusions can be drawn, but it does suggest that a specific subgroup of “hyperinflamed” sepsis patients might benefit from inhibition of the immune response.

13.2.3 Endotoxin (Signaling)-Targeted Therapy
The lipopolysaccharide cell membrane component endotoxin that is recognized by
the host through Toll-like receptor 4 (TLR4) signaling is regarded as a pivotal initiator of the detrimental hyperinflammatory response in gram-negative sepsis. Therefore,
several therapies targeting endotoxin or its downstream immunological effects have
been evaluated over the years in several large trials [30]. The CHESS trial did not
show an effect of the LPS-binding human monoclonal antibody HA-1A on 14-day
mortality in patients with gram-negative septic shock [31]. A murine monoclonal
antibody directed against endotoxin (E5) also failed to show improved short-term
survival [32]. The most recent study on this subject, the ACCESS trial, investigated
the effects of Eritoran, a synthetic lipid A antagonist that blocks binding of LPS to its
receptor TLR4. In line with previous anti-endotoxin therapies, Eritoran did not
reduce mortality in almost 2000 patients with severe sepsis [33].

13.2.4 Blood Purification Techniques
The removal of inflammatory mediators using blood purification techniques has
also been advocated to correct the dysregulated host response in sepsis. Apart from
many case series, a few randomized controlled trials have been performed during
the last decade. A small study using polymyxin B hemoperfusion aimed to reduce
blood endotoxin levels in abdominal sepsis patients showed more swift hemodynamic stabilization and reduced mortality [34], but the study was terminated prematurely, and endotoxin levels were not measured. In contrast to this early study, two
more recent and larger randomized controlled trials did not reveal a survival benefit
of polymyxin B hemoperfusion in patients with septic shock [35, 36].
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13.2.5 Intravenous Immunoglobulins
A recent meta-analysis of 18 RCTs in sepsis patients showed that passive immunization using intravenous immunoglobulins (IVIGs) to improve neutralization and clearance of toxins was associated with a slight reduction in mortality [37]. However, most
of the studies had notable limitations. As such, evidence supporting the use of either
polyclonal standard IgG or IgM-enriched preparations is currently not available, and
this therapeutic option is clinically not implemented in unselected sepsis patients.

13.3

 ack to the Drawing Board: Towards
B
Immunostimulatory Strategies

As described above, over the years, dozens of trials have convincingly demonstrated
that outright inhibition of the immune response exerts no overall beneficial effects in the
heterogeneous group of sepsis patients. During the last decade, observational data suggest that not an excessive pro-inflammatory response, but rather immune suppression,
may be the overriding immune dysregulation in a significant proportion of sepsis
patients. In addition, most patients do not die in the acute phase, but later on, suffering
from uncontrolled primary or secondary (opportunistic) infections [38]. As a result of
these more recent insights, sepsis research is increasingly focusing on immunostimulatory treatments aimed to restore the suppressed host response in sepsis. The suppressed
immune state is characterized by impaired innate and adaptive immune responses,
including impaired phagocyte function, altered ex vivo cytokine production, lower levels of monocyte HLA-DR (mHLA-DR) surface expression, and enhanced apoptosis
and dysfunction of lymphocytes [5]. This may explain the observation that sepsis
patients more likely develop secondary infections with opportunistic bacteria or fungi
[38], and up to 43% of patients show positive viral polymerase chain reactions (PCRs)
for multiple latent viruses in the blood, including CMV, EBV, and HSV-1, indicating
reactivation of these viruses in the days to weeks following their primary bacterial infection [39]. Of note, such a phenotype is normally observed only in transplant patients that
receive immunosuppressive medication [40], underlining the severity of immunosuppression in sepsis. The same study also showed that conversion from a negative to a
positive virus PCR result was associated with secondary fungal and opportunistic bacterial infections and that ICU length of stay was twice as high in patients who became
PCR positive versus those who remained negative [39]. Also, a seminal postmortem
study revealed profound suppression of immune cell function in tissues from patients
that died of sepsis versus those that died from other reasons [41]. Although this phenomenon, known as “sepsis-induced immunoparalysis”, is increasingly recognized as an
important immune dysfunction in septic patients [42], its clinical relevance is debated
[43, 44], especially the clinical relevance of secondary infections for the patient is questionable, as a recent study demonstrated that the attributable mortality of secondary
infections in sepsis may be no more than 10% [45]. Nevertheless, most agree that, at
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Fig. 13.1 Immunostimulatory strategies for adjunctive immunotherapy in sepsis. Sepsis-induced
immunosuppression is characterized by impaired phagocyte function, altered cytokine production,
lower levels of HLA-DR surface expression, and enhanced apoptosis and dysfunction of lymphocytes. Several immunostimulatory strategies have shown to reverse the suppressive phenotype
by acting upon pathways in both the innate and adaptive immune response. WBC white blood
count, ROS reactive oxygen species, PRR pattern recognition receptor, PAMP pathogen-associated
molecular pattern, HLA-DR human leukocyte antigen-antigen D related, APC antigen presenting
cell, PD-L1 programmed death ligand 1, PD1 programmed death protein 1, CTLA-4 cytotoxic
T-lymphocyte-associated protein 4, CD cluster of differentiation, TCR T cell receptor, BCG bacillus Calmette-Guérin, GM-CSF granulocyte macrophage colony-stimulating factor, G-CSF granulocyte colony-stimulating factor, IFNγ interferon γ, TNFα tumor necrosis factor α, IL interleukin

least in carefully selected immunosuppressed patients, immunostimulating therapy represents a viable and attractive treatment strategy. However, to date, the number of clinical studies that have investigated immunostimulatory therapies is very limited. Below,
we review these and discuss experimental therapies that are still in preclinical development or being investigated in currently ongoing trials. An overview of the most important immunostimulatory strategies and their mode of action is illustrated in Fig. 13.1.

13.3.1 P
 ro-inflammatory Cytokines that Enhance Innate
Immunity
Recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF)
has been studied in sepsis patients as it possesses many immunostimulatory properties, e.g., it promotes survival, proliferation, and bacterial phagocytosis by neutrophils, monocytes, and macrophages [46, 47]. In one of the few biomarker-guided
trials in sepsis, GM-CSF treatment (4 μg/kg/d for 8 days) was initiated in sepsis
patients with evidence of severe immunosuppression (characterized by mHLA-DR
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<8000 antibodies per cell for two days). GM-CSF therapy significantly increased
mHLA-DR expression and improved ex vivo LPS-induced pro-inflammatory cytokine production, while release of the anti-inflammatory cytokine IL-10 was not
influenced. These effects were associated with a more pronounced decrease in disease severity (APACHE-II), fewer days on mechanical ventilation and a trend
toward shorter ICU stay [47]. With 38 patients included, the trial was underpowered
to properly assess clinical endpoints. In a pediatric trial, GM-CSF treatment (in
selected sepsis patients with a whole-blood ex vivo TNFα production of less than
200 ng/mL) restored TNFα production and reduced the incidence of secondary
infections [48]. But again, the sample size (17 patients) was very small.
Granulocyte colony-stimulating factor (G-CSF) is also known for its critical role
in host defense by enhancing white blood cell count, more specifically by increasing
neutrophil numbers and function. In a large sepsis trial in 701 sepsis patients, G-CSF
treatment (300 μg/d for 5 days or until leukocytes >75*109/L) was safe and increased
white blood cell numbers, but there was no effect on 28-day mortality [49]. Summed
up in a meta-analysis of randomized trials, both G-CSF and GM-CSF therapy
showed an improvement of microbial clearance, however, no improvements on
28-day mortality were found in a total of 2380 patients [50].
Interferon (IFN)y is a potent activator of the innate immune system, and it was
shown to reverse immunosuppression by restoring mHLA-DR expression and
in vivo cytokine production in an experimental human model of sepsis-induced
immunoparalysis [51]. Up until now, clinical data in sepsis patients is limited to
case series, where it was demonstrated to reverse dysfunction of monocytes [52],
increase HLA-DR expression [52–54], and improve bacterial clearance [55].
Although limited, these data do suggest that IFNγ may improve clinical outcome in
sepsis-induced immunosuppression by restoring the function of innate immune
cells, but an adequately powered placebo-controlled randomized clinical trial is
necessary before clinical use can be advocated.

13.3.2 Adaptive Immunity-Enhancing Therapies
As immunosuppression is also characterized by apoptosis and dysfunction of lymphocytes [56], several lymphocyte-targeting cytokines are currently under investigation. IL-7 is a potent anti-apoptotic cytokine known to stimulate lymphocyte
repertoire diversity as well as T cell maturation and function, which could improve
lymphocyte recovery in sepsis patients [57]. Recombinant IL-7 has been shown to
improve T cell defects and increase survival in murine models of sepsis [58].
Furthermore, lymphocyte function of septic patients was restored by ex vivo incubation with IL-7 [58, 59]. A clinical trial using IL-7 for reconstitution of immunocompetence in sepsis patients is currently ongoing (see Table 13.1). IL-15 is another
promising cytokine, as it has anti-apoptotic effects on T cells and natural killer (NK)
cells, activates NK cells and CD8 memory T cells, and enhances cellular cross talk
[60]. In two murine models of sepsis, IL-15 administration increased plasma IFNγ
levels and also the number of NK cells that produced IFNγ. IL-15 increased survival
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in both these polymicrobial abdominal sepsis and P. aeruginosa pneumonia models
[60]. Human data is currently not available.
Recent work outlines important parallels between immunosuppression observed
in cancer and infectious diseases, such as an increase in regulatory T cells and
myeloid-derived suppressor cells, and upregulated expression of negative co-
stimulatory molecules [61, 62]. Therefore, targeted therapies that have been evaluated in oncological patients are also emerging in the sepsis field. Intriguing examples
are antibodies targeting inhibitory immune checkpoints in order to enhance lymphocyte immunity in sepsis. These inhibitory immune checkpoints are negative
regulators of the immune response that maintain self-tolerance, thereby preventing
autoimmunity and protecting tissues from immune-mediated injury [5, 8, 9]. An
advantage of these immune checkpoint-targeting antibodies is that many have been
studied in oncological patients, so the safety and kinetics are known, facilitating the
application in sepsis patients. Indeed, there are concerns about immune-related
adverse events, such as the cytokine-release syndrome [63]. The most well-known
examples of immune checkpoint molecules are cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) and especially the molecules of the programmed death (PD)
pathway: PD-1 and its ligand PD-L1 [64, 65]. Sepsis patients exhibit increased
expression of PD-1 on T cells, as well as increased PD-L1 expression on monocytes
and neutrophils [66, 67]. Recent preclinical work reveals that antibodies against
PD-1 or PD-L1 reverse immunosuppression and improve survival in murine models
of bacterial [65, 68] and fungal sepsis [65]. Furthermore, ex vivo treatment of leukocytes obtained from septic patients with anti-PD-1 or anti-PD-L1 antibodies
reverses lymphocyte anergy, reduces apoptosis, and decreases the release of the
anti-inflammatory IL-10 [67, 69, 70]. Clinical trials investigating both anti-PD-1
and anti-PD-L1 in sepsis patients are currently ongoing or planned (Table 13.1).
CTLA-4 has so far only been investigated in murine sepsis, where it was shown to
decrease apoptosis [71] and improve survival [65].

13.3.3 Trained Immunity
Harnessing the non-specific immune modulatory effects of vaccines may be another
strategy to improve immunity in sepsis. For instance, the vaccine against tuberculosis, bacillus Calmette-Guérin (BCG), has been shown to protect against childhood
mortality, in particular neonatal sepsis, which is not related to its effect on tuberculosis [72]. Recent evidence indicates that the observed effects are due to enhancement of the innate immune response by a phenomenon called “trained immunity”.
Through this mechanism, BCG vaccination results in functional reprogramming of
monocytes to an enhanced phenotype [73, 74]. Upon subsequent ex vivo stimulation
with an unrelated pathogen, the trained cells show an augmented immune response,
even months after the BCG administration [73, 75]. Only one study to date has
evaluated the putative immune-enhancing effects of BCG on the in vivo immune
response [76]. In this study, healthy volunteers were vaccinated with inactivated
gamma-irradiated BCG, because the normal live attenuated vaccine may carry the
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risk of disseminated mycobacterial infection in immunosuppressed sepsis patients.
Irradiated BCG did not modulate the in vivo response induced by intravenous endotoxin administration [76]. This is possibly the consequence of a less sustained and
extensive effect of the irradiated form of BCG.
Recent work indicates that β-glucan, another molecule that induces innate immunity training, reverses endotoxin tolerance in vitro and ex vivo [77]. In view of the
similarities between endotoxin tolerance and sepsis-induced immunosuppression,
this finding warrants further investigation as well.

13.4

The Future for Adjunctive Immunotherapy

Most of the therapies that have been investigated in large clinical trials described in
this chapter that failed to improve outcome in sepsis are characterized by a similar
pattern of promising preclinical studies followed by disappointing phase II and
large III trials. As such, immunotherapy, whether immunosuppressive or immunostimulatory, is bound to fail in the undifferentiated very heterogeneous sepsis patient
population. In addition, mortality may not be the optimal endpoint to establish beneficial effects in these patients (future clinical trial design will be discussed in Chap.
14). For now, the lack of evidence does not support routine use of either immunosuppressive or immunostimulatory therapies in sepsis patients [50]. Nevertheless, it
is conceivable that selected subgroups of patients may benefit from either form of
therapy, depending on their immunologic phenotype. Therefore, it is clear that differentiation within sepsis patients is required to move this field forward, and immunophenotyping of patients may pave the way toward a more personalized approach.
Immunostimulatory treatment should only be offered to those patients who suffer
from a suppressed immune system, and immunosuppressive therapy could be an
effective option in a carefully selected group of hyperinflamed sepsis patients.
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Key Points
• Large, randomized clinical trials in sepsis have found few successful therapeutics in the past decade.
• Traditional randomized trials of novel therapies, both in sepsis and in other
fields, typically test a single drug or intervention in a single, and often narrowly
defined, patient population, randomizing patients evenly to intervention versus
control.
• Newer designs in other fields have incorporated features to improve efficiency,
such as the testing of multiple agents with a common control arm, the testing of
a single agent within different patient subgroups, or the testing of agents within
patients with different diseases but common mechanisms of action. Other features include randomization schemes that adapt over time, typically using
Bayesian inference rules, to preferentially assign better performing agents within
different subgroups.
• These designs may be ideal to test new precision interventions in sepsis phenotypes, although rapid patient phenotyping will be required to enable more sophisticated randomization schemes.
• Electronic health records found in many large healthcare systems are well-
positioned to help deploy adaptive trials with point-of-care efficiency.
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Introduction

Sepsis is a life-threatening condition that arises when the body’s response to infection injures its own tissues and organs [1]. Not all septic patients present the same
[2], and there is profound variability in the signs and symptoms of overwhelming
infection. A “one-size-fits-all” approach to treatment ignores this heterogeneity
across patients and remains the enrollment strategy in most recent clinical trials [3].
These traditional trial designs often test a single intervention in a single cohort of
patients and randomize patients in a fixed ratio. To date, few trials, if any, have
delivered compelling new interventions to save lives in sepsis. Future gains, however, may come from novel trial designs that use new approaches to randomization,
live perpetually in the electronic health record, and become a platform to test a suite
of precision interventions among different sepsis phenotypes. In this chapter, we
will review the strengths and weaknesses of traditional trials and discuss both the
rationale and current experience with newer trial designs.

14.2

What Makes Sepsis a Challenge for Clinical Trials?

The pathobiology of sepsis is complex [4]. The specific response in each patient
depends on the pathogen (load and virulence) and the host (genetic composition and
comorbidity), with different responses at both the local and systemic levels. The
host response will also evolve over time with the clinical course of the patient [5].
At a simplistic level, inflammation directed at eliminating pathogens may be responsible for “collateral” tissue damage in sepsis, whereas anti-inflammatory responses
may lead to enhanced susceptibility to secondary infections that occur later in the
course. These mechanisms can be characterized as an interplay between two “fitness costs”: direct pathogen damage to organs and damage to organs from the host
immune response [6]. The results are clinical manifestations of multiorgan system
dysfunction, coagulation abnormalities, or even immune suppression [4].
As a result, no two sepsis patients are the same, and incredible complexity underlies the clinical diagnosis. The Sepsis-3 definition includes a “dysregulated host
response,” “causal relationship to infection,” and “two or more sequential organ failure assessment score (SOFA) points” [7, 8]. A clinician must identify two criteria
across more than six organ systems, which can lead to numerous combinations.
These combinations also occur in patients with increasing multimorbidity, a condition of chronic comorbidity found in more 30% of ICU patients [9]. Such heterogeneity in the host, host response, and pathogen among a cohort of patients thought to
be septic is a significant challenge for clinical trials, particularly those testing a therapeutic or intervention targeting a specific mechanism. In fact, across the myriad of
presentations, a single drug may work in some, work variably in others, may have no
effect, and potentially even be harmful in other presentations. If these factors are not
measured, nor accounted for in trial design, the likelihood of uncovering new therapeutic effects is low. For example, in an in silico set of sepsis trials, if host genetic
variation and pathogen features are not measured, two otherwise trials may find
opposing results (e.g., net gain vs. net harm) [10].
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One example of how potential treatment effects could be missed inside large
sepsis clinical trials is the case of glucocorticoids in refractory septic shock. There
is a meta-analysis that suggests a benefit; however, a large clinical trial—
CORTICUS—showed no benefit [11]. This trial enrolled patients with clinical evidence of infection, evidence of a systemic response to infection, the onset of shock
within the previous 72 h (as defined by a systolic blood pressure of <90 mmHg
despite adequate fluid replacement or a need for vasopressors for at least 1 h), and
hypoperfusion or organ dysfunction attributable to sepsis. CORTICUS was neutral,
and likely contributing to this result was the lack of acknowledgment that patients
may have a primarily inflammatory, primarily immune suppressed, or mixed phenotypes. These patient groups could be identified using biologic signatures and may
have had vastly different responses to glucocorticoid replacement.
As in CORTICUS, there may be hidden groups or “phenotypes” of patients that
cluster together with similar features within the broad set of inclusion criteria. From
the perspective of a trialist, phenotypes are defined as a set of clinical characteristics
or presenting features that group some subjects together and not others—prior to
enrollment [12]. If a specific biologic mechanism is known to account for these
characteristics, the groups are referred to as an endotype. In sepsis and septic shock,
phenotypes and endotypes are now described in both pediatric and adult subjects,
using a variety of gene expression, metabolomics, or even electronic health record
data [13, 14]. An example of how electronic health record data can lead to “setting”
of septic patients is shown in Fig. 14.1 using self-organizing maps. These data
included only clinical, laboratory data, and vital signs for inputs, and differential
colorimetric patterns reveal like and unlike patients (Fig. 14.1).
Others have used clinical trial data to derive phenotypes and then explore for
treatment effects that may be differential across groups [15]. For example, in acute
respiratory distress syndrome, a specific phenotype identified using inflammatory
biomarkers and hypotension suggests a differential response to positive end expiratory pressure (PEEP) and fluid therapy in re-analyses of the ALVEOLI, FACTT, and
ARMA trials [16, 17]. These promising findings suggest that traditional trials may
be missing important treatment effects, and new strategies may be required to
embrace heterogeneity and hidden phenotypes, not only in post hoc analysis but in
pretrial design and simulation.

14.3

Important Features of Traditional Trials

The short-term mortality from sepsis remains near 40% in the sickest patients [18].
Traditional randomized trials have sought ways to improve these outcomes using causal
inference. However, countless trials in the past two decades were neutral, with no positive treatment effects [19]. Important priorities in the design of recent trials included a
balancing of covariates (e.g., baseline factors, comorbidities) across treated and untreated
groups and appropriate estimation of baseline outcome rates and proposed treatment
effects. A group of experts brought together by the European Drug Development Hub
found [20] that despite efforts to control bias and adequately power, multiple other
reasons contributed to the lack of survival improvement in sepsis trials (Table 14.1).
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Fig. 14.1 Example of how four different clinical features can cluster septic patients in the emergency department when analyzed using self-organizing maps. Each input, numbered 1 through 4,
represents a single clinical feature (e.g., heart rate, systolic blood pressure, serum lactate) on which
more than 21,000 ED encounters are clustered. Color scale represents encounters that have similar
values and are clustered together
Table 14.1 Reasons for lack of survival improvement in recent sepsis trialsa
Declining baseline mortality rates in sepsis and septic shock
Suboptimal preclinical models of sepsis
Evolving knowledge of the pathophysiology of sepsis and mechanisms to target with new
therapeutics
Heterogeneity in the pathobiology and source of sepsis
Low probability that a single treatment targeting a specific mechanism can influence all-cause
mortality
Adapted from Mebezaa et al., J Intensive Care Med, 2016, the European Drug Development Hub
Conference, Paris, 2015

a
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14.3.1 Narrowing or Narrowing in?
The heterogeneity of the septic population may lead to a Goldilocks phenomenon,
where trialists often fail to design the trial for the “right” population. For example,
in the ACCESS trial of eritoran, a toll-like receptor-4 antagonist, enrollment was
restricted to septic patients with three or more SIRS criteria, one or more organ
dysfunctions, and an APACHE II (Acute Physiology and Chronic Health Evaluation)
score of at least 21 and not greater than 37 [21]. This is an example of “narrowing.”
These criteria were informed by an earlier phase 2 trial but significantly restricted
the potential population of septic patients. Even though there was no significant difference in the primary endpoint of 28-day all-cause mortality with 28.1% (366/1304)
in the eritoran group vs. 26.9% (177/657) in the placebo group, it is unknown if the
effect of this drug in patients is lower APACHE II scores or two instead of three
SIRS criteria. What is also unknown is whether the a priori narrowing of criteria
resulted in a trial “narrowed in” to the population most likely to benefit. Due to the
cost and infrastructure required for a future trial, these effects may never be known.

14.3.2 Enrolling Too Broad?
On the other hand, trials also may enroll patients with too broad of criteria, and the
potential treatment effects may be diluted. For example, in a phase 3 trial of recombinant IL-1 receptor antagonist (anakinra), investigators randomized septic patients
to receive standard supportive care versus anakinra and terminated the trial early as
they were unlikely to reach the primary endpoint of reduced 28-day mortality [22].
This was the case in multiple a priori subgroups. Yet, new research in pediatric sepsis and rheumatology suggested that certain septic patients with features of macrophage activating syndrome (MAS) may have a pathophysiologic mechanism
targeted by this drug [23]. This MAS phenotype was not known to investigators,
effectively hidden inside their trial data. A subsequent re-analysis found a 30%
absolute reduction in mortality among the group with criteria similar to MAS (i.e.,
disseminated intravascular coagulation and/or hepatobiliary dysfunction) compared
to those without MAS [24].
Multiple other design issues also challenge traditional trials, including the choice
of interventions and fixed randomization ratios. The typical approach is to take a
single intervention and randomize patients to the new drug/intervention versus
untreated. And yet, even if the trial is “positive,” this single intervention trial may
not always lead to timely practice change nor have findings replicated in subsequent
trials. The resulting timeline may span multiple years, from planning to obtaining
funding to validation in new sites, before findings are incorporated in clinical practice guidelines. For example, the PRISM trials (e.g., ProCESS, ARISE, and
ProMISe) [25] and their meta-analysis were designed and received funding from
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2005 to 2007, were published in 2015, and now contribute to international clinical
practice guidelines more than 12 years later [26]. It is during this long period that
background outcomes rates may change, thus impacting the power for the planned
recruitment. Another issue that extends the timeline of traditional trials is a fixed 1:1
randomization ratio between intervention and control. Such equal allocation has
long been the norm, believed to preserve power, internal validity, and postrandomization agnosticism by patients, caregivers, and outcome assessors as to allocation
[27, 28]. It remains optimal for trials with only two arms but may lose these benefits
for trials with multiple arms (>2). Also, the reliance on equal randomization may
not match patient preferences, who may desire the “new” drug or an expert to decide
the proper treatment. This approach also ignores potential knowledge about treatment effects that could be gleaned during the trial itself, perhaps assigning patients
to the inferior therapy longer than necessary. As suggested by Lewis et al., the primary scientific goal of a clinical trial should not be compromised, but interim information available in a trial could be used to improve the outcomes of trial participants,
especially those who enroll later in the trial [28].

14.4

Novel Trial Designs Are the Future in Sepsis

Many of the limitations of traditional trials in sepsis could theoretically be addressed
using novel, efficient designs that incorporate multiple interventions and combinations of treatments in heterogeneous populations. These trials can be described
using multiple terms but generally are referred to as “adaptive” trials, as key characteristics can be modified using prespecified rules in response to information accumulated during the trial itself. An extension of adaptive trials is a platform trial,
which focuses not on a specific intervention or set of interventions but rather on the
disease. Multiple tools are used to integrate information inside the “platform,” so
that multiple interventions can be evaluated simultaneously or in succession. The
below sections will discuss both adaptive and platform trials in more detail with
examples, as well as close relatives called umbrella or basket trials.

14.5

What Is an Adaptive Trial?

In general, an adaptive clinical trial is in which key characteristics are adjusted
while enrollment in the trial is ongoing, using prospectively defined rules and in
response to data collected during the trial (Fig. 14.2) [29]. This includes the randomization ratio, number of treatment groups, number and frequency of interim
analyses, and even the patient subpopulation being considered. To achieve standard
statistical operating characteristics, such as control of the trial’s false-positive rate,
the trial adaptations are entirely prespecified using extensive simulation. These simulations draw from in silico populations where the candidate treatment effect has an
assigned effect, such as harm, benefit, or no effect. Then, the collective set of simulated trials that lead to correct or incorrect results according to the simulated “truth”
lead to statistical estimates of error.
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Fig. 14.2 Schematic of an
adaptive platform trial. In
this schematic, a trial
begins with a fixed
randomization ratio
(“burn-in” period), and as
the trial accrues data,
different prespecified
triggers are reached, and
randomization probabilities
are updated in responseadaptive randomization
(dark-blue circle). When
interventions are moved
through the trial (gray
boxes), they can be
excluded for futility,
graduated to confirmatory
trials, or integrated into
clinical practice/standard
therapy as results dictate
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One important adaptation is called response-adaptive randomization (RAR),
where the randomization ratio used to allocate subjects across treatments can be
changed during the trial so that the probability that participants who enroll later
receive the treatment that is ultimately found to be performing well [30]. Response-
adaptive randomization is rooted in the “play the winner” concept, a technique used
in the early trial of extracorporeal membrane oxygenation (ECMO) in neonatal
respiratory failure [31]. In this small randomized clinical trial, when a child who
received ECMO survived, the next subject was allocated to that arm. If a child died,
the study assigned the next patient to the alternate treatment—conservative care. In
the 1990s, the design was criticized by many in the literature, leading to a larger
validation that confirmed the survival advantage of ECMO [32]. In retrospect, this
example of “play the winner” was far too small a study and is different than a design
that incorporates uncertainty, where one might “probably play what is probably the
winner.” Two decades later, RAR builds on these concepts and seeks to maximize
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the risk-benefit ratio for the enrolling subject while attempting to shorten the study
duration necessary for appropriately powered causal inference. In Fig. 14.3, we
show an example of the relationship between power and sample size for a theoretical trial of antibiotics in sepsis, where a fixed randomization ratio is compared to a
design using RAR. Important, however, is the requirement that changes to the randomization ratio are decided upon before the trial starts. The outcome of subjects
must also be accumulated in a timely manner. For example, adapting randomization
ratios to 1-year mortality may not be practical, and some trials may use surrogate or
biomarkers for these prespecified decisions.
Another important feature of adaptive trials is the capacity to test treatments
within specific groups or phenotypes, some of which may be either known before the
trial or even derived during the trial itself. This approach is called “enrichment,”
where subjects are screened for the presence or absence of a particular marker, characteristic, or profile, and when present, treatment arms can be targeted to these specific groups. This results in a stratification of the study population. This design
feature is the solution to the broad heterogeneity in sepsis discussed earlier, where an
all-comer approach could miss treatment effects in specific subgroups or continue to
randomize patients without the marker to receive an ineffective treatment [15].
There are different methods to enrich a study population. As described by the
Food and Drug Administration [33], enrichment can fall into three broad categories.
First, one can reduce heterogeneity by selecting patients within a narrower range. An
example of this is the MONARCs trial of an antitumor necrosis factor monoclonal
antibody, where only severe sepsis patients with elevated IL-6 were enrolled [34].
This approach could theoretically increase study power but requires certainty that (a)
the biomarker actually identifies the population most likely to benefit and (b) the
optimal cut-off is chosen a priori. Second, the population could be enriched for those
more likely to have the study-related endpoint—called prognostic enrichment. This
approach will increase the absolute event rates, but not the relative difference in outcomes. An example is the CONSENSUS trial of enalapril in high-risk subjects with
congestive heart failure [35]. By enrolling only those with NYHA class IV, the investigators found a 40% reduction in mortality and hospitalization in only 253 patients.
And third, enrichment could lean on biomarkers termed “drug responsive,” where
they identify some aspect of the patient’s physiology closely linked to the putative
target of the candidate treatment. This is called predictive enrichment and not only
increases study efficiency but also enhances the risk-benefit ratio for the subject
compared to an overall population agnostic to the marker. A recent example of the
use of pathophysiologic selection is the serine/threonine-protein kinase BRAF mutation to identify potential responders to vemurafenib in melanoma. In early studies,
patients with BRAF who received the drug had an improved tumor response, and in
a subsequent phase 3 trial, the design enriched for only those with the BRAF to test
vemurafenib versus standard therapy [36]. This trial was subsequently stopped at
interim analyses for a 63% reduction in death with vemurafenib. All enrichment
methods require the enrichment strategy (e.g., prognostic, predictive) to behave as
thought, and this may not always be the case. In fact, using tools like responseadaptive randomization, the optimal threshold for biomarkers and their role as drug
responsive can be “learned” during the conduct of the trial itself.

Novel Trial Design in Sepsis

Fig. 14.3 Simulation of
response-adaptive
randomization in a
hypothetical sepsis trial.
Schematic showing the
gains in trial power (y axis)
of a hypothetical trial of
early vs. delayed antibiotic
and fluid therapy in sepsis.
In this 600-subject,
four-arm trial, we assume
that the reduction in
maximum 48-h SOFA score
(x axis) is 1.0 comparing
early vs. delayed treatment
from a control maximum
SOFA score of 4.6. We
compared a “fixed” 1:1:1:1
design (black) versus two
adaptive designs, which we
kept standard of care (SOC)
arm proportional, but varied
allocation to the three
treatment arms based on
either the information
accrued thus far (blue) or
probability estimates
generated from the accrued
information (red). The
adaptive approaches
provide superior power
compared to the fixed
design
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What Is a Platform Trial?

A platform trial is a clinical trial with a single master protocol in which multiple
treatments are evaluated at the same time [28]. When combined with adaptive
design, the platform can be flexible, and drop treatment arms that are not performing well, add new treatments during the course of the trial, and evaluate
multiple subgroups at once. The main differences between a platform trial with
an adaptive design and a traditional clinical trial are shown in Table 14.2 [28].
Platform trials also can use prespecified decision rules to determine when a candidate treatment has sufficient evidence to move from one trial phase to the next.
These “graduation” decisions are based on the likelihood, knowing the treatment
effects from the current trial, that the treatment/drug will be successful in a future
confirmatory trial. In this way, platform trials are meant to persist beyond the
evaluation of a single treatment or set of treatments and become a pipeline for
academic and industry investigators to collaborate. Current platform trials, thus,
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Table 14.2 Comparison between traditional clinical trial and adaptive platform trial
Feature
Scope
Duration
No. of patient groups
Allocation
Support

Traditional
Single treatment in a
homogeneous population
Single question with
fixed duration
Few
Fixed, typically 1:1
randomization
Single sponsor

Adaptive platform
Multiple treatments in heterogeneous
population
Depending on candidate treatments, can
extend long-term
Multiple and may change during the trial
Response-adaptive randomization
Collaborative funding to support long-term
infrastructure

Adapted from [28]

lean on combined financial support from industry, federal, and foundation funding to maintain trial infrastructure.
A notable example of a platform trial is that designed for the Ebola virus disease
(EVD) outbreak in West Africa [37]. Approved by the FDA and the US and Sierra
Leone ethics committee, this platform was simulated in detail, prepared for locally
at sites, but as a result of the declining epidemic in 2015, never enrolled a subject.
The trial, nonetheless, is a superior example for discussion. At the time of the outbreak, no therapies for EVD existed, although many had preclinical evidence for
efficacy. These drugs needed to be tested during an epidemic, when conditions are
not ideal for protocol implementation, and the timeliness of results is an imperative.
The resulting design allowed for each patient to be assigned a regimen, where the
regimen was a single agent or combination of two agents, and agents were either
primary or secondary based upon presumed efficacy. The trial would use a fixed
randomization scheme, or “burn-in” phase, in which subjects were assigned 50% to
primary and 50% to combination regimens. A standard of care arm was included
with a minimum randomization of 20%, and adaptations were included for agents
found to be superior or futile at weekly evaluations. A single statistical model governed these decisions, which was simulated in silico for various assumptions about
the number and efficacy of experimental agents and their combinations, the length
of the trial, and sample size. This perpetual platform proposed therapeutic evaluation, statistical analysis, and data safety monitoring committees to oversee the trial.
Although never implemented, this platform included pre-prepared protocols, algorithms, simulated adaptions, and infrastructure ready for future EVD outbreaks—
and the multiple agents that would require clinical trial testing. There are additional
examples of platforms at different stages of development, not discussed here, which
include the I-SPY2, PREPARE, and Precision Promise trials [38].

14.7

Basket and Umbrella Designs

There are other trial designs, which are similar but distinct versions of trials governed by a master protocol [39]. An “umbrella” trial is similar to a platform but tests
multiple targeted therapies in a single disease in a single trial. It does not live
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perpetually like a platform. Examples include the BATTLE-1 trial in non-small cell
lung cancer or NCI-Match trial in advanced solid tumor, lymphoma, or myeloma
[40]. In contrast, a basket trial tests a single targeted therapy, but in the context of
multiple disease or disease subtypes. A recent example of a basket trial is the
Imatinib Target Exploration Consortium Study (B225 protocol) [41], where imatinib is compared to standard therapy across any of 40 cancers all sharing the common bcr-abl translocation. This basket trial has already resulted in indications for
imatinib for dermatofibrosarcoma and systemic mastocytosis, among others.

14.8

I ntegrating Sepsis Trials in a Learning Healthcare
System

As clinical trialists in sepsis consider novel designs, a key component to their success may be integration with the electronic health record and the learning healthcare
system.
The electronic health record (EHR) affords many advantages when implementing newer trial designs, including point-of-care efficiency for flagging eligible
patients, facilitating informed consent, and delivering randomization assignment to
a clinician or study team. Once a patient is randomized, the EHR can also deliver a
customized order set that includes the interventions under study that are specific to
that patient. Depending on the nature of the outcomes driving randomization probabilities, the EHR can also track important endpoints such as severity of organ dysfunction, intensive care unit support, or in-hospital mortality, all of which may be
routinely collected in the clinical data in real time.
An example of how this could unfold is the Diuretic Comparison Project (DCP)
in the VA Office of Research and Development [42]. Comparing chlorthalidone to
hydrochlorothiazide, this trial uses a point-of-care or clinically integrated design to
identify, enroll, and follow subjects using the national VA electronic health records.
Both cost-effective and efficient, this project is “light touch” in that there are few
research coordinators and the entire trial is centrally administered across the entire
USA. The DCP includes many features that could improve sepsis trials but has a
fixed randomization ratio and no adaptations.
When the adaptive platform design is combined with point-of-care efficiencies
inside the EHR, the trial is termed Randomized Embedded Multifactorial Adaptive
Platform (REMAP) trial [43]. The REMAP trial is randomized in order to draw strong
causal inferences, while a patient population is enrolled as similar as possible to those
in routine clinical care in order to maximize external validity. The trial is “embedded,”
meaning leveraging any and all efficiency from the EHR, and the term “multifactorial”
is intended to reflect the multiple treatments under evaluation. A current example is the
REMAP-CAP trial, a platform trial conducted in Australia, Europe, and North America
testing a suite of treatment regimens in severe, community-acquired pneumonia in the
ICU [44]. The protocol includes multiple domains, such as steroids, antibiotics, and
mechanical ventilation strategies, forming more than ten potential regimens. The core
protocol is supplemented by region- and domain-specific appendices—which address
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international differences in regulatory, administrative, and clinical practice. REMAPCAP also heavily invests in embedding. Custom order sets will be delivered at the point
of care and include site-specific standard of care and concomitant therapy. Embedding
will facilitate 24/7 recruitment and unload research staff from bedside screening. As
REMAP-CAP continues to enroll, it may serve as an example of future, novel trials in
sepsis.
Conclusions

Patient outcomes in sepsis have been slow to improve, despite a greater understanding of sepsis pathophysiology, host response, and development of new precision therapies. The design and characteristics of traditional clinical trials in
sepsis may be partly to blame, and newer approaches are urgently needed.
Through adaptive clinical trials that incorporate response-adaptive randomization, the scientific benefits of new treatments may be realized across the heterogeneous population of septic patients. These designs may be “patient-centered”
in their intent to allocate patients to better performing treatment arms, more
timely in their accrual of causal inference, and potentially less costly to funders,
patients, and health systems.
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15.1

Introduction

Sepsis, defined as life-threatening organ dysfunction caused by a dysregulated host
response to infection [1], is one of the oldest and more complex syndromes in medicine, and it remains a significant challenge to healthcare professionals worldwide.
In the USA, sepsis accounts for approximately 2% of hospital admissions, half of
which are treated in the intensive care unit (ICU) with annual national costs of $16.7
billion in 1995 [2]. Mortality rates worldwide can reach up to 40% for sepsis and
70% for septic shock [3]. An extrapolation of available data from high-income-
countries (HIC) suggests 19.4 million sepsis cases annually with potentially 5.3
million deaths [4]. Despite these data showing a significant burden of sepsis in
HICs, relevant information on its incidence, prevalence, and mortality rates is
scarce, especially at the population level and for low- and middle-income countries
(LMICs), which represent an important portion of the world population. The purpose of this review is to discuss the epidemiology of sepsis in LMICs, differences
between LMICS and HICs, as well as possible opportunities to improve sepsis care
in LMICs.
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What Is an LMIC?

First, it is important to define an LMIC. The most commonly used classification is
the one developed by the World Bank (www.worldbank.org). According to this
stratification, economies are currently divided into four income groups: low, lower-
middle, upper-middle, and high. Income is measured using gross national income
(GNI) per capita, in US dollars converted from local currency. The classification is
updated annually, and in 2017 the following thresholds were used: low income
<1005 US$ per capita, lower middle income 1006–3955 US$ per capita, upper middle income 3956–12,235 US$ per capita, and high income >12,235 US$ per capita.
It is important to understand that GNI per capita does not completely summarize a
country’s level of development or measure welfare. However, it has been shown to
be a useful and easily available indicator that is closely correlated with other nonmonetary measures of quality of life, such as life expectancy at birth, mortality rates
of children, and enrollment rates in school [5].
According to this classification, a 2016–2017 list of LMICs comprised 140 countries with a population of 6248 billion inhabitants, while HICs were composed of 78
economies with a population of 1,19 billion inhabitants [5]. Thus, LMICs comprise
approximately 85% of the world population, and studies estimate that more than
80% of the global mortality caused by severe infections occurs in LMICs [6], making the absence of data on the epidemiology and outcomes of sepsis even more
meaningful.
It is also important to consider the significant heterogeneity within LMICs
regarding access to critical care, provision of resources, and case-mix [7]. For
instance, inequality and resource limitations may be extreme in some settings in
Africa and parts of Southeast Asia, in contrast to some upper middle-income countries such as Thailand and some South American countries [6]. In addition, pathogens that cause sepsis are different in rural African regions compared with
industrialized Asian economies, where sepsis-causative microorganisms are more
similar to HICs [7].

15.3

The Burden of Sepsis in LMICs

Although LMICs include most of the world population, data on sepsis epidemiology
and outcomes are very rare in these settings. Most, if not all, studies are single center
or retrospective, and thus their results are not representative and are more prone to
bias. Multicenter, prospective studies or those with national representativeness are
more frequent in upper middle income countries such as Colombia, Brazil, and
China. Population-level estimates of sepsis deaths in LMICs can be extrapolated (but
probably underestimated) from deaths caused by severe infections in the global burden of disease database [8]. The extrapolation of HIC estimates of sepsis incidence
to LMICs will almost certainly underestimate the number of cases in these countries
because of their higher prevalence of underlying risk factors for sepsis, deficiencies
in the basic healthcare system, higher rates of healthcare-associated infections [9]
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and antibiotic resistance [10]. The low awareness among healthcare professionals
and lay people can lead to late recognition and thus the development of organ dysfunction. Conversely, other characteristics may contribute to a lower incidence of
sepsis, such as a lower life expectancy. High-income countries also deliver better
care to cancer, trauma, or transplanted patients, which increases the population at
high risk of sepsis [11]. Therefore, prospective multinational studies showing the
epidemiology of sepsis in these settings are urgently required.
Brazil is one of the LMICs with more information available on sepsis epidemiology and outcomes. The first Brazilian multicenter observational epidemiological
study, BASES, included a convenience sample of five public and private ICUs and
showed incidence rates for sepsis (formerly known as severe sepsis) and septic
shock of 35.6 and 30 per 1000 patients-day, respectively. The mortality rate was
47.3% for sepsis and 52.2% for septic shock [12]. The next study was conducted in
2003 in 75 intensive care units (ICUs) and showed a prevalence of 17% for sepsis,
with mortality rates of 34.4% and 65.3% for sepsis and septic shock, respectively
[13]. Another prospective multicenter study conducted in 21 ICUs in 2004 with a
primary objective to evaluate costs of sepsis care in Brazil confirmed these findings
with mortality rates of 43%. Additionally, the cost of one sepsis admission was
estimated to be approximately US$ 9000 per patient with no differences between
public and private hospitals [14]. In the multicenter international PROGRESS study,
mortality rates from sepsis in Brazil were higher (69%) than those in similar countries such as Argentina and India [15]. However, these studies were biased because
all of them were based on convenient samples of ICUs. Recently, the Sepsis
Prevalence Assessment Database (SPREAD) study was published, a point-
prevalence sepsis cohort with outcome assessment conducted by the Latin American
Sepsis Institute in 2014 in 227 Brazilian ICUs that demonstrated a prevalence of
sepsis of 29% and mortality rates of 41.4% for sepsis and 58.6% for septic shock
[16]. In SPREAD, a national ICU census was used to generate ICU strata by geographical region, size of the cities in which the ICUs were located, main source of
income (serving general public or privately insured individuals), and ICU size. This
stratification allowed a clearer picture of sepsis mortality in Brazil, as well as the
study of organizational factors associated with outcome. SPREAD also provided
estimations of the number of ICU-treated septic patients in Brazil per year of
420,000 cases, of whom 230,000 died in the hospital [16]. However, SPREAD did
not allow the evaluation of non-ICU-treated sepsis, which may be an important
issue in Brazil since restricted access to the ICU has previously been demonstrated
to be associated with excess mortality in the country [17, 18]. Taniguchi et al. also
estimated the burden of sepsis on a national level. These authors, using infection
plus organ dysfunction as a proxy for sepsis in death certificates, identified a significant increase in the number of sepsis-associated deaths from 2002 to 2010, with
age-adjusted rates of sepsis-associated mortality rising from 69.5 deaths per 100,000
to 97.8 deaths per 100,000 population from 2002 to 2010 [19].
There are also some previously published multicenter studies examining the epidemiology of sepsis in China [20]. The first study assessed ten university surgical
ICUs in 2004–2005 and identified a sepsis occurrence rate of 8.68% among the total
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population and a mortality rate of 48.7% [21]. Another prospective, observational
cohort study conducted in 22 ICUs in 2009 reported an incidence of 37.3 cases per
100 admissions for sepsis and septic shock, with a mortality rate of 33.5% [22].
More recently, a study that assessed the incidence of sepsis at the population level
in a subdistrict of Beijing identified an incidence of 68 and 52 cases per 100,000
population per year for sepsis and septic shock, respectively [23]. Long-term outcomes were also assessed in Chinese septic patients. A study showed that up to
6 years after hospital discharge, sepsis survivors showed a clinically meaningful
decrease in physical activity, vitality, and mental health in comparison to nonhospitalized controls [24].
In Colombia, a multicenter epidemiological study conducted in ten university
hospitals demonstrated that the 28-day mortality rates due to sepsis and septic shock
were 21.9% and 45.6%, respectively [25]. This is one of the few studies of LMICs
to evaluate sepsis patients treated outside the ICU, which adds value as restricted
ICU access is a hallmark of LMICs. The vast majority of the other studies examining the epidemiology of sepsis in LMICs used single centers or described the epidemiology of a specific type of infection and, as such, are more prone to bias and do
not represent the reality of their respective countries. Sepsis mortality rates in these
studies are extremely variable, ranging from 10% to 80% in some series. Detailed
data derived from these studies are depicted in Table 15.1.

15.4

Major Differences Between LMICs and HIC

The outcomes of sepsis have improved in high-income countries. A recent systematic review considering only data from HICs has shown a mortality rate of 26% [4].
There are several possible explanations for these major differences between LMICs
and HICs regarding sepsis outcomes. A high incidence of bacterial, parasitic, and
HIV infection combined with low hygienic standards and vaccination rates, widespread malnutrition, lack of resources and ICU access, and low sepsis awareness
among lay public and healthcare personnel may help to explain this disparity [41].
Although some counterbalancing factors may reduce the incidence of sepsis in
LMICs, they are outweighed by other factors that contribute to a high incidence of
sepsis. For example, high-income countries with longer life expectancies have a
higher age-related sepsis incidence than LMICs. High complexity medical care
such as chemotherapy for cancer and organ transplantation and their subsequent
immunosuppression are usually more available in HICs, thus increasing the risk of
sepsis [11]. Compared to HICs, sepsis in LMICs may be more commonly a disease
of young and middle-aged patients with fewer comorbidities. Neonatal and maternal sepsis are also much more common in LMICs.
It is important to stress the heterogeneity of the multiple etiologies of sepsis in
developing countries. While it is true that for many LMICs the most frequent sepsis-
causative pathogens are the same as in HICs, in some countries, especially those
located in tropical and subtropical regions, diverse pathogens such as protozoal
infections, viral hemorrhagic fever, and specific diseases such as melioidosis may
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Table 15.1 Studies showing sepsis outcomes in LMICs
Sample
Size
415

Country
Brazil

Design
Multicenter prospective
ICU-treated sepsis

Brazil

Multicenter prospective
ICU-treated sepsis

521

Brazil

Multicenter prospective
ICU-treated sepsis
Single Center
prospective
ICU-treated sepsis
Multicenter prospective
ICU-treated sepsis

524

Brazil

Brazil

China
China
China
China
Colombia

Croatia

Haiti

Iran

Jamaica
Pakistan

South Africa
Thailand

Thailand

Multicenter prospective
ICU-treated sepsis
Multicenter prospective
ICU-treated sepsis
Multicenter prospective
ICU-treated sepsis
Population based hospitaltreated sepsis
Multicenter prospective
hospital-treated sepsis
Single-center
retrospective
ICU-treated sepsis
Single-center
retrospective
ER-treated sepsis
Single-center
prospective
ER-treated sepsis
Single-center
ER-treated sepsis
Single-center
retrospective
ICU-treated sepsis
Single-center retrospective
ER-treated surgical sepsis
RCT treatment of sepsis due
to melioidosis
Single-center
prospective
ICU-treated sepsis

524

794

318
484
479
1716
1658

214

99

Outcome
28-day mortality
sepsis: 47%
septic shock: 52%
28-day mortality
sepsis: 34%
septic shock: 65%
Hospital mortality
sepsis: 43%
28-day mortality
sepsis: 50%
septic shock: 73%
Hospital mortality
sepsis: 50%
septic shock: 60%
Hospital mortality
sepsis: 49%
Hospital mortality
sepsis: 34%
Hospital mortality
sepsis: 53%
Hospital mortality
sepsis: 34%
Hospital mortality
sepsis: 22%
septic shock: 46%
Hospital mortality
sepsis: 34%
septic shock: 72%
Hospital mortality
sepsis: 24%

Reference
[12]

[13]

[14]
[26]

[16]

[21]
[22]
[24]
[23]
[25]

[27]

[28]

145

Hospital mortality
sepsis: 21%

[29]

117

Hospital mortality
sepsis: 24%
ICU mortality
sepsis: 51%

[30]

98

675
60

390

ICU mortality
sepsis: 12%
28-day mortality
intervention: 70%
placebo: 87%
Hospital mortality
sepsis: 50%

[31]

[32]
[33]

[34]

(continued)
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Table 15.1 (continued)
Country
Thailand

Turkey

Turkey

Uganda

Uganda

Uganda

Design
Single-center
prospective
ICU-treated sepsis
Single-center
retrospective
hospital-treated sepsis
Single-center
prospective
ER-treated sepsis
Multicenter before-after
study
ER-treated sepsis
Single-center
prospective
ER-treated sepsis
Single-center
prospective
ward-treated sepsis

Sample
Size
897

63

Outcome
ICU mortality
sepsis: 11%
septic shock: 47%
Hospital mortality
sepsis: 87%

Reference
[35]

[36]

200

28-day mortality
sepsis: 27%

[37]

671

30-day mortality
before: 46%
after: 33%
Hospital mortality
sepsis: 32%

[38]

202

20

Hospital mortality
sepsis: 10%

[39]

[40]

ICU Intensive care unit, ER Emergency room, RCT Randomized controled trial. For the sample
size and mortality data, where available, only sepsis (formerly severe sepsis) and septic shock
patients were considered.

also play important roles in the epidemiology of sepsis. Since sepsis research and
therefore guidelines for diagnosis and treatment are mostly based on data from
HICs, the generalizability of information obtained from these countries to LMICs is
usually not straightforward [7]. Additionally, HIV infection in sub-Saharan Africa
is very frequent and is an important risk factor for sepsis; poor primary care for HIV
increases the risk of sepsis. The HIV epidemic is significantly aggravated by tuberculosis that is endemic in most parts of Africa, and both infections pose a significant
burden on healthcare systems. In LMICs, sepsis has been involved in one out of four
deaths in HIV/AIDS-related diagnosis, and many patients with HIV infection are
not recognized until they develop sepsis [42].
Another major difference that may account for the higher mortality rates due to
sepsis in LMICs is their elevated rate of healthcare-related infections. Healthcare-
associated infections represent a major burden and safety issue for patients in these
countries, posing even greater epidemiological relevance than in developed countries. Compared with the average prevalence of healthcare-associated infection in
Europe (reported as 7.1 per 100 patients by the European Centre for Disease
Prevention) and the estimated incidence in the USA (4.5 per 100 patients in 2002),
the pooled prevalence of healthcare-associated infections in resource-limited settings
is substantially higher, particularly in high-quality studies (15.5 per 100 patients).
This difference is even higher for ICU-acquired infection (pooled density of 47.9 per
1000 patient-days in developing countries) compared with 13.6 per 1000 patientdays in the USA [43]. Developing countries have high rates of ventilator-associated
pneumonia and catheter-related bloodstream infections in both adult and pediatric
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patients, which are mostly caused by multidrug-resistant bacteria including methicillin-resistant Staphylococcus aureus, extended-spectrum beta-lactamases-producing
bacteria, and carbapenamase-producing Enterobacteriaceae [7]. Although antibiotic
resistance is a worldwide phenomenon, the effects of antimicrobial resistance are
more significant in LMICs. Essential prerequisites for infection prevention and control practices in ICU settings are human and nonhuman resources, training, and surveillance, all of which are scarce in LMICs. Understaffing is common, and lower
staff–patient ratios result in more contacts between staff and multiple patients,
increasing the risk of cross-infection between patients. ICUs in LMICs are commonly busy, and measures for the isolation of patients with resistant bacterial infection or colonization are seldom implemented. In addition, the availability of running
water as well as adequate disinfection, sterilization, and waste disposal and environmental cleaning measures may be rare in LMICs [44]. Patients in resource-limited
countries may also experience challenges identifying and treating their infections
due to the absence of adequate microbiology laboratories and lack of second- and
third-line antibiotics to treat resistant bacteria [45]. Most of these countries lack adequate national surveillance and infection control systems. Thus, nationally representative information is very difficult to obtain, and implementing adequate policies for
restraining antimicrobial consumption is a challenge.
Resource constraints are another major problem associated with the diagnosis
and treatment of sepsis in developing countries. Lack of resources may include the
absence or delayed availability of laboratory tests for the diagnosis of sepsis-related
organ dysfunctions, inadequate microbiological laboratories for the recovery of sepsis pathogens, and issues related to ICU bed availability and ICU main structural
items. Baelani and colleagues surveyed anesthesia providers from African LMICs
and from HICs during a specialty meeting to evaluate whether the current Surviving
Sepsis Campaign (SSC) bundles were feasible in such resource-constrained settings. The authors reported that only 1.4% of African hospitals had the capacity to
implement the SSC bundles entirely compared with 81% in the HICs [46]. In reality, this gap in resources may be much wider than described. The survey was biased
toward providers who were more likely to have the fundamental structural resources
required for sepsis management in their hospitals since most of them worked in
private and university settings. This survey bias may be suggested by the assessment
of oxygen availability, which was reported as being always available in 93.8% of
those African hospitals [46]. These data are in sharp contrast to another survey conducted in 231 health centers and hospitals in 12 African countries, which reported
that only 44% of facilities had uninterrupted access to oxygen [47]. In Mongolia, a
survey was sent to 44 hospitals to assess the availability of resources to implement
SSC bundles. At the time of the study (2009), none of the responding hospitals was
able to implement the guidelines entirely, and the median percentage of implementable recommendations and suggestions combined was 52.8. Of note, 60% and
71% of the respondents reported never having available lactate and norepinephrine
[48]. Similar results were reported in another survey of 66 institutions in the Congo
[49]. The Brazilian SPREAD study also reported the resource availability to comply
with SSC bundles, and resource constraints were an independent risk factor for
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mortality in the multivariable analysis [16]. From the infection control perspective,
a lack of resources for the early identification of pathogens is also a major drawback
in the treatment of sepsis. In Brazil, a survey was carried out to verify the adequacy
of microbiology laboratories serving university hospitals or hospitals with ICUs in
terms of performing routine tasks. According to the classification carried out by the
authors and based on national guidelines, 85% of these laboratories did not have
minimal functioning conditions. Factors associated with better quality services
were as follows: serving teaching or public hospitals, serving hospitals involved in
the government adverse event reporting system, and serving hospitals located in a
state capital [50]. This study reveals the fragility of microbiological diagnosis in
LMICs, and the results can likely be translated to the vast majority of the developing
world. The lack of adequate microbiological diagnosis impedes appropriate targeting and de-escalation of antimicrobial therapy in patients with genuine bacterial
sepsis and limits the ability to detect and monitor outbreaks of drug-resistant infections [44].
Inadequate access to an ICU is closely associated with resource constraints and
is described as another major issue in LMICs. The spectrum of how ICUs are staffed
and equipped differs vastly between countries and regions and seems to be directly
correlated with their income level and healthcare spending. There is substantial
variation in terms of the number of ICU beds per population in LMICs, again suggesting significant heterogeneity among these countries. The reported ICU capacity
is 0.3 beds per 100,000 inhabitants in Bangladesh, 2.4 per 100,000 inhabitants in
Malaysia, 2.5 per 100,000 inhabitants in Sri Lanka, and 3.9 per 100,000 inhabitants
in China, while it is 11.7 per 100,000 inhabitants in Mongolia [7]. Since these countries may frequently have dissociated public and private healthcare systems, access
to an ICU may also be unequal within a specific country. Considering Brazil as an
example, people with health coverage only by the public system have access to 9.9
ICU beds per 100,000 inhabitants, while those with private health insurance can
count on 41.4 beds per 100,000 inhabitants, exceeding even some of the richest
countries in the world. The access disparity is more striking in Brazil’s poorest
states [51]. The unavailability of ICU beds is also related to outcomes. A study in a
Brazilian university hospital demonstrated that two thirds of the patients had delayed
admission to the ICU due to the lack of available beds, and this delay was significantly associated with higher mortality. The fraction of mortality risk attributable to
ICU delay was 30%, and each hour of waiting was independently associated with a
1.5% increased risk of ICU death [18]. In addition, long distances and high transportation costs commonly result in delayed presentation of critically ill patients
[52]. In some LMICs, the only ICUs available are located in metropolitan or urban
areas, and thus travel may take several days, during which the patient’s condition
may deteriorate and reduce the chance of survival [53]. Inadequate care may be
related to financial constraints in public and private healthcare systems in LMICs.
In several countries, a substantial amount of healthcare costs must be paid by the
patients or their relatives. In India, up to 75% of healthcare costs are charged to the
families. This not only places a huge financial burden on patients but also substantially limits public accessibility to hospitals and, in particular, to ICUs. Unwanted
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consequences can be denial or refusal of ICU admission for poor patients but also
premature withdrawal of life-saving interventions. In other instances, costs of care
for a critically ill patient who may eventually die can exceed the limited budget of
many families [7, 53].
The shortage of healthcare professionals with specific training in the care of
acutely and critically ill patients is another widespread and serious challenge for the
treatment of sepsis in many LMICs. These circumstances often lead to crowded
ICUs, disorganization, increase in nosocomial infections, and irregularities in drug
therapies. Training opportunities for critical personnel remain sparse, given the geographic inequalities in ICU distribution. Existing ICUs are often staffed by providers who are partially trained in HICs and are thus more likely to emigrate, further
depleting personnel. Finally, reimbursement mechanisms for intensive care physicians are typically disorganized and relatively underfunded because the specialty is
not formally recognized in many countries [54]. Studies from LMICs have already
demonstrated the association of an increased nurse workload due to understaffing
and the incidence of healthcare-associated infections [55], thus identifying the relationship between structural issues and adverse events.
Another important issue that may be related to the high mortality in LMICs is a
low awareness of sepsis among the lay public and healthcare personnel. As a consequence of the limited knowledge of the disease and its related morbidity and mortality among the lay public, the presentation of patients to the emergency rooms (ER)
is usually late. Thus, increasing public awareness about the syndrome and its warning signs may augment the perception of patients or their families of its severity and
the notion that they must seek medical help as soon as sepsis symptoms develop.
Most studies that have assessed sepsis awareness among the lay public were conducted in developed regions such as Europe, USA, Japan, and Singapore [56–58].
Even in these countries, perception is usually low. There is no reason to consider
that these results are different in LMICs. In 2014, the Latin American Sepsis
Institute carried out a sepsis poll among 2126 people in Brazil and compared awareness of sepsis with acute myocardial infarction. Only 7% of Brazilians had ever
heard of sepsis, among whom only approximately 40% could adequately define the
disease in a stimulated answer. Conversely, 98% of Brazilians had already heard of
myocardial infarction, of whom 90% could recognize the symptoms in a stimulated
answer [59]. After massive media campaigns such as World Sepsis Day, awareness
among Brazilians in 2017 has increased from 7% to 14% (Azevedo et al., unpublished data). Despite this impressive improvement, much work still needs to be done
to increase perception regarding the importance of sepsis, particularly in LMICs.
A reduced awareness of sepsis is also very common among healthcare providers
worldwide [60]. Although a causal link has not been adequately established, it is
intuitive to hypothesize that delayed diagnosis of sepsis, especially in the emergency department, may be partially caused by low suspicion of this diagnosis among
the multidisciplinary team. Again, little information from LMICs is available. In
Malawi, a survey performed among medical students and members of multidisciplinary teams composed mostly of relatively simple multiple-choice questions demonstrated a significant lack of knowledge regarding sepsis concepts and treatment
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Table 15.2 Possible causes
of high sepsis mortality in
LMICs, ER, ICU, HIV

High incidence of comorbidities such as HIV and
tuberculosis
Reduced awareness of sepsis among lay public and
healthcare workers
Lack of formal training in ER and critical care by healthcare
professionals
Inadequate access to ICU beds
Inadequate provision of critical care resources
Elevated rate of healthcare-related infections
Lack of treatment guidelines adequately validated by
research in LMICs

according to SSC guidelines [61]. In a Brazilian survey, recognition of the disease
continuum among emergency medicine and ICU physicians was low, especially for
sepsis and severe sepsis. The percentage of physicians correctly recognizing SIRS,
infection, sepsis, severe sepsis, and septic shock definitions was 78.2%, 92.6%,
27.3%, 56.7%, and 81.0%, respectively. Interestingly, most misclassifications
occurred for the items sepsis and severe sepsis, thus suggesting some difficulties
among these physicians in understanding the concept of organ dysfunction as
important for emergency care [62]. Another important hallmark of this study is that
the knowledge of sepsis was worst among physicians from public hospitals, which
may partially explain (in association with structural local limitations) the increased
time to sepsis diagnosis in public hospitals in Brazil reported by some studies [63,
64]. Improving awareness by the healthcare team may help to improve outcomes. In
a Brazilian ER, training doctors to improve early diagnosis of sepsis resulted in
significantly more diagnoses in the ER and a reduced time of referral to the ICU
[65]. Several factors contribute to this “information poverty” among healthcare
workers, including insufficient access to continuing medical education, the influence of traditional medical beliefs, and a critical shortage of qualified healthcare
workers. In addition, lack of exposure to acute care medicine during training and
limited opportunities for continuing medical education suggest that many healthcare workers have insufficient knowledge of best practices for sepsis diagnosis and
treatment [66]. The possible reasons for differences in mortality between LMICs
and HICs are depicted in Table 15.2.

15.5

Applications of New Sepsis Definitions for LMICS

In 2016, a task force composed of physicians from the Society of Critical Care
Medicine (SCCM) and the European Society of Critical Care Medicine (ESICM)
published new sepsis definitions, now called Sepsis 3. Briefly, sepsis is now considered “a life-threatening organ dysfunction caused by dysregulated host response to
infection.” The clinical diagnosis of organ dysfunction was suggested to be based on
a variation of 2 or more points in the Sequential Organ Assessment Score (SOFA)
[1]. The criteria for systemic inflammatory response syndrome (SIRS) are now not
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required for the definition of sepsis, but they are still useful for the diagnosis of
uncomplicated infection. Since sepsis is now related to an increased disease severity
with risk of death, the term “severe sepsis” has been abolished. Septic shock is now
defined as “a subset of sepsis with particularly profound circulatory, cellular and
metabolic abnormalities associated with a greater risk of mortality than sepsis
alone.” The diagnostic criteria for septic shock were referred to as “vasopressor
requirement required to maintain a mean arterial pressure of >65 mmHg and a
serum lactate level >2 mmol/L in the absence of hypovolemia” [67]. In addition to
the above-described definitions, the task force suggested the use of a simplified
SOFA score, named quick SOFA (qSOFA), as a bedside tool to rapidly identify
adult patients who are more likely to die or to stay in the ICU for 3 days or more if
they have infection. Therefore, qSOFA does not define sepsis and was suggested as
a triage score to identify high-risk patients without the need for laboratory tests. The
qSOFA score is positive if the patient has at least two of the following clinical criteria: respiratory rate of 22/min or greater, altered mentation (Glasgow Coma
Scale < 15), or a systolic blood pressure of 100 mmHg or less [68].
Although the definitions have been endorsed by many medical societies worldwide, they have also generated a lot of controversy, mainly related to the increase in
specificity at the expense of reducing sensitivity [69]. Major advantages of the new
definition include a broader understanding of the pathophysiology of sepsis and
translation of this knowledge to the definition; validation of the clinical criteria
using databases instead of expert opinion as in the previous consensus; standardization of organ dysfunction criteria, which will facilitate the inclusion of similar
patients in clinical studies; removal of SIRS variables as diagnostic criteria for sepsis because they are not sensitive or specific enough for sepsis [70, 71]; and simplification of the nomenclature since severe sepsis shall not be used anymore.
Conversely, there are important drawbacks of the new definitions, especially for
LMICs. First, the authors themselves recommend retrospective and prospective
validation of the new definitions (more specifically the clinical criteria) in developing countries [1]. The databases that were used to validate the new criteria originated from HICs, and as stated previously, the case-mix and outcomes of septic
patients in the developing world are different from HICs. In addition, another main
concern generated by the new definitions is the reduced sensitivity for the detection
of cases that might have an unfavorable course, mainly in LMICs. The new concepts
limit the criteria for organ dysfunction and tend to select a more severely ill population [72]. This phenomenon may have advantages for HICs, where patients are usually recognized early, but it is a concern in settings such as busy understaffed ERs
or wards from LMICs, where delayed recognition is very common. Another problem with the new definitions is the use of the SOFA score, since the score is not well
known out of the critical care community. Thus, the application of SOFA by other
healthcare professionals who also treat sepsis is not straightforward. Using SOFA in
quality improvement programs to detect sepsis is unfeasible and might delay diagnosis and the initiation of antibiotics [69]. Additionally, the exclusion of lactate as a
marker of organ dysfunction in septic patients without hypotension is another issue.
This approach undermines the relevance of lactate as a disease severity marker that
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should be collected in all sepsis-suspected patients irrespective of blood pressure
levels. This phenomenon might compromise the early detection of patients with
sepsis and cryptic shock who have high mortality rates despite normal blood pressure [73]. Thus, in quality improvement initiatives, the new broad Sepsis 3 definition of sepsis should be used, meaning that any life-threating organ dysfunction
must be considered as sepsis, including fluid-reversible hypotension, an altered
level of consciousness (GCS13–14), and hyperlactatemia, although none of them
isolated reach a variation of 2 points in the SOFA score. This result is in alignment
with the Surviving Sepsis Campaign definitions of organ dysfunction. The new definition of septic shock, which includes lactate levels, may also limit the diagnosis of
this condition in scenarios in which lactate is not available, a common issue in many
low-income countries [46, 48, 49]. If the definition is not homogeneous among
countries, it may hinder the comparison of septic shock mortality rates as patients
under vasopressors would be erroneously considered to have sepsis, resulting in
biased epidemiologic studies in these scenarios. The final major issue concerning
the definitions is the use of qSOFA beyond the purpose for which it was validated.
qSOFA was validated as a severity score but was suggested to be used as a triage
test, and it was not validated for this purpose [1]. The statistical model used to select
the cutoff of 2 points aimed to predict morbidity and mortality and not to be used as
a screening tool for early sepsis diagnosis. In addition, the proposal to use this score
for screening might lead to the misinterpretation that patients without two qSOFA
points are not severely ill, potentially delaying adequate patient treatment and allocation, especially in LMICs.
Very few studies have assessed the validation of sepsis definitions in LMICs. In
Brazil, a study conducted in a university hospital ICU showed that sepsis-3 definitions, as expected, could more precisely select patients at high risk of death than the
previous definitions. Again as expected, the accuracy of the new definitions
increased with disease severity, which is not necessarily in the best interest of
LMICs. Interestingly, patients with infection and no organ dysfunction assessed by
SOFA, but with lactate concentrations above 4 mmol/L, have similar mortality rates
to patients with sepsis according to the new definition. These data suggest the
importance of measuring lactate in all patients with severe infection/sepsis to identify a group with high mortality, irrespective of their arterial pressure [74]. Although
confirming its ability to predict mortality and morbidity, many studies in HICs have
now clearly confirmed the low sensitivity of qSOFA [75–79], which means that its
use as a screening tool would result in a high percentage of patients being missed.
The only prospective study in ER patients that demonstrated a reasonable sensitivity
of qSOFA collected the score variables during the entire ER stay and not prior to the
sepsis diagnosis, which does not adequately mimics a screening tool [80].
Very few data from LMICs regarding qSOFA evaluation are currently available.
In a Greek study of 65 departments, the sensitivity of qSOFA to predict death was
60.8% for patients outside the ICU. The sensitivity of qSOFA for organ dysfunction
outside the ICU was 48.7%, thus demonstrating that this tool may be inadequate for
triage [81]. In Gabon, a prospective collected sample of 329 SIRS(+)-infected
patients in a resource-constrained hospital showed a good sensitivity of 87% (95%
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CI 60–98%) and specificity of 75% (95% CI 70–80%), with an AUROC of 0.83. In
addition to the small sample size, an odd finding of this study was the mortality rate
of 4.5%, which was very low for infected patients in LMICs, thus suggesting that
their results may not be generalizable [82]. In patients with pneumonia in an ER in
China, qSOFA had a sensitivity of 12% and specificity of 97% to predict mortality,
and patients with qSOFA of zero and 1 had mortality rates of 16.3% and 24.4%,
respectively. These mortality rates are much higher than the ones reported for sepsis
patients with similar qSOFA scores in the Sepsis 3 validation cohort, thus suggesting that adequate application of qSOFA to LMICs may pend further validation studies [83]. The preliminary prospectively collected data from the Latin American
Sepsis Institute showed that among 1890 septic patients from 55 institutions, 58.7%
were qSOFA-negative with a mortality rate of 17.6%. The mortality rate of qSOFA-
negative patients in public hospitals was 40%. However, as a severity score, qSOFA
showed good performance with an ROC curve of 0.74±0.01 (95% CI: 0.72–0.75)
[84]. Considering the current evidence, qSOFA is not recommended as a screening
tool in LMICs, although it is still useful to identify, among patients who had already
been detected using other available screening tools, those who are at an increased
risk of death.

15.6

Quality Improvement Initiatives for Sepsis in LMICs

Essentially, most opportunities to evolve sepsis care in LMICs are related to
improvements in the several limitations in structure and critical care provision
described previously in this chapter.
Few studies have assessed adherence to sepsis guidelines, and quality improvement initiatives were reported from LMICs. In an Asian study conducted in 2009
involving LMICs and HICs, Phua et al. demonstrated that overall compliance with
SSC guidelines was very poor, and LMICs were less likely to be compliant with the
bundles. Hospital mortality rate was 47% for low-income countries and 50% for
middle-income countries, whereas it was 38% for HICs. Undergoing treatment in an
HIC as well as in an ICU with an accredited fellowship program was a factor associated with reduced mortality [85]. In another study in Asia, the impact of quality
improvement initiatives for sepsis management was assessed in five countries,
among which China and India were the LMICs. In that study, educational activities
in the ER and ICU increased compliance with the bundle from 13.3% to 54.5% over
the six quartiles of implementation. Compliance with the bundle was associated with
reduction in mortality, but this effect was lost after correction for confounding variables [86]. In China, three cohort studies, two conducted in patients with sepsis and
the other in patients with severe pneumonia, demonstrated overall low compliance
with the bundles, but those patients who were compliant had a lower hospital mortality [87–89]. In a prospective cohort of septic patients with S. aureus bacteremia in a
single hospital in Thailand, the authors identified a mortality rate of 53% and highly
variable adherence to SSC guidelines [90]. In one before-after study in Thailand, the
authors identified very low adherence to the guidelines (0%) in the pre-intervention
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phase associated with a significant mortality rate (40%). These numbers significantly
improved to 37% adherence and 18% mortality following adoption of the sepsis
6-hour bundle in the ER [91]. In Uganda, a before-after study was conducted in
which dedicated study medical officers treated sepsis patients with protocols in two
hospitals. These authors identified a significant increase in the number of patients
who received antibiotics during the first hour of sepsis and a significant reduction in
mortality even after correction for potential confounders [38].
In Brazil, some single-center studies carried out in private institutions (which are
usually more comparable to HICs) demonstrated that quality improvement initiatives such as the implementation of treatment protocols are associated with reductions in mortality [92–94]. In addition, two multicenter reports were from the Latin
American Sepsis Institute quality improvement initiative. The first pre and post-
intervention was conducted in ten private hospitals in São Paulo and demonstrated
an increase in bundle compliance from 13% to 62% during the intervention, with a
significant reduction in mortality rates from 55% at baseline to 26%. In addition to
the reduction of mortality, the intervention was also cost saving, with a reduction of
11,000 dollars in total cost per patient from baseline to the last 3 months of the
intervention [95]. Using the LASI database with 21,000 patients from 2005 to 2014
comprising both public and private hospitals, we recently demonstrated that compliance to the bundles and reduced mortality were largely dependent on the main
source of hospital income. For instance, a comparison of the first period with the
last period of intervention showed that compliance with the 6-hour bundle increased
from 13.5% to 58.2% in private institutions, with a much lower increment from
7.4% to 15.7% in public hospitals. Mortality rates significantly decreased throughout the program in private institutions, from 47.6% to 27.2% in the eighth period
[96]. However, in public hospitals, mortality significantly diminished only in the
first two periods. The quality improvement initiative was also associated with a
reduction in the time to sepsis diagnosis, in addition to a reduction in the severity of
illness, suggesting an improvement in sepsis awareness [96]. In public settings, the
time to sepsis diagnosis, although improved, was still very long after several periods
of intervention. Possible reasons to explain these differences between public and
private settings include the case-mix (increased disease severity in public hospitals),
resource constraints, understaffing and high turnover of healthcare workers, and
difficulties in access to the ICU.
All these studies have shown that most of the sepsis bundles proposed by the
Surviving Sepsis guidelines can be fully implemented or adapted for application in
middle-income countries, as the required resources are usually available. Some of
the recommended interventions, however, require tools and monitoring capabilities
that are inaccessible for many district and regional hospitals in middle-income
countries and in the majority of settings in low-income countries. Additionally,
blind adoption of established interventions in high-income settings may prove to be
ineffective in lower-income scenarios. Examples are the use of fluid bolus resuscitation in children with infection and impaired perfusion in Africa (mostly malaria),
which was associated with increased short-term mortality irrespective of the solution administered (saline or albumin) [97]. In Zambia, the adoption of an adapted
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EGDT guideline in a single-center study resulted in increased mortality in the group
of patients with hypoxemic respiratory failure and early termination of the trial [98].
In Haiti, the use of a World Health Organization-adapted protocol for early sepsis
treatment that focused mostly on fluids and antibiotics failed to improve mortality,
time to fluids, or time to antimicrobials [99]. Taken together, these results underscore the need to generate specific guidelines focused on the context of resource
constraints of LMICs and to enhance research to identify the appropriate answers to
the questions that are relevant to those who work in these settings. Building an
adequate research capacity is one key step toward achieving these goals.
Conclusion

Very few data exist regarding the epidemiology of sepsis in LMICs, but the limited evidence suggests that this disease poses a significant burden to these countries because it is a major cause of short-term mortality and a high-cost condition.
Developing countries face significant issues regarding sepsis care, as demonstrated by low awareness of the disease among the lay public and healthcare
team, a lack of preventive measures for infections, a high prevalence of nosocomial infections, and inadequate ICU access and structure. Little research has also
been conducted in sepsis management in LMICs, and most sepsis guidelines are
developed for HICs with recommendations that are not feasible for adoption in
many parts of the developing world. Hence, it is imperative to address sepsis
burden in LMICs through research, increased awareness, capacity building, and
the introduction of practical clinical guidelines that are reproducible in these
settings.
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Key Points
• Remarkable progress has been made in understanding the pathophysiology of
sepsis.
• New insights into sepsis have not been associated with new treatments for
sepsis.
• The road ahead will include improved recognition of sepsis.
• The road ahead will include improved compliance with evidence-based management of sepsis.
• The road ahead will lead to an increased understanding of the global burden of
sepsis.
• The road ahead will have increased screening and better methods for identifying
sepsis.
• The road ahead will lead to include precision medicine approaches for entry into
clinical trials as well as new trial designs for sepsis.
• The road ahead will lead to improvements in the diagnosis of both infection and
sepsis.
• The road ahead will lead to a more robust understanding of both organ dysfunction and the dysregulated host response in sepsis.
• Although numerous pathways of discovery will be undertaken, especially promising routes include modulating both the microbiome and the immune system.
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The term sepsis was first introduced by Hippocrates nearly 2500 years ago to
describe the process of decay of organic matter [1]. However, little progress in
understanding or treating sepsis occurred until the past 40–50 years. Remarkable
progress has been made in understanding the pathophysiology of sepsis during the
last few decades, with new insights occurring at an accelerating pace. These insights,
however, have not been met with new therapies for sepsis since the only widely
accepted treatments for sepsis are rapid antibiotic and fluid administration [2], combined with general supportive care.
This has led to an interesting paradox. More and more patients are getting septic. In the United States, there was an increase of 192% of sepsis as a diagnosis
leading to hospital stay between 2005 and 2014 [3]. Whereas in 2005 sepsis was
not listed among the top ten principal diagnoses for inpatient stays, in 2014 sepsis
was ranked third, behind only pregnancy and newborns/neonates. At the same
time, despite an absence of new treatments, the case fatality is decreasing [4–6],
presumably related, at least in part, to earlier and increased recognition as well as
improved management.
While the road ahead for sepsis will assuredly not be linear, it is nearly a guarantee that patient-centric outcomes will improve over time. The reasons for our optimism lie in two complementary paths—(1) improved recognition and management
of sepsis using existing clinical knowledge that has incomplete penetration with
practitioners and (2) discovery of new knowledge and translation of both new and
existing preclinical insights to the bedside.

16.1

Improving Recognition of Sepsis

There is no question that timely recognition and management of sepsis saves lives.
However, for years sepsis was a syndrome which was poorly recognized by many
medical professionals and barely recognized (if at all) as even existing by the lay
public. Unfortunately, delayed or absent recognition leads to delayed (or worse, no)
treatment of sepsis. Fortunately, awareness of sepsis has risen markedly over the last
15 years, with a rapid increase in the slope of both public and professional recognition of sepsis. The reason behind this is multifactorial and will likely set the path for
sepsis recognition in the future.
On a professional level, the Surviving Sepsis Campaign has dramatically raised
awareness of sepsis in the inpatient setting. The Surviving Sepsis Campaign guidelines, which have been published every 4 years since 2004 [2, 7–9] combined with the
campaign’s bundles, have been incorporated into healthcare systems throughout the
world. The future will lead to an expansion of the campaign’s activities with pediatric
sepsis guidelines, studies of sepsis in resource-limited nations, studies of sepsis on the
hospital wards, and a research arm to determine priorities for future sepsis research.
The road ahead will have a much wider audience in healthcare providers across (a) the
world, (b) spectrum of resources available, (c) entire spectrum of age, and (d) entire
spectrum of healthcare (i.e., not just in the emergency department and ICU but in the
outpatient setting, hospital wards, rehabilitation facilities, etc.).
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However, the reach of professional societies—while broad—is not unlimited and
has dominantly been aimed at healthcare providers. Numerous foundations—many
unfortunately borne out of personal tragedy—have been successful in raising the
public profile of sepsis, both with the general public and regulatory agencies and
legislators who can affect broad-based change in sepsis. These have resulted in a
high-profile campaign by the Centers for Disease Control and Prevention aimed
toward engaging and educating both providers and the public about sepsis [10].
Similarly, the World Health Organization recently approved a resolution on improving the prevention, diagnosis, and management of sepsis [11].
Further, the concept of sepsis survivorship is in its infancy, and most patients
who survive sepsis do not think of themselves as sepsis survivors. Similarly, most of
their families and friends do not think of their loved one as a survivor nor do their
healthcare providers. This contrasts greatly with other diseases like cancer, where
there is a long-standing tradition of patients (and families and providers) thinking of
themselves as survivors, years after treatment. There are literally thousands of support groups for cancer. In contrast, currently there are only sporadic pockets of support groups for sepsis, including the recently formed THRIVE initiative from the
Society of Critical Care Medicine which seeks to improve patient and family support after critical illness [12].
It is important to note that many sepsis advocacy groups are grassroots organizations and are quite new. The increase in the public profile of sepsis over the last few
years has been extraordinary, but there continues to be a marked disconnect between
the human suffering and financial costs of sepsis with public recognition of the disease and the massive burden it imposes on society. The future will likely lead to
increasingly large organizations working on behalf of sepsis in multiple domains
(awareness, regulatory, research, etc.) in a manner not possible with smaller groups.
At the same time, it is likely that a positive feedback effect will occur, leading to
increasing numbers of advocacy groups, increasing recognition of sepsis survivorship—and thus survivor groups—and a general uptick in public awareness of sepsis.

16.2

I mproved Compliance with Evidence-Based Sepsis
Guidelines and Bundles

A recent 7.5 year study of nearly 30,000 sepsis patients in over 200 hospitals from the
Surviving Sepsis Campaign database demonstrated that for every quarter a hospital
participated in the campaign, mortality decreased 0.7% per quarter [5].While association cannot prove causation, this is consistent with a broad-based literature demonstrating that participation in quality improvement initiatives in sepsis is associated
with improved outcomes. This study also demonstrated a striking difference in mortality depending on bundle compliance, with 38.6% of patients dying in hospitals with
low compliance bundle, compared to 29.0% in hospital with high bundle compliance.
While this is very exciting on the surface, a quick look at what constitutes high bundle
compliance demonstrates a remarkable opportunity for improvement since performing all elements within the bundle was performed less than 40% of the time in the
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“high” compliance group. Similarly, compliance is poor in low- and middle-income
countries [13, 14] with bundle compliance occurring less than 8% in a study of 150
ICUs in 16 Asian countries. It is difficult to justify how performing all elements of
sepsis bundles less than 50% of the time is a desired outcome. Comparing sepsis to
other high-acuity, high-intensity conditions, mortality on a per-case basis is significantly higher for sepsis than for myocardial infarction, trauma, or cerebrovascular
accident. However, it is difficult to imagine less than half of patients with these lifethreatening conditions being treated in a timely fashion. For instance, 93% of patients
with ST-segment elevation myocardial infarction in the United States are treated with
percutaneous coronary intervention within the recommended 90 min of arrival to the
emergency department, with an average door to balloon time of 59 min [15].
The road ahead will assuredly close this chasm between what the literature supports and what is provided at the bedside. The reason for these changes will be
multifactorial. Part of this will likely happen organically. Culture change takes years
to occur, and as more studies come out on sepsis and public and medical recognition
of sepsis increases, attitudes about sepsis truly being an emergency requiring all
elements of care to be provided swiftly and accurately will almost certainly increase.
At the same time, these changes may occur more slowly than many would consider acceptable. Based upon this, mandates on sepsis care have begun to be implemented. Starting in 2013, New York State began requiring hospitals to follow
protocols for the early identification and treatment of sepsis. A high profile study of
49,331 septic patients from 149 hospitals examined after this mandate demonstrated
an 82.5% compliance with sepsis bundles [16]. Whether regulatory mandates for
sepsis care are beneficial has been debated with some investigators arguing for caution or more precision before implementing them [17, 18]. Nonetheless, we believe
that the road ahead will be met with increased regulations and mandates related to
sepsis throughout the world. There are a number of reasons we believe that sepsis
management will be the target of increasing regulatory mandates. First, septic shock
has a mortality of greater than 40% [19]. The poor bundle compliance in hospitals
left to manage sepsis on their own as compared to the markedly higher bundle compliance in hospitals mandated to have a sepsis protocol will almost certainly lead to
strong public pressure to have increased regulation. Further, sepsis is the single
most expensive hospital condition to treat [20], and it is likely that the results from
New York State will engender further efforts from policymakers who could easily
see a correlation between earlier and better care and decreased costs.

16.3

Understanding the Global Burden of Sepsis

The best estimate of the global burden of sepsis is that there are 31.5 cases of sepsis
and 19.4 million cases of severe sepsis potentially causing 5.3 million deaths annually [21]. These estimates are based upon a total of 27 studies from high-income
countries without any population incidence levels in low- and middle-income countries. However confidence in these statistics is relatively low considering that 87%
of the world’s population lives in low- and middle-income countries and the fact
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that sepsis is treated as a “garbage code” in the Global Burden of Disease statistics,
where most deaths from sepsis are classified as being caused by the underlying
infection, rather than from sepsis [11].
Even in higher-income countries, it is still unclear how many people have sepsis
and how many people die from the disease. For instance, in the United States, most
recent estimates state that between 894,000 and 3.1 million people develop sepsis
with between 230,000 and 370,000 dying from the disease each year, depending on
which of four different techniques were used to identify septic patients [22]. This
differs markedly from an estimate of 146,000–159,000 deaths from using death
certificate data generated by a Centers for Disease Control and Prevention database
[23] in the United States and even more markedly from an estimate of under 39,000
deaths from “septicemia” from the National Vital Statistics in the same country in
2014 [24].
Thus the current situation leaves both healthcare professionals and the general
public without a clear understanding of how many people get septic and how many
people die from the disease. The road ahead will assuredly help to clarify this situation. The effort to do so will likely be multifactorial and will depend upon issues
ranging from which population is studied to which definition of sepsis is used. As
outlined above, as public awareness of sepsis rises worldwide, it will likely be unacceptable to have essentially no understanding of the burden of sepsis in low- and
middle-income countries, which will likely lead to efforts to quantify this. Similarly,
in higher-income countries, a greater degree of accuracy will likely be demanded,
which will result in more refined estimates.
There are multiple methods in which the burden of sepsis can be calculated.
These include (but are not limited to) administrative claims data for ICD-9 or ICD-
10 code for infection, for organ dysfunction, or for a severe sepsis code or via death
certificates [22, 23, 25–28]. Each technique has its own advantages and disadvantages, which is related to a broader discussion as to the intended use of sepsis diagnostic criteria. An intellectual framework by Seymour et al. identified five different
purposes of sepsis diagnostic criteria—clinical care, clinical research, basic
research, surveillance and epidemiology, and quality improvement and audit [29,
30]. It is likely that the road ahead will offer a richer and more diverse array of sepsis diagnostic criteria, depending on the indication examined. This will have the
advantage of giving deeper and more robust information depending on the question
asked, but may unfortunately lead to confusion, where multiple definitions and criteria for sepsis exist [31–34].

16.4

 epsis Definitions, Clinical Criteria, and Screening
S
Criteria

The definition of sepsis has evolved greatly from the time of Hippocrates. The well-
known 1991 definitions included the spectrum of sepsis, severe sepsis, and septic
shock in the setting of the systemic inflammatory response syndrome with suspected infection with organ dysfunction and hypotension refractory to fluid

258

J. Xie and C. M. Coopersmith

resuscitation for the latter two entities [32]. A revised version in 2001 further defined
organ dysfunction but did not fundamentally change the definition [35]. While the
definition served the medical community well for a quarter of a century, it was subjected to numerous criticisms. Many of these centered on the very nonspecific systemic inflammatory response syndrome, since almost half of all patients develop
this in the hospital without being septic and 1/8 of patients die with sepsis without
having this [36–38]. Further, the definitions were not a traditional definition, which
per the dictionary expresses the essential nature of something or describes what
something is. Much like the essence of a myocardial if not an elevated troponin
(which is instead a bedside test used as part of clinical diagnosis), the essence of
sepsis is unlikely to be an elevated heart rate and temperature in the setting of suspected infection.
Based upon these, the Sepsis 3 definitions were published in 2016 [33]. There
has been significant confusion between the clinical criteria used to diagnose sepsis
(much like troponin in myocardial infarction) and screening criteria used to potentially identify septic patients who will have a prolonged ICU stay or die and the
actual definition. The definition of sepsis is life-threatening organ dysfunction
caused by a dysregulated host response to infection. This is an intellectual construct
that is the best method we have today of understanding what sepsis is. This is distinct from the clinical criteria used for identifying sepsis—a sequential organ failure
assessment (SOFA) score ≥2 in the setting of suspected infection [33]. It is also
distinct from a screening test that can be done (most successfully outside the ICU)—
qSOFA—which examines respiratory rate, blood pressure, and mental status [39].
The clinical criteria and qSOFA have the subject of significant academic debate
[40–43]. In contrast, the actual definition of sepsis has received near uniform praise
as an intellectual construct.
In charting the road forward, it is best to separate the clinical criteria and screening criteria from the definition as the former are perhaps more tangible and certainly
have a more narrow scope than the latter. The SOFA score was first described in
1996 to describe organ dysfunction and failure in sepsis [44]. It has reliably been
used in critical care, and delta SOFA (rather than fixed-day SOFA) has been shown
to be reliably and consistently associated with mortality in randomized controlled
trials [45]. While SOFA has been—and continues to be—of tremendous utility, it
also incorporates elements not typically used in sepsis management such as “renal
dose” dopamine. In addition, with the advent of big data and complex systems analysis, it is likely that further refinements in either the SOFA score or a different
scoring system for sepsis will likely be more accurate in the future. Since the publication of Sepsis 3, there has been a concerted effort to validate qSOFA as a screening tool both outside and inside the ICU and in different socioeconomic environments
[46–51]. It is likely that the future will bring numerous studies demonstrating where
and when qSOFA has utility for bedside providers and that subsequent analyses will
lead to more accurate predictive criteria.
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Precision Medicine and Trial Design

Implicit in most trials to date is the assumption that all sepsis patients are the same
(or similar) and that there is a common host response. All along as a patient has the
diagnosis of sepsis, they have been enrolled in clinical trials—independent of the
initiating microorganism, the patient’s underlying genetics or comorbidities, the
patient’s host response, the severity of disease, etc. In some ways, this strategy of
enrolling all comers is analogous to enrolling patients with cancer (regardless of the
cell type or stage) into a clinical trial.
It is nearly a given, however, that all septic patients are not the same, and strategies that might be effective in one patient population would be ineffective or harmful in a different patient population of septic patients. There is significant preclinical
literature demonstrating that the identical intervention can have significant differences in efficacy depending on a variety of host variables [52–57]. Further, there is
emerging data that endotypes exist in which patients have a different and disparate
response to sepsis [58–60]. Further, while IL-1 receptor antagonist fails to improve
28-day survival in septic patients, a reanalysis of this same phase 3 trial demonstrated significantly reduced mortality in a subgroup patients with macrophage activation syndrome [61]. In the future, a multipronged engine aimed at precision has
been proposed including (a) optimizing patient stratification and identifying potential targets; (b) running in silico trials, confirming targets, and examining and refining mechanisms in both cells and rodents; and (c) evaluating large mammal, which
then loops back on optimizing patient stratification [62]. The road ahead will assuredly look more similar to oncology where patients are enrolled in clinical trials
based upon molecular signatures and/or “omics” (genomics, transcriptomics, proteomics, or metabolomics) criteria as well as related criteria.
The gold standard study to date in sepsis has generally been considered to the
randomized controlled trial using mortality as an endpoint. However, it is likely
sepsis trials in the future will look quite different. Randomized trials are inefficient
in that they only examine two groups. In contrast, adaptive trial design can increase
trial efficiency by discarding ineffective doses or drugs or by increasing arms with
a higher likelihood of success [63]. Trial designs can use either predictive enrichment with patients based on likelihood of treatment response independent of disease
severity or prognostic enrichment with a patient population at high risk of outcome
event (or both) [64]. Further, while short to intermediate mortality is obviously an
important outcome in sepsis, it is not the only potential outcome of interest, especially with increased understanding of the burden of sepsis long after patients leave
the ICU. There are multiple other patient-centric outcomes that will likely be examined in the road ahead including those within the ICU (ventilator days, pressor days,
length of stay), within the hospital (length of stay), and beyond the ICU since septic
patients have been shown to have long-term functional disabilities [65], cognitive
decline, [66, 67] and healthcare usage [68, 69].
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Sepsis 3 and the Road Ahead for Diagnosing Sepsis

The new definition of sepsis contains four distinct components—(a) life-threatening,
(b) organ dysfunction, (c) dysregulated host response, and (d) suspected infection.
The definition of life-threatening is subjective, but the details of how to predict this
are generally covered above. Infection is generally suspected by nonspecific findings such as altered temperature and white blood cell count and less commonly by
organ dysfunction without a clear etiology. This leaves a large opportunity for the
future in that in many ways, the manner in which infection is either suspected or
diagnosed has not changed in decades, resulting in the very real limitation of lack of
specificity for suspecting infection and lack of both accuracy and timeliness in diagnosing infection. For example, blood cultures are positive in approximately one
third of septic patients [70], and half of septic patients are culture negative [71].
Further, those that are culture positive require a time frame of days for full sensitivities to result after samples are manually streaked on an agar plate. This has significant implications for antibiotic stewardship and also can cause delays in
therapy—associated with increased mortality—if initial broad-spectrum antibiotics
are not effective against the pathogen that is ultimately cultured. While Sepsis 3
intentionally did not comment on the definition of infection [33], the road forward
will almost certainly result in both more accurate diagnosis of infection and the
capacity to diagnose infection in a much shorter time frame than is commonly done
at the bedside. Although an overview of advances in diagnostic microbiology is
outside the scope of this chapter, it is important to note that numerous rapid microbial pathogen tests using modern technology are being developed and tested in
patients which can identify pathogens more accurately and rapidly than current
techniques [72–78].
Complementary to more rapid and effective diagnosis of infection is more rapid
and effective diagnosis of sepsis. Since earlier therapy of sepsis has been associated
with improved outcomes, it stands to reason that if sepsis can be diagnosed (and
hence treated) before signs and symptoms are obvious to the healthcare team, many
of the more morbid complications of sepsis can potentially be attenuated or even
prevented. Analysis of “big data” for patterns within easily accessible data that are
not obvious to the bedside practitioner is a field that is in its infancy but holds tremendous promise. A few recent studies have demonstrated that it is feasible to predict
sepsis prior to clinical manifestations occurring. For instance, using routinely available physiologic and laboratory data from ICU patients, a targeted real-time early
warning score identified patients before the onset of septic shock with an area under
the curve ROC of 0.83. Further, with a specificity of 0.67, this score achieved a sensitivity of 0.85 and identified patients a median of 28.2 h before onset, of which two
thirds were identified before any sepsis-related organ dysfunction [79]. Similarly, a
machine learning approach using multivariable combinations of easily obtained data
was superior to other sepsis screening tools both in detecting sepsis at onset and
1–4 h preceding sepsis onset, even when 60% of input data was missing [80]. In addition, a point-of-care microfluidic biochip for quantification of CD64 expression on
only 10 microliters of whole blood when combined with measurements from the

16 Sepsis: The Road Ahead

261

electronic medical record showed utility for improved sepsis diagnosis [81]. The
road ahead will almost certainly incorporate “big data” and complex systems into
predictive algorithms that will transform the way sepsis is identified.

16.7

 epsis 3 and the Road Ahead for Organ Dysfunction
S
and Host Response

Blood pressure, mental status, platelet count, and creatinine are commonly assessed
at the bedside as surrogates of cardiovascular, brain, hematologic, and renal function.
While there is obvious utility to examining gross organ dysfunction, it is likely that
we are missing insights on a cellular or subcellular level that might be critical in
understanding or treating sepsis. For instance, it is likely that intracellular bioenergetics, cell death (apoptosis, necrosis, pyroptosis, autophagy), barrier function, and
functional status of cells (activated, naive, memory, exhausted, etc.) play a role in
determining organ function or dysfunction. The tools for measuring each of these
currently exist in animal models, and some are being used experimentally in patients.
The transition of understanding and measurement of organ dysfunction to a more
cellular and subcellular level will likely occur in the intermediate to long-term future
as deeper understanding of these (and many other) processes reach maturity and realtime assays allow their measurement at the bedside. Similarly, measuring a dysregulated host response (as opposed to an adaptive regulated host response) is currently
impossible at the bedside. A tremendous number of possibilities exist for monitoring
and modulating both organ function and the host response to infection that are outside the scope of this chapter; however, we will briefly highlight two especially
promising areas of research that will guide the road ahead in sepsis.
One promising road for modulation is the microbiome. The microbiome is the
ecological community of microorganisms that reside in the whole body. The most
intensively studied branch is the gut microbiome which consists of 40 trillion
microbes, as many cells as we have in our bodies [82]. Within 6 h of the onset of
sepsis [83], the microbiome is converted into the “pathobiome” [84, 85] which is
highlighted by (a) a loss of microbial diversity, (b) dominance of pathogenic microorganisms, and (c) alterations in bacteria present to become more virulent [86, 87].
In addition, ICU treatment or conditions (antibiotics, vasoactive drugs, fasting or
altered nutrition) can also disrupt the microbiome. Together, these induce extremely
low microbial diversity which is associated with worse outcomes in sepsis patients
[84–86]. Numerous studies have been done altering the microbiome in the ICU—
with strategies ranging from probiotics to fecal microbial transplant to selective
decontamination of the digestive system [88–95]. Each of these has been demonstrated to improve patient-centric outcomes such as ventilator-associated pneumonia, diarrhea, and mortality. However, our understanding of the microbiome is still
very much in the nascent stage. The road ahead will allow us to understand our inner
microbial community on a cellular and subcellular level and how to potentially
modulate this community in a precision manner to improve outcomes in a more
targeted, mechanistic method.
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Another promising treatment is immunomodulation. Historically, many trials
have attempted to decrease the pro-inflammatory response in sepsis. While this
approach has often been successful in preclinical trials of inbred mice when the
precise time of onset of sepsis is known, they have generally been unsuccessful in
septic patients [96]. However, recent data suggests that immune cells are exhausted
in sepsis, with increased levels of multiple co-inhibitory markers such as PD-1,
CTLA-4, BLA, and 2B4 in both animal studies and septic patients [97–103]. This
can lead to secondary infection in the immunosuppressive stage of sepsis, which is
a common cause of late death in sepsis [104, 105]. Notably, co-inhibitor blockade is
associated with improved survival in multiple preclinical models of sepsis. While
clinical trials examining co-inhibitory blockade in septic patients are just beginning
to enroll patients, immune augmentation represents an attractive strategy in the
future for sepsis. Further, a better understanding of a patient’s immune status (pro-
inflammatory, anti-inflammatory, exhausted, immunosuppressed, etc.) on an ongoing basis will likely allow for targeted immunotherapy.
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