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Preface

Sepsis is one of the most common deadly diseases. Despite its remarkable inci-
dence, 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 inter-
vention. International clinical practice guidelines for the management of sepsis are 
presented, and individual chapters focus on aspects such as fluid resuscitation, vaso-
pressor  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 contri-
butions 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 enthu-
siasm 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 W. Joost Wiersinga 
Pittsburgh, PA, USA   Christopher W. Seymour 
March 2018
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1What 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 dys-
function will vary markedly between patients. It can lead to death in a high propor-
tion 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 accompa-
nying 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, sep-
sis 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 infec-
tion with antibiotics ± source control [2]. On a more positive note, our understand-
ing 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 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73506-1_1&domain=pdf
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comprehensive epidemiological data in low- and middle-income countries. The 
lack of good primary care, adequate infection prevention, timely antibiotic treat-
ment, poor staffing levels and adequate critical care provision account for a com-
pletely 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 mor-
tality 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 dysfunc-
tion cannot be life-threatening. Chapter 15 will address sepsis in low- and middle-
income 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 recogni-
tion 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 exam-
ple, 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 aggres-
sive, 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 concep-
tion 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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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 centu-
ries, infectious epidemics wiped out large swathes of populations. This caused enor-
mous 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 under-
standing of infection and sepsis progressed further, and Aristotle’s ideas were chal-
lenged. 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 

The evolving meaning of the word sepsis 

400 B.C. Putrefaction

Blood poisoning / systemic infection

Systemic inflammatory response syndrome
to infection

Syndrome of infection complicated
by acute organ dysfunction

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

1870

1992

2003

2016

Fig. 1.1 The evolving meaning of sepsis
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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 notwith-
standing the lack of bad odour of the blood, Davaine introduced the concept of 
septicaemia or ‘blood poisoning’ [11]. Sepsis then became synonymous with sys-
temic 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 recov-
ery 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 cyto-
kines—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 manage-
ment. 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 >38 or <36 °C
White blood cell count >12,000 or <4000/mm3

Heart rate >90 beats/min
Respiratory rate >20 breaths/min or PaCO2 < 32 mmHg

L. Giesen and M. Singer
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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 immuno-
suppressive approaches, there was also a growing appreciation of an excess overfo-
cus 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 defini-
tions. They acknowledged the inadequacies of the existing definitions, but as there 
was insufficient evidence to support a change, they simply expanded the list of pos-
sible diagnostic criteria for sepsis [19].

1.4  Sepsis Is Now About Organ Dysfunction and Not 
Inflammation

In the last decade, the knowledge base regarding sepsis pathophysiology has increased 
significantly, and the relevance of noninflammatory pathways is increasingly appre-
ciated [20]. Furthermore, most patients now survive the initial hyperinflammatory 
state but die of unresolved organ failure or new infection to which sepsis-associ-
ated 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 rela-
tively 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 dis-
cussed 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 iden-
tify 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. vasopres-
sor 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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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 asso-
ciated 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 

Table 1.2 Sequential (sepsis-related) Organ Failure Assessment (SOFA) score

System
SOFA score
0 1 2 3 4

Respiration 
PaO2/FiO2 
mmHg (kPa)

≥400 
(53.3)

<400 
(53.3)

<300 (40) <200 (26.7) 
with respiratory 
support

<100 (13.3) 
with respiratory 
support

Coagulation 
platelets

≥150 <150 <100 <50 <20

Liver bilirubin, 
mg/dL 
(μmol/L)

<1.2 (20) 1.2–1.9 
(20–32)

2.0–5.9 
(33–101)

6.0–11.9 
(102–204)

>12.0 (204)

Cardiovascular 
(doses in μg/
kg/min)

MAP 
>70 mmHg

MAP 
<70 mmHg

Dopamine 
<5 or 
dobutamine 
(any dose)

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

Dopamine >15 
or epinephrine 
>0.1 or 
norepinephrine 
>0.1

Central 
nervous system 
Glasgow Coma 
Scale

15 13–14 10–12 6–9 <6

Renal 
creatinine, mg/
dL (μmol/L), or
urine output, 
mL/day

<1.2 (110) 1.2–1.9 
(110–170)

2.0–3.4 
(171–299)

3.5–4.9 
(300–440)
<500

>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]

L. Giesen and M. Singer
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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 pro-
nounced 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 endothe-
lium 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 pro-
gressive obtundation related to hypoxaemia and/or hypercapnoea. The nervous sys-
tem can be affected, leading to altered mental status (‘septic encephalopathy’) and 
peripheral issues such as neuropathy and disturbed autonomic function. Acute kid-
ney injury leads to elevated creatinine levels and decreased urine output. Liver dys-
function 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), alimen-
tary system (e.g. ileus, pancreatitis, cholecystitis) and hormonal system (including 
relative adrenal insufficiency, the low T3 syndrome and marked decreases in circu-
lating 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 dam-
age. 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 down- 
or 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 mim-
ics exist, ranging from pulmonary embolus and heart failure to beriberi, phaeochromo-
cytoma, 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 has-
tening recovery, remains unclear. Although affected patients may eventually be dis-
charged 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 dis-
orders [46]. Attention is being increasingly directed towards this problematic subset 
with different strategies to be explored to improve outcomes such as immunostimu-
lation 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 inten-
sive care [49]. In clinical practice, these late deaths often occur from a secondary 
complication (notably nosocomial infection) or an elective withdrawal due to fail-
ure 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 discon-
tinued 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 cam-
paigns 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 out-
comes. This is particularly relevant in view of the rising incidence of sepsis as the 
population ages and more aggressive medical interventions are given. Better tech-
nologies 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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2The Epidemiology of Sepsis

Hallie C. Prescott

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 underesti-
mate 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, blood-
stream, 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 mor-
bidity, 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 epi-
demiology 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 lead-
ing 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 hospital-
izations 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 con-
tain 87% of the world’s population [6]. However, by extrapolating from the avail-
able 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 recog-
nizes 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 exponen-
tially from ages 50 to 85 years and beyond [16]. The incidence of sepsis in octoge-
narians 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 pre-
dispose 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 col-
lection 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 sur-
vival from other medical conditions such as cancer and increasing use of immuno-
suppressive 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 fluc-
tuations in cold climates [25]. This difference is largely explained by differences in 
pulmonary infection, as respiratory causes of sepsis increase about 40% during win-
ter 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 immunodefi-
ciency syndrome (AIDS), diabetes, and chronic obstructive pulmonary disease 
(COPD), in patients taking immunosuppressive medications, and in patients on hemo-
dialysis. 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  Sepsis Incidence by Demographics and Socioeconomic 
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 dysfunc-
tion 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 expo-
sure to healthcare facilities, such as nursing home residents, hemodialysis recipi-
ents, 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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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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Fig. 2.1 Characteristics of sepsis, from selected multicenter studies with prospective data collec-
tion. (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 involv-
ing 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
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Common sites of infection differ depending on patients’ comorbid medical condi-
tions, with infection commonly occurring in diseased organs or in sites of instrumen-
tations. 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 infec-
tion in pediatric patients likely reflect both differences in the epidemiology of infec-
tion 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 bac-
teremia 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 cardiovas-
cular 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 vasoac-
tive 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 conse-
quences 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 impair-
ment 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 med-
ical 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 hospitaliza-
tion, 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 survi-
vors are rehospitalized in the next 90 days, most commonly for another episode of 
sepsis [65]. Other common and potentially preventable causes of hospital readmis-
sion 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 pre-
ventable” 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 pedi-
atric 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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2.4.4  Recurrent Sepsis

Patients’ risk for further health deterioration is increased after surviving a hospital-
ization 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 sep-
sis 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 condi-
tions [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 fail-
ure—and that longer or stronger initiation antibiotic courses alone are unlikely to 
solve the problem [68].

Same

Ambiguous

New

Different Site

1 (1%)

8 (6%)38 (28%)

Different Organism

Same Organism

Culture Negative

Same Site Unknown

Site ConcordanceOrganism
Concordance

14 (10%) 30 (22%) 3 (2%)

0 (0%)

17 (12%)

26 (19%)

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 infec-
tion (new site and/or new organism)
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2.4.5  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 survi-
vors 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 survi-
vors—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 com-
mon sites of infection are respiratory, abdominal, bloodstream, genitourinary, 
and skin/soft tissue. The most common infectious agents isolated are gram-neg-
ative 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 dis-
charge, but often in a weakened state. Sepsis survivors are at increased risk for 
new physical disability, cognitive impairment, recurrent infection, hospital read-
mission, 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 patho-
gens [1]. Current consensus acknowledges the occurrence of two opposite host 
reactions to severe infection with proinflammatory and anti-inflammatory fea-
tures [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 homeosta-
sis and harms the host, resulting in the life-threatening condition called sepsis 
[3]. While insights in the pathogenesis of sepsis have rapidly grown, this com-
plex 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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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 micro-
organisms with a sufficient load and virulence can cause sepsis. However, several 
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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 dis-
turbed, 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 viru-
lence. The host defense system can recognize molecular components of invading pathogens (PAMPs) 
with specialized receptors (PRRs). Stimulation of PRRs has proinflammatory and immune suppres-
sive consequences. It leads to activation of target genes coding for proinflammatory cytokines (leu-
kocyte 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 char-
acterized 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 dis-
turbed 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 danger-
associated molecular patterns, DNA deoxyribonucleic acid, HMGB1 high-mobility group box-1 pro-
tein, HSPs heat shock proteins, LPS lipopolysaccharide, LTA lipoteichoic acid, PAMPs 
pathogen-associated molecular patterns, PPRs pattern recognition receptors, RNA ribonucleic acid
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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 cul-
ture-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 ner-
vous 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 (con-
stituents 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 upregula-
tion of inflammatory gene transcription and initiation of innate immunity [2, 7, 8]. 
However, if the innate immune system fails to eradicate the pathogen, overstimu-
lation 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, so-
called 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 identi-
fied 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 bacte-
ria, viruses, parasites, fungi, and the host itself. The signaling pathways of TLRs 
run via four adaptor proteins, namely, myeloid differentiation primary response 

3 Pathogenesis of Sepsis



34

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 “inflam-
masomes.” These complexes activate caspase-1 leading to the maturation of proin-
flammatory 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 
receptor Ligand Origin of ligand
Toll-like receptors (TLRs)
TLR1 Triacyl lipoprotein (forms heterodimer with TLR2), 

soluble factors
Bacteria

TLR2 Lipoprotein (forms heterodimer with TLR1 and TLR6) Bacteria, 
viruses, fungi, 
self

TLR3 Double-stranded RNA Viruses
TLR4 Lipopolysaccharide, envelop proteins (syncytial viruses), 

glycoinositol phospholipids, HSPs 60 and 70, S100a8 
(ligand from dying cells)

Bacteria, 
viruses, self

TLR5 Flagellin Bacteria
TLR6 Diacyl lipoprotein (forms heterodimer with TLR2) Bacteria, viruses
TLR7 Single-stranded RNA, synthetic compounds (e.g., 

imidazoquinolines)
Bacteria, 
viruses, self

TLR8 Single-stranded RNA, small purine analog compounds 
(imidazoquinolines)

Viruses

TLR9 CpG-DNA, insoluble crystal hemozoin (Plasmodium 
falciparum)

Bacteria, 
viruses, 
parasites, self

TLR10 Unknown
NOD-like receptors (NLRs)
NOD1 Peptidoglycan (iE-DAP) Bacteria
NOD2 Peptidoglycan (MDP) Bacteria
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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 mono-
cytes and neutrophils. These cells can further attribute to activation of the immune 
system by expression of the triggering receptor expressed on myeloid cells-1 (TREM-
1) 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 interleu-
kin (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 activa-
tion of the complement and coagulation systems and disturbance of vascular perme-
ability [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 

Pattern 
recognition 
receptor Ligand Origin of ligand
C-type lectins (CLRs)
Dectin-1 β-Glucan Fungi

Dectin-2 β-Glucan Fungi

MINCLE SAP130 Fungi, self
Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs)
RIG-I Short double-stranded RNA, 5′triphosphate dsRNA Viruses

MDA5 Long double-stranded RNA Viruses
LGP2 Double-stranded RNA Viruses
DDX3 Viral RNA 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]

Table 3.1 (continued)
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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 lym-
phoid 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 fac-
tor (TF). Indeed, inhibition of TF prevents DIC and improves survival in experimen-
tal 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 path-
ways: the antithrombin system, tissue factor pathway inhibitor (TFPI), and the 
protein C system. In septic patients all these pathways are impaired in their func-
tion, partially due to endothelial dysfunction, resulting in low levels of these coag-
ulation 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 activa-
tor 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 chemo-
kines [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 antico-
agulant 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 antithrom-
bin 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 inacti-
vates coagulation cofactors Va and VIIIa by proteolysis, thereby inhibiting coagula-
tion. 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 mul-
timers 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 multim-
ers at injured sites, contributing to overwhelming platelet adhesion and microvascu-
lar 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 acti-
vates the endothelial S1P receptor 1, thereby preserving vascular integrity [33]. 
Angiopoietin-1 activates TIE2, supporting barrier function. Angiopoietin-2 antago-
nizes 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 elim-
inating pathogens. However, NETs may also contribute to collateral damage and 
thrombosis in the dysregulated immune response in sepsis [35].
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3.5  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 con-
firmed 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, com-
bined 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 out-
comes 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 lethal-
ity 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 pre-
senting cells [2, 36]. Monocytes and macrophages demonstrate a strongly decreased 
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capacity to release proinflammatory cytokines upon stimulation with bacterial ago-
nists (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 proinflam-
matory mediators have been reported downregulated upon stimulation with concur-
rent 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 suppres-
sion [41]. Protein expression can be regulated both at the pre- and posttranscrip-
tional 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 modifica-
tions due to acetylation, methylation, ubiquitination, and phosphorylation. For 
example, acetylation of lysine residues within histones usually facilitates transcrip-
tion [41]. “Endotoxin tolerance” in monocytes has been linked to reduced expres-
sion 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 activa-
tion [44]. KDM6B primes genes for transcription, and it is postulated that this pro-
motes 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 regula-
tion 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 impor-
tant 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 mono-
cytes 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 treat-
ment 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 sep-
sis [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 macro-
phages [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 patho-
logical microbes through disintegrated epithelial barriers results in systemic and 
lymphatic spreading of pathogens. Theories of connections between the gut micro-
biome and distant organ function, the so-called gut-organ axis, are rapidly develop-
ing. 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 con-
cerning 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 dysregu-
lated 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 sep-
sis therapies has been unsuccessful. The aim of future sepsis research should be 
just that.
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4The Coagulation System in Sepsis
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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 iden-
tified 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 microvas-
cular 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 appar-
ent 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 menin-
gococcal septicemia, although many other microorganisms may cause this clini-
cal 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 sequestra-
tion in the spleen. Decreased production of megakaryocytes in the bone marrow may 
seem incongruous with the high levels of platelet production- stimulating pro-inflam-
matory 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 activa-
tion, 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 coag-
ulation assays (such as the prothrombin time (PT) or the activated partial thrombo-
plastin 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  Pathways Leading to Coagulation Abnormalities 
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 coag-
ulation activation, coagulation also markedly influences inflammatory activity 
(Fig.  4.1) [25]. Of note, systemic activation of coagulation and inflammation in 
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sepsis may manifest with organ-specific presentations that are relevant for the spe-
cific 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 gen-
eration [27]. Abrogation of the tissue factor/factor VII(a) pathway by specific inter-
ventions 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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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 prote-
ases 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]
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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 mononu-
clear 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 sep-
sis. Platelets can be triggered directly by pro-inflammatory mediators, such as platelet-
activating 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 mono-
cytes. 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 impor-
tant 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 synthe-
sis, ongoing consumption and proteolytic degradation (e.g., by neutrophilic elas-
tase) 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 acti-
vator (u-PA)) from storage sites in vascular endothelial cells during inflammatory 
conditions, the increase in plasminogen activation and subsequent plasmin genera-
tion 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 anti-
TNF 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 cyto-
kine-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 hemo-
static 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 trans-
membrane 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 produc-
tion 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 anti-
body 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 endo-
toxemia 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 throm-
bocytopenia 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 cru-
cial to adequately diagnose these differential causes of thrombocytopenia, as they 
may necessitate specific management strategies [20]. Laboratory assays can be use-
ful in differentiating the coagulopathy in sepsis from various other hemostatic con-
ditions, 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 coagulopa-
thy, the assessment of soluble fibrin in plasma appears to be important [56]. 
Generally, the sensitivity of assays for soluble fibrin for sepsis-associated coagu-
lopathy 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 avail-
able 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 sep-
tic patients. Also, reduced synthesis, e.g., caused by impaired liver function or vita-
min 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 fibrino-
gen 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 demon-
strated 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 thrombelas-
tography 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 ill-
ness [67, 68].

Based on retrospective analyses of databases from critically ill patients, compos-
ite 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  Supportive Treatment of Coagulation Abnormalities 
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 func-
tion, is necessary. Likewise, coagulation may need supportive measures as the coag-
ulopathy 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 com-
plications [77]. The presumed efficacy of treatment with plasma, fibrinogen, cryo-
precipitate, 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, how-
ever, 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 subcutane-
ous heparin [84].

Restoration of the levels of physiological anticoagulants in sepsis may be a ratio-
nal 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 improve-
ment 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 mortal-
ity, however, without being statistically significant. A large-scale, multicenter, ran-
domized 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 prospec-
tive 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 with-
draw the product from the market, which has resulted in a revision of current guide-
lines for treatment of DIC [92].

The most promising intervention at this moment is recombinant soluble throm-
bomodulin. Several preclinical studies in experimental sepsis models have shown 
that soluble thrombomodulin is capable of improving the derangement of coagu-
lation 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 limit-
ing 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]. Twenty-
eight-day mortality was 17.8% in the thrombomodulin group and 21.6% in the 
placebo group. Markers of coagulation activation were lower in the thrombomod-
ulin 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 anti-
coagulant 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 man-
agement 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 inhib-
ited 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 sur-
face 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 endothe-
lium. 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 endothe-
lial 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 genera-
tion and platelet adhesion within a few minutes. Novel interventions aimed at resto-
ration of the glycocalyx may potentially maintain adequate physiological 
anticoagulation to balance activated coagulation in DIC [103].
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5The Endocrine System in Sepsis

Nicholas Heming, Sivanthiny Sivanandamoorthy, 
Paris Meng, and Djillali Annane

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 sys-
tem maintains biological homeostasis by regulating water and electrolytes balance, 
metabolism, growth and development, as well as reproduction. The endocrine sys-
tem is composed of glands which release hormones in response to nervous or hor-
monal signals. Hormones are specialized chemical compounds which are delivered 
through the bloodstream and bind to specialized cellular receptors, thereby modify-
ing 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 hor-
mones are usually synthesized on the endoplasmic reticulum as inactive preprohor-
mones which are subsequently cleaved into prohormones and then hormones and 
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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 hor-
mones 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 hor-
mone synthesis is followed by rapid diffusion into the bloodstream. The main hor-
mones 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 catechol-
amines occurs seconds after a neuronal impulse, and full effect occurs within min-
utes. 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 pro-
duction is controlled through negative feedback mechanisms where, after release 
of a hormone, products resulting of the cellular action of this hormone inhibit fur-
ther production of the hormone. Hormone regulatory mechanisms may occur dur-
ing 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 lutein-
izing 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 

Hypothalamus

Pituitary gland

Thyroid gland

Parathyroids

Liver

Pancreas

Intestines

Testis

Ovary

Kidney
Adrenal gland

Heart

Locus coeruleus
Pineal gland

Fig. 5.1 Main organs 
involved in the synthesis 
and release of hormones
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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 coeru-
leus located in the pons. The amino acid tyrosine is the substrate for the biosynthesis 
of all catecholamines. The tyrosine hydroxylase catalyzes the transformation of tyro-
sine 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 norepineph-
rine. The terminal step in catecholamine biosynthesis is catalyzed by the phenyletha-
nolamine 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 hor-
mone (TRH), as well as inhibiting factors such as GH-inhibitory hormone (somatosta-
tin) 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 adenohy-
pophysis 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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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 choles-
terol. 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 con-
centration, while increased sodium concentration in the extracellular fluid decreases 
the production of aldosterone. The renin-angiotensin induces an increased produc-
tion 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 spe-
cific 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.

Hypothalamus

Kidneys

Uterine smooth
muscle and
mammary glands

Melanocyte

Ovaries

Adrenal gland

Adrenal
cortex

Mammary
glands

ACTH : adrenocorticotropin hormone; ADH : antidiuretic hormone; FSH : follicle-stimulating hormone,
GH : growth hormone; LH : luteinizing hormone: MSH : melanocyte-stimulating hormone ;
PRL : prolactin; TSH : thyroid- stimulating hormone
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Fig. 5.2 Hypothalamic-pituitary controls of endocrine organs and tissues
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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 hypo-
thalamus and stored in the posterior pituitary gland. Osmotic or hypovolemic stim-
uli 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, acti-
vates the adenylyl cyclase, leading to the expression of the aquaporin water chan-
nels, 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 regu-
lated 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 mem-
brane 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 inhi-
bition. 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 ovu-
lation. 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 expres-
sion 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, physi-
cal, 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, respira-
tory, 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 hor-
mones, 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 imme-
diate production of energy. Initially, oxygen consumption and energy expenditure 
are increased. At the same time, nonessential functions such as growth or the repro-
ductive functions are suspended. Critical illness is also associated with insulin resis-
tance, 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 corticoste-
roid insufficiency (CIRCI), where patients exhibit reduced adrenal responsiveness 
to ACTH and relatively low cortisol levels. These endocrine changes are some-
what induced by hormonal modifications observed during the acute phase. Indeed, 
cortisol produced during the acute phase suppresses the secretion of GH, gonado-
tropins, and TSH.

The recovery phase is an anabolic phase occurring up to 2 months after resolu-
tion 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 syn-
thesis, 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, mito-
chondrial dysfunction, as well as the consequence of increased catecholamine con-
centrations 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 pitu-
itary 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 hemor-
rhage of both adrenal glands, also known as the Waterhouse-Friderichsen syn-
drome [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 esteri-
fied 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 fac-
tors 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 acti-
vation 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 pres-
sure responses to α-1 agonists, through nongenomic effects such as the modula-
tion 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 cor-
tex, 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 sep-
sis 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 norepi-
nephrine to vasopressin in septic shock, although the requirement for renal replace-
ment 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 lev-
els 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 signifi-
cantly more episodes of hypoglycemia in the intensive treatment arm. Current 
guidelines recommend the administration of insulin in order to control hyperglyce-
mia 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 suffer-
ing 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 wast-
ing. This is even more common in patents requiring prolonged stays in the ICU. GH 
improves nitrogen balance and tissue healing. Two independent multicenter interna-
tional 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 adminis-
tered 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 andro-
gens 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 sub-
groups of patients and on patient-centered outcomes are still scarce.

Overall the only endocrine condition during sepsis which is assessable to treat-
ment 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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6Sepsis Biomarkers

Jean-Louis Vincent and Christophe Lelubre

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 complemen-
tary 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 individu-
als 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 identify-
ing sepsis can be complicated, especially early in its course when signs and symp-
toms are nonspecific and present in many individuals without as well as those with 
sepsis. Moreover, microbiological information may not be available because cul-
tures are still pending or remain negative in part because some patients with sus-
pected 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 dys-
function 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” prin-
ciple (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 mea-
sures 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 biomark-
ers 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 hepato-
cytes 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 dis-
ease 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 infec-
tion 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 sep-
sis, PCT is produced by multiple tissues in response to inflammatory cytokines and 
bacterial endotoxins [12], resulting in increased concentrations. PCT was first pro-
posed 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 mus-
cle 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 mor-
tality [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 (sTREM-
 1) 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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6.3  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 con-
centrations 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 bio-
marker levels can increase in both sepsis and other inflammatory conditions and 
why a fever should not always be treated with antibiotics. In addition, many criti-
cally 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 actu-
ally 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 appli-
cable 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 abil-
ity for a diagnostic test to rule out a diagnosis may be assessed by several indices 
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including a low negative likelihood ratio (best if close to zero), which is a combina-
tion 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 con-
centration 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 sensi-
tivity 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 pul-
monary disease (COPD), Daniels et al. reported that CRP was a better marker of infec-
tion 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 pneu-
monia [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 inflamma-
tion, attempts have been made to use biomarker levels to distinguish between differ-
ent 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 per-
formance [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  Second Application: Evaluation of the Severity of Disease 
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 there-
fore 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 out-
comes. For example, in nonsurgical ICU patients, Grander et al. reported that the 
maximum ICU concentration during the ICU stay and the discharge CRP concen-
tration were both independently associated with post-ICU mortality in ICU survi-
vors [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 readmit-
ted 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 mor-
tality 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 signifi-
cantly 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 valu-
able 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 multi-
center 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 bio-
markers. 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 cov-
ering 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 

DEVELOPMENT
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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 dis-
continuation 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 dif-
ferent 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 nega-
tive 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 algo-
rithms 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 ven-
tilation, 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 subse-
quently 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 indi-
cate 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 hospi-
tal 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 sav-
ings 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 meta-
analysis of 18 studies of PCT-guided antibiotic therapy in adults and children, cost-
effectiveness 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 combina-
tions 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 con-
text 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 clini-
cal 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 esti-
mated 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 pathobi-
ology of infection, the Society of Critical Care Medicine (SCCM) and the European 
Society of Intensive Care Medicine (ESICM) updated definitions of sepsis and sep-
tic 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 gov-
ernments, 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 rig-
orous 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 strug-
gle with numerous and sometimes contradictory guidelines of variable quality [18]. 

Determining the scope of the 
guideline

Selection of panel members

Topics and questions prioritization

Formulation of PICO questions
and outcome prioritization

Systematic review

Certainty of evidence assessment

Recommendation formulation

Voting on final recommendations

Fig. 7.1 The Surviving Sepsis Campaign 
guideline development process
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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 deter-
mined that these recommendations were in contradiction with systematic reviews. 
Reliable and valid recommendations require a rigorous methodological approach com-
bining systematic review of the results of clinical research with discussed and explicit 
expert judgment [20]. CPG rely on evidence- based medicine (EBM) or factual medi-
cine, 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 evi-
dence. 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 recom-
mendations 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, trans-
forming knowledge into recommendations, illuminating areas of continuing contro-
versy, 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 selec-
tion of committee members was based on expertise in specific aspects of sepsis. The 
guideline was generated by 55 international experts representing 25 international orga-
nizations 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 pro-
cedure 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 panel-
ists 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 dif-
ferent 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 compara-
tor), 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 ran-
domized controlled trials (RCTs) for intervention questions but included observa-
tional 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 con-
sidered important and clinically relevant were retained. Questions that were consid-
ered 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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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 situa-
tions. 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 stan-
dardized approach. There are several different grading systems available; however, 

New PICO question Old PICO question

Updated search of two databases

Yes

High quality systematic review

Outdated high quality systematic
review

Randomized trail (s)

Observational studies

Include

Update the
review

Include in
MA

Include in
MA

Yes

Yes

YesNo

No

No

Search strategy of two databases
No date limitation

Fig. 7.2 The Surviving Sepsis Campaign guideline question development pathway
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the Grading of Recommendations Assessment, Development, and Evaluation 
(GRADE) system is increasingly being adopted by guideline developers world-
wide [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 evi-
dence 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 down-
graded 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 devel-
opment 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 out-
weigh the undesirable ones, but the panel is not certain about trade-offs. This situa-
tion 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 guide-
line 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 inter-
ventions, 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 guide-
lines [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 recom-
mendation will clearly outweigh the undesirable effects [51]. A weak recommenda-
tion 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 ben-
efits 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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recommendation as “we suggest.” There are several different factors which need to 
be considered in determining strong versus weak recommendations, such as the qual-
ity 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 character-
istics that make the recommendation less applicable. A strong recommendation 
does not imply standard of care. Additionally, best practice statements (BPS) repre-
sent 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  Surviving Sepsis Campaign Guideline 
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.

Table 7.1 Factors determining strong versus weak recommendations

What should be considered Recommended process
High or moderate quality 
of evidence

The higher the quality of evidence, the more likely a strong 
recommendation

Certainty about the 
balance of benefits vs. 
harms and burdens

  –  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

Certainty in, or similar, 
values

The more certainty or similarity in values and preferences, the 
more likely a strong recommendation

Resource implications 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
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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 bil-
lions 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 medi-
cal staff have been introduced worldwide, which have augmented compliance with 
bundle implementation [65]. A multifaceted approach using early recognition strat-
egies, multidisciplinary educational sessions, and continuous performance assess-
ment 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 

Table 7.2 The Surviving Sepsis Campaign bundles

To be completed within 3 h To be completed within 6 h
Measure lactate level Apply vasopressors (for hypotension that does not respond to 

initial fluid resuscitation) to maintain a mean arterial 
pressure ≥ 65 mmHg

Obtain blood culture prior to 
antibiotics

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

Administer broad-spectrum 
antibiotics

Re-measure lactate if initial lactate is elevated

Administer 30 mL/kg 
crystalloid for hypotension or 
lactate level ≥ 4 mmol/L
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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 effective-
ness of each educational program. Implementation of educational programs based 
on the SCC guidelines broadens awareness, enhances interdisciplinary collabora-
tion, 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 deterio-
ration, and the recognition of this concept has led to the development of early warn-
ing 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 respi-
ration 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, com-
monly 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 culti-
vating 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 perfor-
mance initiative projects should be utilized to provide continuous feedback to 
health-care workers. This can ultimately lead to a reduction in sepsis-related mortal-
ity, 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, antibi-
otics, 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 proce-
dures, 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 prac-
tice 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 sys-
tem utilization, and sepsis response teams.
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8Fluids in Sepsis

James R. Anstey, Adam M. Deane, and Rinaldo Bellomo

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 appropri-
ate balance between fluids and vasopressors to achieve adequate end-organ perfu-
sion 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 chal-
lenged by newer evidence.
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8.1  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 acti-
vates 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 meta-
bolic 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 func-
tion 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 meta-
bolic ‘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 ele-
vated 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 hyper-
dynamic 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 crit-
ical care by Max Harry Weil more than 50 years ago. Its effect can be judged; he 

8 Fluids in Sepsis



116

wrote, ‘by objective changes in circulation, such as blood pressure, mental alert-
ness, 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 chol-
era 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 unre-
lated 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 rec-
ommended [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 
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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 fur-
ther 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 giv-
ing 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, chil-
dren 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 uncer-
tain 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 administra-
tion. Note that an ongoing positive fluid balance beyond the early phase, particu-
larly 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 pres-
sure variation) are more sensitive than static measures (e.g. central venous pres-
sure), which are less reliable [26, 36–40].

 4. An acute physiological response to fluid does not guarantee that fluid administra-
tion 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 respond-
ing 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 sys-
tematic 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 postop-
erative 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 Underlying principle

Preconditions for 
use Comments

Pulse pressure 
variation (PPV)
Or stroke volume 
variation (SVV)

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)

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

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

Bilateral passive 
leg raise [38, 47]

Cardiac preload is 
transiently increased 
by recruiting about 
200–300 mL of blood 
from the legs to the 
central circulation (a 
reversible fluid 
challenge)

May have 
decreased 
sensitivity in 
presence of 
intra-abdominal 
hypertension

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

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

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)

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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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 car-
diac output had returned to baseline within 1 h in responders [45]. While these stud-
ies focus on physiological outcomes, one might extrapolate these observations to 
favour vasopressor use rather than further fluid boluses beyond the early resuscita-
tion period.

8.5  Endpoints of Initial Fluid Resuscitation

The acute physiological endpoint chosen to guide fluid administration may be clini-
cal (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 resusci-
tation of septic patients was guided by targeting central venous oxygen saturations 
>70%, achieved through a combination of intravenous fluids, vasopressors, inotro-
pes, and blood transfusion, has been shown in three large RCTs from the United 

Table 8.1 (continued)

Method of 
prediction Underlying principle

Preconditions for 
use Comments

Echocardiography 
[39, 40]

Respiratory variation 
of the IVC and SVC 
can be used in 
mechanically 
ventilated patients

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
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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 starch-
containing 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 com-
pared 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 admit-
ted 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 semi-
synthetic 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 criti-
cally 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, par-
ticularly as their composition is usually representative of electrolyte concentrations 
in humans. Other problems associated with 0.9% NaCl, including a metabolic aci-
dosis 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 ther-
apy [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 col-
loids (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 under-
stand whether certain crystalloids lead to better patient-centred outcomes.
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9Vasopressors in Sepsis

Julian Arias Ortiz and Daniel De Backer

Septic shock is the most severe form of sepsis in which profound circulatory, cel-
lular, and metabolic abnormalities occur [1, 2]. It is clinically identified by persis-
tent arterial hypotension despite optimal fluid resuscitation requiring vasopressor 
agents and associated with signs of altered tissue perfusion (altered skin perfu-
sion, oliguria, altered mental state) and confirmed by elevated blood lactate levels 
reflecting abnormal oxygen metabolism [3]. The hemodynamic alterations of sep-
tic 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 inade-
quate cardiac output. These hemodynamic alterations are typical of those of dis-
tributive 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  Hypotension May Contribute to Impaired Organ 
and Tissue Perfusion

Septic shock is characterized by a decreased vascular tone leading to hypoten-
sion and worsening of tissue perfusion. Several mechanisms contribute to the 
decreased vascular tone and include either activation of guanylate cyclase, lead-
ing to vasodilation, or impaired sensitivity to vasoconstrictive substances such as 
catecholamines, vasopressin, and angiotensin (Fig. 9.1) [5]. Among the media-
tors implicated in vasodilation, nitric oxide (NO) through the activation of induc-
ible 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 uncou-
pling of the receptor from its intracellular effectors [6–8]. Interestingly, the desen-
sitization 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, hypoten-
sion 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 com-
pared 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 con-
trol, 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 mecha-
nisms 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 media-
tors (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 gener-
ally 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 asso-
ciated 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 pres-
sure 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.

9 Vasopressors in Sepsis
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9.1.3  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 capil-
lary 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 out-
flow, 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 impor-
tant 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 mor-
tality 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 

J. A. Ortiz and D. De Backer



131

a survival benefit maybe because targeting the higher MAP level was also associ-
ated 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 mecha-
nisms regulating the distribution of blood flow in the periphery, and (2) vasocon-
striction 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 require-
ment 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 limit-
ing 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 indi-
vidual 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 differ-
ent receptors (Fig. 9.1), the underlying mechanism leading to constriction is identi-
cal: after activation of the surface receptor, the increase in phospholipase C and 
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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), down-
regulation of these receptors in sepsis (the downregulation of adrenergic, vasopres-
sin, 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 compro-
mise 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.

Table 9.1 Main effects of vasopressors

Agent
Receptor 
stimulation Effect

Adrenergic Alpha-adrenergic Vasopressor effect
Beta-adrenergic + Inotropic, splanchnic, and microvascular perfusions

/−/ Tachycardia and arrhythmias, metabolic
Dopaminergic + Splanchnic and renal perfusions (Questionnable in 

critically ill patients)
/−/ Tachycardia and arrhythmias, immunologic, impact on 
pituitary axis

Vasopressin V1 Vasopressor effect, improved glomerular filtration rate, 
decreased permeability, inhibition of KATP channels

V2 Anti-diuresis, platelet aggregation
V3 ACTH release
Octreotide 
receptor

Vasodilation

Angiotensin 
II

Angiotensin + Vasopressor effect

/−/ Antidiuretic effect (ADH release)

+ positive effect, /−/ negative effect

Table 9.2 Stimulation of the different adrenergic receptors

Alpha Beta Dopaminergic
Dopamine ++ ++ +
Norepinephrine ++++ + /−/
Epinephrine ++++ ++++ /−/
Phenylephrine ++++ /−/ /−/
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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 stimula-
tion 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, phenyleph-
rine (pure alpha-adrenergic agent) is rarely indicated. At the other extreme, beta-
adrenergic 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 alpha-
adrenergic 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 meta-
bolic 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 poten-
tially beneficial effects of dopaminergic stimulation on splanchnic and renal perfu-
sion 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 vasopres-
sors, 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 vaso-
pressin 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 asso-
ciated with a survival benefit for patients receiving limited doses of norepinephrine 
[26]. The VANISH trial evaluated the impact of early vasopressin use versus norepi-
nephrine 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 associ-
ated 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, experi-
mental 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 out-
come, 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 concentra-
tions 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 cyto-
kines 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 nega-
tive feedback mechanisms. The increased production of nitric oxide has been asso-
ciated 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 syn-
thase 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 effec-
tively 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 vasocon-
strictive 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 recep-
tors should be considered as second-line agents rather than adding another adren-
ergic agent. Vasopressin at low dose is an excellent second-line agent. The role 
of angiotensin II requires further investigations.
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10Management of Multiorgan Failure 
in Sepsis

Ithan D. Peltan and Samuel M. Brown

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 complicat-
ing 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 com-
bined with the development of methods to support failing organs—including particu-
larly 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 dys-
function affecting multiple organs. Sepsis III added another twist, since the term sep-
sis 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.”

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-73506-1_10&domain=pdf
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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, car-
diovascular, and renal function and many also rating neurologic, hepatic, and hema-
tologic 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

CV Pulm Renal Neuro GI Heme Hepatic Other system(s)
Baue [2] • • • • • • • Pancreas/

endocrine
Goris et al. [15] • • • • • • •
Fry et al. [16] • • • •
Stevens [17] • • • • • • •
Knauss et al. [18] • • • • •
Caricco et al. [19] • • • • • • Metabolic, 

general
Marshall et al. [20] • • • • • • Metabolic, 

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

Abbreviations: CV cardiovascular, GI gastrointestinal, Heme hematologic, Neuro neurologic, 
Pulm pulmonary

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
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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 pop-
ulation 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 

Table 10.2 Sequential Organ Failure Assessment scorea

SOFA score 1 2 3 4
Respiration
PaO2/FiO2, mmHg

<400 <300 <200 <100
——— with respiratory support ———

Coagulation
Platelets × 103/mm3

<150 <100 <50 <20

Liver
Bilirubin, mg/dL 
(μmol/L)

1.2–1.9 
(20–32)

2.0–5.9 
(33–101)

6.0–11.9 (102–204) >12.0 (<204)

Cardiovascular
Hypotension

MAP 
<70 mmHg

Dopamine ≤5 
or dobutamine 
(any dose)

Dopamine >5 or 
epinephrine ≤0.1 or 
norepinephrine 
≤0.1

Dopamine >15 or 
epinephrine >0.1 
or norepinephrine 
>0.1

Central nervous 
system
Glasgow Coma 
Score

13–14 10–12 6–9 <6

Renal
Creatinine, mg/dL 
(μmol/L) or urine 
output

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
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a factor of six if the biological—but not the adoptive—parent died early from infec-
tion [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 compo-
nent. Despite methodological limitations and the challenges posed by sepsis’s het-
erogeneity [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 cri-
teria, 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 fail-
ure [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  Pathophysiology and Heterogeneity of Sepsis- 
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 self-
sustaining organ failure cascade such that removal of the inciting infectious 
 stimulus does not lead to MOF resolution. Relevant pathways include microvascu-
lar hypoperfusion, direct cell injury, inflammation, and cell hibernation/stunning 
[38]. Cross talk between organ systems—crucial to MOF propagation—is medi-
ated by hormones, cytokines, perfusion irregularities, oxygenation, and produc-
tion, 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 (clini-
cal) 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 sys-
tem [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 immuno-
modulation are discussed in detail in Chap. 13.

10.5.2  High-Quality Supportive Care

Sepsis care defies easy protocolization [45]. Outcome optimization requires indi-
vidualized management in addition to early, appropriate antibiotics and, when 
applicable, source control [46, 47]. While antibiotic management is discussed else-
where, 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 infec-
tions. 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 interven-
tions 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 air-
space 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 sur-
vival and resolution of pulmonary organ failure [60]. LPV should be begun on intu-
bation, 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 out-
comes 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 cur-
rently 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 dynam-
ics or NIV-related “self-inflicted lung injury” [72] from high tidal-volume respira-
tion cannot be determined from observational data.

Numerous other ventilator-related interventions have failed investigation for rou-
tine 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 uti-
lized, 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 pneu-
monia [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 spe-
cifically [95].

Inotropic support for septic cardiomyopathy has a long history but poor support-
ing 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 wors-
ened 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 out-
comes by reducing ventricular work, interrupting adrenergic cardiomyocyte toxic-
ity, 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 appli-
cation in sepsis remains unclear and may be limited by its prominent antihyperten-
sive 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 con-
trast, 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 intravas-
cular 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 sep-

sis 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 chil-
dren [117, 118]. Ultimately, PROWESS-SHOCK randomized 1697 septic shock 
patients without evidence of APC benefit [119]. The manufacturer subsequently 
withdrew APC from the market.

Fibrin

Antithrombin

Heparins

Thrombin

Thrombin

Thrombomodulin EPCR

PC
FVa FXa

FVIIa

FX

FVII
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TFPIProthrombin
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Fig. 10.1 Thrombotic pathways involved in sepsis and associated candidate anticoagulant treat-
ment 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
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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 pro-
tein 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 demon-
strated 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 sig-
nificant 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 with-
drawn 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 inflam-
matory 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 effi-
ciency. 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 resuscita-
tion [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 vita-
min D may reduce hospital mortality in critically ill patients with baseline vita-
min 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 includ-
ing 1089 patients with severe sepsis or septic shock found no difference in mor-
tality with sodium selenite supplementation [135].

• Vitamin C: A small, single-center, observational study suggested improved sur-
vival 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 decon-
tamination 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 con-
servative. 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 psycho-
logical 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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10.6  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 survi-
vors—has been widely used in ARDS trials. More generally, organ failure trajec-
tory 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 rou-
tine application of organ-failure-free days as a surrogate outcome, however, include 
persistent criteria variation and limited validation to date of the outcome’s statisti-
cal 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 seri-
ous 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 replace-
ment 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 endo-
types is likely to aid therapeutic targeting in the future, reliable evidence may 
require new study designs and alternative outcome targets.
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11Sepsis Management: Importance 
of the Pathogen

Russell J. McCulloh and Steven M. Opal

11.1  Introduction

11.1.1  Do Identity and Nature of the Causative Pathogen Really 
Matter in Sepsis?

Sepsis is now defined as “life-threatening organ dysfunction caused by a dysregu-
lated 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 caus-
ative 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 administra-
tion 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 infec-
tion (e.g., Streptococcus pyogenes—skin and soft tissue sites, Bacteroides fragi-
lis—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 immedi-
ately finds itself in an unhospitable environment and is under attack from innate 
host defenses. Antimicrobial peptides, oxidant stress, heat stress, severe iron limita-
tion, complement opsonic and lytic activity, pathogen-associated pattern recogni-
tion 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 com-
partment 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-exist-
ing, 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 blood-
stream 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 dis-
seminate 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 lipopolysac-
charide (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 fac-
tor 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 lipopolysac-
charide (LPS) outer membrane is a characteristic of gram- negative bacilli and gram-
negative cocci (see Fig. 11.1). Exocapsules are anti-C′ defenses commonly employed 
by both gram-positive and gram-negative pathogens [10, 11].

Surface Adhesins

Pili
Porin

R-Plasmids

Cytoplasm
Inner membrane
Periplasmic space
Peptidoglycan layer
Phospholipid layer
Lipopolysaccharide layer
(endotoxin)
Polysaccharide exo-capsule

Type 3 secretion
systems

ChromosomeToxin
delivery

Peritrichous
flagella

Polar
flagella

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 his-
tones or a nuclear membrane. Separate, autonomously replicating, extrachromosomal DNA ele-
ments 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 inva-
sion. Motile bacteria use either polar flagella (e.g., Pseudomonas aeruginosa) or multiple peritri-
chous 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  Microbial Virulence, Genomic Regions of Diversity, 
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 antimicro-
bial 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 homeo-
stasis, metabolic and structural genes, and gene products for transcription, transla-
tion, 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 signifi-
cantly differ in their guanine-cytosine (G + C) ratio and/or different codon usage pat-
tern 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 che-
motherapeutic 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 extra-
chromosomal 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 environ-
ment. 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 trans-
ferable 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 regu-
larly 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 self-
conjugating plasmid encoding 18 other antibiotic resistance genes [18]. The flexible 
gene pool of antibiotic resistance genes is often found on plasmids which can be read-
ily gained or lost independent from the core genes predominately found along the bac-
terial 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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antimicrobial therapy stymied attempts to culture the causative pathogen in almost 
one half the septic population. Hopefully, non-culture dependent, genomic method-
ologies will allow us to identify more thoroughly the precise etiologic agent respon-
sible 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 fun-
gal 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 inter-
ventional 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 

Table 11.1 Frequency of pathogen types causing sepsis in recent interventional trials

Gram-positive pathogens

Total n = 2701 
(% of gram- 
positive bacteria) Gram-negative pathogens

Total n = 3404 
(% of gram- 
negative bacteria)

Streptococcus pneumoniae 890 (32.9%) Escherichia coli 1460 (42.3%)
Staphylococcus aureus 849 (31.4%) Klebsiella spp. 491 (14.4%)
Enterococcus spp. 326 (12.1%) Pseudomonas aeruginosa 329 (9.7%)
Streptococcus pyogenes 
(Group A streptococci)

158 (5.8%) Enterobacter spp. 327 (9.6%)

Coagulase-negative 
staphylococci

120 (4.4%) Bacteroides spp. 301 (8.8%)

Streptococcus agalactiae 
(Group B streptococci)

98 (3.6%) Haemophilus influenzae 270 (7.9%)

Other gram-positive 
bacteria including: 
Clostridium, 
Corynebacterium, 
Listeria, Lactobacillus, 
Propionibacterium spp. 
anaerobic streptococci, 
other gram-positive 
anaerobes

260 (9.6%) Other gram-negative 
bacteria including: 
Serratia, Proteus, 
Acinetobacter, Legionella, 
Citrobacter, Mycoplasma, 
Chlamydophila, 
Fusobacterium, Neisseria 
spp., other gram-negative 
anaerobes

226 (6.6%)

Distribution summary of microorganisms determined by the clinical investigators to be the prob-
able 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)
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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 pro-
files 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 verte-
brate host. However, when large concentrations of similar organisms have accumu-
lated, 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, spor-
ulation, toxin production, secretion delivery systems, and dissemination with fully 
activated invasion genes. Some bacteria do not make quorum sensing effector mol-
ecules 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 sig-
naling receptor systems are highly reminiscent of receptor signaling in eukaryotes 

Table 11.2 Quorum sensing systems in bacterial communities and their role in pathogenesis

Quorum sensing 
type

Bacterial species 
using this system Basic signaling molecules Primary functions

Autoinducer 1 
(AI-1)

Vibrio spp., 
Pseudomonas 
aeruginosa, other 
gram-negative 
bacilli

Acyl homoserine lactones 
of different length freely 
diffuse across membranes 
to recipient receptors to 
activate target operons

Increasing concentrations 
of bacteria reaches 
threshold of AI-1 and 
activates expression of 
virulence genes for 
dissemination

Oligopeptide 
autoinducing 
peptides (AIP)

S. aureus and 
other gram- 
positive bacteria

Cyclic short peptides are 
transported outside the 
cell wall and bound to 
surface sensor histidine 
kinases which 
phosphorylate 
transcription factors

Transcription of the agr 
locus activates virulence 
genes (alpha toxin, 
proteases, superantigens) 
in S. aureus while limiting 
biofilm formation

Autoinducer 2 
(AI-2)

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

Complex small molecule 
signaling structures 
derived from SAM- 
mediated furanone-borate 
ring formations. AI-2 is 
secreted by specific 
transporters

V. cholerae expresses 
virulence factors (cholera 
toxin, mucinases, biofilm 
formation at low 
concentration) and shuts 
off virulence during 
diarrhea phase to 
disseminate

Autoinducer 3 
(AI-3)

Enteric bacteria, 
EHEC

Catechol-like molecules, 
epinephrine, and 
norepinephrine require 
adrenergic receptors to 
signal between cells

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])
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with an extracellular receptor linked to an intracellular kinase molecule that phos-
phorylates transcriptional activators to change bacterial expression of growth, viru-
lence, bacterial defenses and toxin secretion. Experimentally, natural and synthetic 
inhibitors of quorum sensing have been discovered and offered some level of pro-
tection 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  Selected Traits of the Common Bloodstream Gram- 
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 blood-
stream infections [9, 10, 37]. These virulent clones that are capable of bloodstream 
invasion are called extraintestinal pathogenic E. coli (exPEC) [38]. Using molec-
ular 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 (pro-
tection against complement and neutrophil killing, adhesins, toxin production, iron 
acquisition systems, attachment fimbriae, etc.) than commensal E. coli isolates cul-
tured from the gastrointestinal or urinary tract [40–43]. Serum and neutrophil 
phagocytosis resistance were found in the majority of blood isolates. These viru-
lence 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 iso-
lates 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 resis-
tance. 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 bac-
teremic 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 envi-
ronment and commercial food products, even organically grown chickens suppos-
edly 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 hospitaliza-
tions. 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 pre-
vious 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 infec-
tions 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 pyo-
genic liver abscesses, bloodstream infections, and occasional complications of sep-
tic 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 pri-
marily 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 coun-
tries 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 resis-
tance 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 uncom-
mon. 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 quo-
rum 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 anti-
biotics, 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. aerugi-
nosa has the potential capability for high-level virulence expression during dissemi-
nation 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. aeru-
ginosa include cell wall lipopolysaccharide (toll-like receptor TLR-4) TLR2 ago-
nists (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 organ-
ism by a series of ingenious, energy-requiring, nanomachine structures known as 
bacterial secretion systems (types 1–7 SS) [61]. Other common gram-negative bac-
teria 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 bacte-
riologists at present [61]. The type 1 SS is used to deliver proteases, cytotoxins, 
iron acquisition, and heme-binding proteins to the extracellular environment dur-
ing 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 microenviron-
ment surrounding P. aeruginosa [61]. The type 3 secretion system directly 
delivers four important toxins into human cells including the cytoskeletal inhibi-
tor 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 homo-
logues 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 
system 
type

Bacterial species 
using this system Basic structure Primary functions

TISS Pseudomonas 
aeruginosa, other 
gram-negative bacilli

Forms a 12-stranded 
beta-barrel OMP, powered 
by an ABC transporter

Delivers alkaline proteases to OM 
surface and heme-binding protein to 
acquire iron, hemolysins, cytotoxins

TIISS Widely expressed in 
gram-negative 
bacteria

Two-phase transport 
system to cross the IM 
and then the OM

Secretion of lytic enzymes, proteases, 
elastase, and A/B exoA in P. 
aeruginosa, lipases, phospholipases, 
phosphatases

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

Needle structure that 
delivers toxins directly 
into cytosol of eukaryotic 
cells

ExoS interferes with cytoskeleton 
impairs phagocytosis, exoU and 
ExoT are cytotoxic, exoY adenylate 
cyclase, impairs phagocytosis, TIIISS 
is recognized by the inflammasome

TIVSS Enteric bacteria, 
Legionella, Neisseria, 
and Brucella spp.

Pilus like, form mating 
bridge for transformation, 
conjugation, cytotoxin 
delivery

Intracellular toxin delivery into 
human cells, DNA transfer, impair 
phago-lysosome fusion for 
intracellular survival for Legionella, 
Brucella spp.

TVSS Pseudomonas, other 
gram-negatives

Two-phase transport 
system to cross the IM 
and then the OM

Exports materials for fimbriae 
synthesis, also delivers a protease that 
activates NFkB via PAR-1

TVISS Pseudomonas spp., 
other gram-negative 
bacteria

Bacteriophage-like 
tubular structure, 
punctures host cells, and 
other bacteria

Can deliver toxins to human cells, 
primary role is eliminating 
competitors within bacterial 
communities (wounds, airways, GI 
tract)

TVIISS Mycobacterium spp. 
and some gram- 
positive bacteria

Tubular structure 
extending through IM and 
mycolic acid containing 
layer

Secretes the virulence factors ESAT-6 
and CFP-10 into extracellular space, 
which can impair and kill 
macrophages

Sec Gram-negative and 
gram-positive 
bacteria

Three-part system: 
protein targeting, motor 
protein, IM channel 
SecYEG translocase

Transports unfolded (SecA) or folded 
proteins (SecB) across IM. Common 
mechanism for transporting proteins 
across IM (CM for gram positives)

SecA2 L. monocytogenes, C. 
difficile, MTB, S. 
aureus, some 
Streptococcus spp.

Smaller proteins missing 
the helical wing domain 
found in other secretases

Cell wall adhesion delivery, 
hemolysins (including pneumolysin), 
facilitate biofilm formation

Tat P. aeruginosa, E. 
coli, MTB, 
gram-positive

2–3 subunits (TatA, B, C) 
form IM spanning 
channel

Transports various proteins across IM 
(CM for gram positives)

Sortase Most gram-positive 
organisms

Cysteine transpeptidase 
with transmembrane 
domain

Anchors surface proteins to cell wall, 
including protein A, clumping factors 
A and B, fibronectin-binding protein

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 tran-
scriptional 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 effec-
tively with this microorganism by vaccine strategies, monoclonal antibodies, quo-
rum sensing inhibitors, and a spectrum of other novel therapeutic approaches against 
P. aeruginosa [50, 60, 61].

11.7  Selected Traits of the Common Bloodstream Gram- 
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 pro-
duce 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 organ-
isms, protects the organism from opsonophagocytosis, although it may reduce adhe-
sion 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 intravascu-
lar 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 activa-
tion/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 hemo-
lysins, most notably α-hemolysin, induce erythrocyte hemolysis and can also cause 

11 Sepsis Management: Importance of the Pathogen



172

skin necrosis, cytokine release, and shock [83]. Isolates expressing γ-hemolysin 
(sometimes called γ-leucocidin) may cause necrotizing skin infections. Several tox-
ins, including γ-hemolysin and Panton-Valentine leucocidin (PVL), are bicompo-
nent, 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 metal-
loprotease, hyaluronidase, and phospholipase C. As a group, these proteins facili-
tate 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 syn-
drome 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 suscep-
tible to antimicrobials, and concentrations of antimicrobials achieved within bio-
films 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 sep-
sis or septic shock in most intervention trials, particularly among patients with 
community- onset sepsis, is Streptococcus pneumoniae [19–31]. A common colo-
nizer 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 polysaccha-
ride capsule, of which at least 90 distinct types within 45 serogroups have been 
identified [90]. Invasive pneumococcal disease (IPD) most commonly follows colo-
nization 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 pneu-
mococcal 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/dam-
age 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 assem-
bled 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 comple-
ment 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 hyperinva-
sive 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 elabo-
rated 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 tis-
sue 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 patho-
genic 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 transloca-
tion 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 pre-
vent 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 bind-
ing [122, 123].

Unlike GAS, the severe systemic inflammatory response of GBS infection, par-
ticularly 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 macro-
phage 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 pro-
teins 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 prolif-
eration 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 varia-
tion 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 elabo-
ration and the development of illness [131]. Symptoms of TSS in these cases include 
high fever, hypotension, erythematous rash (erythroderma), and multiorgan dysfunc-
tion 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 (particu-
larly 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 admin-
istration. 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 indwell-
ing vascular catheters, and can cause a myriad of invasive disease syndromes, includ-
ing 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 micro-
biological 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 rep-
resents colonization and demonstration, with some exception in the severely immu-
nocompromised. 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 sen-
sitivity 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. gla-
brata and C. krusei, fluconazole resistance is common. C. auris in particular can be 
resistant to amphotericin B, fluconazole, voriconazole, or echinocandins, necessi-
tating 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 Exposure 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)

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

R. J. McCulloh and S. M. Opal



177

 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, tox-
ins, and communication mechanisms play in microorganism survival is providing 
valuable insight into human immune system functions and will likely prove criti-
cally 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 recogni-
tion 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 infec-
tion 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 stud-
ies, 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 manage-
ment of sepsis and septic shock of the Surviving Sepsis Campaign provides a very 
useful framework guiding physicians into the multifaceted elements of the man-
agement 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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12.2  Impact of Appropriate Antimicrobial Therapy

Numerous studies have shown that prompt administration of appropriate antimicro-
bial 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 bacte-
remia [17–19] or candidemia [20–23]. However, one should acknowledge that sev-
eral 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 hetero-
geneity in terms of study design (retrospective vs. prospective), inclusion and exclu-
sion criteria, sample size, comorbidities, severity of diseases (sepsis or septic shock), 
type of infections (community-acquired vs. nosocomial infections including hospi-
tal- or ventilator-associated pneumonias, localized vs. systemic infections), causative 
microorganisms (Gram-negative vs. Gram-positive, monomicrobial vs. polymicro-
bial infections), definitions (based on in vitro susceptibility with or without consid-
eration 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 blood-
stream 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 heteroge-
neity 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 anti-
biotic 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 regard-
ing 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 recogni-
tion and within one hour for both sepsis and septic shock (strong recommendation, 
moderate quality of evidence; grade applies to both conditions)” [1]. This is obvi-
ously 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 suffi-
ciently 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 anti-
biotics. These are typically extended-spectrum penicillins with or without a beta-
lactamase 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
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Facing the increase in resistance [35], carbapenems should however be considered as 
second-line drugs [36, 37]. Whenever possible, one should start therapy with micro-
bicidal 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 emer-
gence 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 ther-
apy 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 sep-
sis 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 recom-
mendation, low quality of evidence)” [1].

12.4  Pharmacokinetic (PK) and Pharmacodynamic (PD) 
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, aminogly-
cosides, 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 mol-
ecules, 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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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-antibi-
otic 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 par-
tially 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 amino-
glycosides 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%, respec-
tively). 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 amino-
glycosides, 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, patho-
gen, 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 dos-
ing 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 prospec-
tive, multinational, pharmacokinetic point-prevalence study on eight beta- lactam anti-
biotics (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 infu-
sions resulted in higher plasma concentrations of piperacillin-tazobactam, merope-
nem, 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 clini-
cal 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 method-
ological 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 regard-
ing 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 mole-
cules where AUIC is associated with clinical and microbiological cure. The use of 
intermittent or continuous administrations is still debated [59]. Only one study of meth-
icillin-resistant Staphylococcus aureus infections showed that continuous infusion of 
vancomycin reached the targeted concentration levels faster and with a lower variabil-
ity 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 rea-
sons: no response to treatment, evaluating toxicity (aminoglycosides and glycopep-
tides on renal failure risk), drug interactions (rifampicin and immunosuppressors), 
and targeting a plasmatic concentration (multiresistance). For example, in hemofil-
tration, 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 amino-
glycosides 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 con-
centration (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 combina-
tion 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 antimicro-
bial 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 bacte-
ria 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. aeru-
ginosa bloodstream infections (reviewed in [2, 71]). However, important method-
ological 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 adjust-
ment for confounding factors, mortality at day 30 was similar in patients receiving 
monotherapy or combination therapy (adjusted hazard ratios for empirical or defini-
tive 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 amino-
glycoside 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 merope-
nem and fluoroquinolone (ciprofloxacin or moxifloxacin) was not superior to 
meropenem monotherapy in two multicenter studies of empirical therapy for sus-
pected 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 recom-
mended “against combination therapy for the routine treatment of neutropenic sep-
sis/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-pos-
itive 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 multi-
center trials are conducted.

De-escalation and duration of antimicrobial therapy. De-escalation therapy is an 
important component of antimicrobial stewardship programs aimed at the preven-
tion 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 superinfec-
tions, 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 attrib-
utable 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 de-
escalation therapy in patients with sepsis, severe sepsis, or septic shock [76]. Other 
studies have been published in the meantime. A single-center, prospective, observa-
tional study conducted in 712 ICU patients indicated that de-escalation therapy sig-
nificantly 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 asso-
ciated 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 tri-
als 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 micro-
organisms [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 adjust-
ment 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 sys-
tematic 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 appro-
priate 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 anti-
microbial treatment duration of 7 to 10 days is adequate for most serious infections 
associated with sepsis and septic shock (weak recommendations, low quality of evi-
dence)” 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 neutrope-
nia. (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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13Adjunctive Immunotherapy

G. P. Leijte, M. Kox, and P. Pickkers

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 therapeu-
tic 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.
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13.1  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 reduc-
tion 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 dysregu-
lated, 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 ther-
apies 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 chap-
ter, 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.

G. P. Leijte et al.
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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 cor-
tisone 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 methyl-
prednisolone 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 corti-
costeroids on sepsis mortality [14–16]. Strikingly, several studies even demon-
strated 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 aban-
doned [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 follow-
ing 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 con-
troversy 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 fac-
tor (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 endo-
toxin 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 surpris-
ing that anti-TNFα therapy showed beneficial effects. Perhaps due to these differ-
ences 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 
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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 treat-
ment. 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 syn-
drome (sepsis with concurrent hepatobiliary dysfunction/disseminated intravascular 
coagulation), which is representative of hyperinflammation. In this subgroup, mor-
tality was 65% in the placebo-treated patients and 35% in the IL-1 receptor block-
ade 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 “hyperin-
flamed” 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 initia-
tor 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 hemody-
namic stabilization and reduced mortality [34], but the study was terminated prema-
turely, 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].

13 Adjunctive Immunotherapy
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13.2.5  Intravenous Immunoglobulins

A recent meta-analysis of 18 RCTs in sepsis patients showed that passive immuniza-
tion using intravenous immunoglobulins (IVIGs) to improve neutralization and clear-
ance 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  Back to the Drawing Board: Towards 
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 sug-
gest 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 immunostimula-
tory 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 lev-
els 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 infec-
tion [39]. Of note, such a phenotype is normally observed only in transplant patients that 
receive immunosuppressive medication [40], underlining the severity of immunosup-
pression 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 bacte-
rial 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 phenom-
enon, 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 ques-
tionable, 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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least in carefully selected immunosuppressed patients, immunostimulating therapy rep-
resents a viable and attractive treatment strategy. However, to date, the number of clini-
cal studies that have investigated immunostimulatory therapies is very limited. Below, 
we review these and discuss experimental therapies that are still in preclinical develop-
ment or being investigated in currently ongoing trials. An overview of the most impor-
tant immunostimulatory strategies and their mode of action is illustrated in Fig. 13.1.

13.3.1  Pro-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 proper-
ties, e.g., it promotes survival, proliferation, and bacterial phagocytosis by neutro-
phils, 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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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 lym-
phocytes. 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 bacil-
lus Calmette-Guérin, GM-CSF granulocyte macrophage colony-stimulating factor, G-CSF granu-
locyte colony-stimulating factor, IFNγ interferon γ, TNFα tumor necrosis factor α, IL interleukin
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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 cyto-
kine production, while release of the anti-inflammatory cytokine IL-10 was not 
influenced. These effects were associated with a more pronounced decrease in dis-
ease 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 lym-
phocytes [56], several lymphocyte-targeting cytokines are currently under investi-
gation. 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 incuba-
tion with IL-7 [58, 59]. A clinical trial using IL-7 for reconstitution of immunocom-
petence 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 evalu-
ated in oncological patients are also emerging in the sepsis field. Intriguing examples 
are antibodies targeting inhibitory immune checkpoints in order to enhance lym-
phocyte 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 leu-
kocytes 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 tuberculo-
sis, bacillus Calmette-Guérin (BCG), has been shown to protect against childhood 
mortality, in particular neonatal sepsis, which is not related to its effect on tubercu-
losis [72]. Recent evidence indicates that the observed effects are due to enhance-
ment 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 endo-
toxin 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 immu-
nity 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 immunos-
timulatory, is bound to fail in the undifferentiated very heterogeneous sepsis patient 
population. In addition, mortality may not be the optimal endpoint to establish ben-
eficial 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 immuno-
suppressive 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 dif-
ferentiation within sepsis patients is required to move this field forward, and immu-
nophenotyping 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.

References

 1. Levy MM, Dellinger RP, Townsend SR, Linde-Zwirble WT, Marshall JC, Bion J, et al. The 
Surviving Sepsis Campaign: results of an international guideline-based performance improve-
ment program targeting severe sepsis. Crit Care Med. 2010;38(2):367–74.

 2. Angus DC, Linde-Zwirble WT, Lidicker J, Clermont G, Carcillo J, Pinsky MR. Epidemiology 
of severe sepsis in the United States: analysis of incidence, outcome, and associated costs of 
care. Crit Care Med. 2001;29(7):1303–10.

 3. Gaieski DF, Edwards JM, Kallan MJ, Carr BG. Benchmarking the incidence and mortality of 
severe sepsis in the United States. Crit Care Med. 2013;41(5):1167–74.

 4. Gotts JE, Matthay MA.  Sepsis: pathophysiology and clinical management. BMJ. 
2016;353:i1585.

 5. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: from cellular dys-
functions to immunotherapy. Nat Rev Immunol. 2013;13(12):862–74.

 6. Payen D, Monneret G, Hotchkiss R.  Immunotherapy—a potential new way forward in the 
treatment of sepsis. Crit Care. 2013;17(1):118.

 7. van der Poll T. Immunotherapy of sepsis. Lancet Infect Dis. 2001;1(3):165–74.
 8. van der Poll T, van de Veerdonk FL, Scicluna BP, Netea MG. The immunopathology of sepsis 

and potential therapeutic targets. Nat Rev Immunol. 2017;17(7):407–20.

G. P. Leijte et al.



211

 9. Leentjens J, Kox M, van der Hoeven JG, Netea MG, Pickkers P.  Immunotherapy for the 
adjunctive treatment of sepsis: from immunosuppression to immunostimulation. Time for a 
paradigm change? Am J Respir Crit Care Med. 2013;187(12):1287–93.

 10. Angus DC, van der Poll T. Severe sepsis and septic shock. N Engl J Med. 2013;369(9):840–51.
 11. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, et  al. 

The third international consensus definitions for sepsis and septic shock (sepsis-3). JAMA. 
2016;315(8):801–10.

 12. Hahn EO, Houser HB, Rammelkamp CH Jr, Denny FW, Wannamaker LW. Effect of corti-
sone on acute streptococcal infections and poststreptococcal complications. J Clin Invest. 
1951;30(3):274–81.

 13. Schumer W. Steroids in the treatment of clinical septic shock. Ann Surg. 1976;184(3):333–41.
 14. Veterans Administration Systemic Sepsis Cooperative Study Group. Effect of high-dose gluco-

corticoid therapy on mortality in patients with clinical signs of systemic sepsis. N Engl J Med. 
1987;317(11):659–65.

 15. Lefering R, Neugebauer EA. Steroid controversy in sepsis and septic shock: a meta-analysis. 
Crit Care Med. 1995;23(7):1294–303.

 16. Sprung CL, Caralis PV, Marcial EH, Pierce M, Gelbard MA, Long WM, et al. The effects of 
high-dose corticosteroids in patients with septic shock. A prospective, controlled study. N Engl 
J Med. 1984;311(18):1137–43.

 17. Wong HR, Cvijanovich NZ, Anas N, Allen GL, Thomas NJ, Bigham MT, et al. Developing a 
clinically feasible personalized medicine approach to pediatric septic shock. Am J Respir Crit 
Care Med. 2015;191(3):309–15.

 18. Bone RC, Fisher CJ Jr, Clemmer TP, Slotman GJ, Metz CA, Balk RAA. controlled clinical 
trial of high-dose methylprednisolone in the treatment of severe sepsis and septic shock. N 
Engl J Med. 1987;317(11):653–8.

 19. Sessler CN.  Steroids for septic shock: back from the dead? (Con). Chest. 2003;123(5 
Suppl):482s–9s.

 20. Cronin L, Cook DJ, Carlet J, Heyland DK, King D, Lansang MA, et  al. Corticosteroid 
treatment for sepsis: a critical appraisal and meta-analysis of the literature. Crit Care Med. 
1995;23(8):1430–9.

 21. Annane D, Bellissant E, Bollaert PE, Briegel J, Keh D, Kupfer Y. Corticosteroids for severe 
sepsis and septic shock: a systematic review and meta-analysis. BMJ. 2004;329(7464):480.

 22. Gibbison B, Lopez-Lopez JA, Higgins JP, Miller T, Angelini GD, Lightman SL, et  al. 
Corticosteroids in septic shock: a systematic review and network meta-analysis. Crit Care. 
2017;21(1):78.

 23. Sprung CL, Annane D, Keh D, Moreno R, Singer M, Freivogel K, et al. Hydrocortisone ther-
apy for patients with septic shock. N Engl J Med. 2008;358(2):111–24.

 24. Tracey KJ, Fong Y, Hesse DG, Manogue KR, Lee AT, Kuo GC, et al. Anti-cachectin/TNF mono-
clonal antibodies prevent septic shock during lethal bacteraemia. Nature. 1987;330(6149): 
662–4.

 25. Beutler B, Milsark IW, Cerami AC. Passive immunization against cachectin/tumor necrosis 
factor protects mice from lethal effect of endotoxin. Science (New York, NY). 1985;229(4716): 
869–71.

 26. Fisher CJ Jr, Agosti JM, Opal SM, Lowry SF, Balk RA, Sadoff JC, et al. Treatment of septic 
shock with the tumor necrosis factor receptor:Fc fusion protein. The Soluble TNF Receptor 
Sepsis Study Group. N Engl J Med. 1996;334(26):1697–702.

 27. Panacek EA, Marshall JC, Albertson TE, Johnson DH, Johnson S, MacArthur RD, et  al. 
Efficacy and safety of the monoclonal anti-tumor necrosis factor antibody F(ab′)2 fragment 
afelimomab in patients with severe sepsis and elevated interleukin-6 levels. Crit Care Med. 
2004;32(11):2173–82.

 28. Opal SM, Fisher CJ Jr, Dhainaut JF, Vincent JL, Brase R, Lowry SF, et al. Confirmatory interleu-
kin- 1 receptor antagonist trial in severe sepsis: a phase III, randomized,  double-blind, placebo- 
controlled, multicenter trial. The Interleukin-1 Receptor Antagonist Sepsis Investigator Group. 
Crit Care Med. 1997;25(7):1115–24.

13 Adjunctive Immunotherapy



212

 29. Shakoory B, Carcillo JA, Chatham WW, Amdur RL, Zhao H, Dinarello CA, et al. Interleukin-1 
receptor blockade is associated with reduced mortality in sepsis patients with features of 
macrophage activation syndrome: reanalysis of a prior phase III trial. Crit Care Med. 2016; 
44(2):275–81.

 30. Parrillo JE. Pathogenetic mechanisms of septic shock. N Engl J Med. 1993;328(20):1471–7.
 31. McCloskey RV, Straube RC, Sanders C, Smith SM, Smith CR. Treatment of septic shock with 

human monoclonal antibody HA-1A. A randomized, double-blind, placebo-controlled trial. 
CHESS Trial Study Group. Ann Intern Med. 1994;121(1):1–5.

 32. Angus DC, Birmingham MC, Balk RA, Scannon PJ, Collins D, Kruse JA, et al. E5 murine 
monoclonal antiendotoxin antibody in gram-negative sepsis: a randomized controlled trial. E5 
Study Investigators. JAMA. 2000;283(13):1723–30.

 33. Opal SM, Laterre PF, Francois B, LaRosa SP, Angus DC, Mira JP, et al. Effect of eritoran, an 
antagonist of MD2-TLR4, on mortality in patients with severe sepsis: the ACCESS random-
ized trial. JAMA. 2013;309(11):1154–62.

 34. Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati A, et al. Early use of poly-
myxin B hemoperfusion in abdominal septic shock: the EUPHAS randomized controlled trial. 
JAMA. 2009;301(23):2445–52.

 35. Payen DM, Guilhot J, Launey Y, Lukaszewicz AC, Kaaki M, Veber B, et al. Early use of poly-
myxin B hemoperfusion in patients with septic shock due to peritonitis: a multicenter random-
ized control trial. Intensive Care Med. 2015;41(6):975–84.

 36. Iba T, Fowler L.  Is polymyxin B-immobilized fiber column ineffective for septic shock? A 
discussion on the press release for EUPHRATES trial. J Intensive Care. 2017;5:40.

 37. Busani S, Damiani E, Cavazzuti I, Donati A, Girardis M. Intravenous immunoglobulin in sep-
tic shock: review of the mechanisms of action and meta-analysis of the clinical effectiveness. 
Minerva Anestesiol. 2016;82(5):559–72.

 38. Otto GP, Sossdorf M, Claus RA, Rodel J, Menge K, Reinhart K, et  al. The late phase of 
sepsis is characterized by an increased microbiological burden and death rate. Crit Care. 
2011;15(4):R183.

 39. Walton AH, Muenzer JT, Rasche D, Boomer JS, Sato B, Brownstein BH, et al. Reactivation of 
multiple viruses in patients with sepsis. PLoS One. 2014;9(2):e98819.

 40. Humar A. Reactivation of viruses in solid organ transplant patients receiving cytomegalovirus 
prophylaxis. Transplantation. 2006;82(2 Suppl):S9–s14.

 41. Boomer JS, To K, Chang KC, Takasu O, Osborne DF, Walton AH, et al. Immunosuppression 
in patients who die of sepsis and multiple organ failure. JAMA. 2011;306(23):2594–605.

 42. Hotchkiss RS, Opal S. Immunotherapy for sepsis—a new approach against an ancient foe. N 
Engl J Med. 2010;363(1):87–9.

 43. Cohen J, Opal S, Calandra T.  Sepsis studies need new direction. Lancet Infect Dis. 
2012;12(7):503–5.

 44. Xiao W, Mindrinos MN, Seok J, Cuschieri J, Cuenca AG, Gao H, et al. A genomic storm in 
critically injured humans. J Exp Med. 2011;208(13):2581–90.

 45. van Vught LA, Klein Klouwenberg PM, Spitoni C, Scicluna BP, Wiewel MA, Horn J, et al. 
Incidence, risk factors, and attributable mortality of secondary infections in the intensive care 
unit after admission for sepsis. JAMA. 2016;315(14):1469–79.

 46. Nierhaus A, Montag B, Timmler N, Frings DP, Gutensohn K, Jung R, et al. Reversal of immu-
noparalysis by recombinant human granulocyte-macrophage colony-stimulating factor in 
patients with severe sepsis. Intensive Care Med. 2003;29(4):646–51.

 47. Meisel C, Schefold JC, Pschowski R, Baumann T, Hetzger K, Gregor J, et al. Granulocyte- 
macrophage colony-stimulating factor to reverse sepsis-associated immunosuppression: a 
double-blind, randomized, placebo-controlled multicenter trial. Am J Respir Crit Care Med. 
2009;180(7):640–8.

 48. Hall MW, Knatz NL, Vetterly C, Tomarello S, Wewers MD, Volk HD, et al. Immunoparalysis 
and nosocomial infection in children with multiple organ dysfunction syndrome. Intensive 
Care Med. 2011;37(3):525–32.

G. P. Leijte et al.



213

 49. Root RK, Lodato RF, Patrick W, Cade JF, Fotheringham N, Milwee S, et  al. Multicenter, 
double-blind, placebo-controlled study of the use of filgrastim in patients hospitalized with 
pneumonia and severe sepsis. Crit Care Med. 2003;31(2):367–73.

 50. Bo L, Wang F, Zhu J, Li J, Deng X.  Granulocyte-colony stimulating factor (G-CSF) and 
granulocyte- macrophage colony stimulating factor (GM-CSF) for sepsis: a meta-analysis. Crit 
Care. 2011;15(1):R58.

 51. Leentjens J, Kox M, Koch RM, Preijers F, Joosten LA, van der Hoeven JG, et al. Reversal 
of immunoparalysis in humans in vivo: a double-blind, placebo-controlled, randomized pilot 
study. Am J Respir Crit Care Med. 2012;186(9):838–45.

 52. Docke WD, Randow F, Syrbe U, Krausch D, Asadullah K, Reinke P, et al. Monocyte deactiva-
tion in septic patients: restoration by IFN-gamma treatment. Nat Med. 1997;3(6):678–81.

 53. Delsing CE, Gresnigt MS, Leentjens J, Preijers F, Frager FA, Kox M, et al. Interferon-gamma 
as adjunctive immunotherapy for invasive fungal infections: a case series. BMC Infect Dis. 
2014;14:166.

 54. Nalos M, Santner-Nanan B, Parnell G, Tang B, McLean AS, Nanan R.  Immune effects 
of interferon gamma in persistent staphylococcal sepsis. Am J Respir Crit Care Med. 
2012;185(1):110–2.

 55. Jarvis JN, Meintjes G, Rebe K, Williams GN, Bicanic T, Williams A, et  al. Adjunctive 
interferon- gamma immunotherapy for the treatment of HIV-associated cryptococcal meningi-
tis: a randomized controlled trial. AIDS (London, England). 2012;26(9):1105–13.

 56. Monneret G, Venet FA. rapidly progressing lymphocyte exhaustion after severe sepsis. Crit 
Care. 2012;16(4):140.

 57. Venet F, Foray AP, Villars-Mechin A, Malcus C, Poitevin-Later F, Lepape A, et al. IL-7 restores 
lymphocyte functions in septic patients. J Immunol. 2012;189(10):5073–81.

 58. Unsinger J, McGlynn M, Kasten KR, Hoekzema AS, Watanabe E, Muenzer JT, et al. IL-7 
promotes T cell viability, trafficking, and functionality and improves survival in sepsis. J 
Immunol. 2010;184(7):3768–79.

 59. Kasten KR, Prakash PS, Unsinger J, Goetzman HS, England LG, Cave CM, et al. Interleukin-7 
(IL-7) treatment accelerates neutrophil recruitment through gamma delta T-cell IL-17 produc-
tion in a murine model of sepsis. Infect Immun. 2010;78(11):4714–22.

 60. Inoue S, Unsinger J, Davis CG, Muenzer JT, Ferguson TA, Chang K, et al. IL-15 prevents 
apoptosis, reverses innate and adaptive immune dysfunction, and improves survival in sepsis. 
J Immunol. 2010;184(3):1401–9.

 61. Mellman I, Coukos G, Dranoff G.  Cancer immunotherapy comes of age. Nature. 
2011;480(7378):480–9.

 62. Hotchkiss RS, Moldawer LL. Parallels between cancer and infectious disease. N Engl J Med. 
2014;371(4):380–3.

 63. Kroschinsky F, Stolzel F, von Bonin S, Beutel G, Kochanek M, Kiehl M, et al. New drugs, 
new toxicities: severe side effects of modern targeted and immunotherapy of cancer and their 
management. Crit Care. 2017;21(1):89.

 64. Postow MA, Callahan MK, Wolchok JD. Immune checkpoint blockade in cancer therapy. J 
Clin Oncol. 2015;33(17):1974–82.

 65. Chang KC, Burnham CA, Compton SM, Rasche DP, Mazuski R, Mcdonough J, et al. Blockade 
of the negative co-stimulatory molecules PD-1 and CTLA-4 improves survival in primary and 
secondary fungal sepsis. Crit Care. 2013;17(3):R85.

 66. Wang JF, Li JB, Zhao YJ, Yi WJ, Bian JJ, Wan XJ, et al. Up-regulation of programmed cell 
death 1 ligand 1 on neutrophils may be involved in sepsis-induced immunosuppression: an 
animal study and a prospective case-control study. Anesthesiology. 2015;122(4):852–63.

 67. Zhang Y, Li J, Lou J, Zhou Y, Bo L, Zhu J, et al. Upregulation of programmed death-1 on T 
cells and programmed death ligand-1 on monocytes in septic shock patients. Critical care. 
2011;15(1):R70.

 68. Zhang Y, Zhou Y, Lou J, Li J, Bo L, Zhu K, et al. PD-L1 blockade improves survival in experi-
mental sepsis by inhibiting lymphocyte apoptosis and reversing monocyte dysfunction. Crit 
Care. 2010;14(6):R220.

13 Adjunctive Immunotherapy



214

 69. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel understanding of 
the disorder and a new therapeutic approach. Lancet Infect Dis. 2013;13(3):260–8.

 70. Chang K, Svabek C, Vazquez-Guillamet C, Sato B, Rasche D, Wilson S, et al. Targeting the 
programmed cell death 1: programmed cell death ligand 1 pathway reverses T cell exhaustion 
in patients with sepsis. Crit Care. 2014;18(1):R3.

 71. Inoue S, Bo L, Bian J, Unsinger J, Chang K, Hotchkiss RS. Dose-dependent effect of anti- 
CTLA- 4 on survival in sepsis. Shock. 2011;36(1):38–44.

 72. Breiman RF, Streatfield PK, Phelan M, Shifa N, Rashid M, Yunus M. Effect of infant immuni-
sation on childhood mortality in rural Bangladesh: analysis of health and demographic surveil-
lance data. Lancet. 2004;364(9452):2204–11.

 73. Kleinnijenhuis J, Quintin J, Preijers F, Joosten LA, Ifrim DC, Saeed S, et al. Bacille Calmette- 
Guerin induces NOD2-dependent nonspecific protection from reinfection via epigenetic repro-
gramming of monocytes. Proc Natl Acad Sci U S A. 2012;109(43):17537–42.

 74. Kleinnijenhuis J, Quintin J, Preijers F, Benn CS, Joosten LA, Jacobs C, et al. Long-lasting 
effects of BCG vaccination on both heterologous Th1/Th17 responses and innate trained 
immunity. J Innate Immun. 2014;6(2):152–8.

 75. Netea MG, Quintin J, van der Meer JW. Trained immunity: a memory for innate host defense. 
Cell Host Microbe. 2011;9(5):355–61.

 76. Hamers LA, Kox M, Arts RJ, Blok B, Leentjens J, Netea MG, et al. Gamma-irradiated bacille 
Calmette-Guerin vaccination does not modulate the innate immune response during experi-
mental human endotoxemia in adult males. J Immunol Res. 2015;2015:261864.

 77. Novakovic B, Habibi E, Wang SY, Arts RJ, Davar R, Megchelenbrink W, et al. beta-glucan 
reverses the epigenetic state of LPS-induced immunological tolerance. Cell. 2016;167(5):1354–
68.e14.

G. P. Leijte et al.



Part IV

Sepsis in the Coming Decade



217© 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_14

C. W. Seymour, M.D., M.Sc. (*) · D. C. Angus, M.D., M.P.H. 
Department of Critical Care Medicine, The Clinical Research, Investigation, and Systems 
Modeling of Acute Illness (CRISMA) Center, University of Pittsburgh School of Medicine, 
Pittsburgh, PA, USA
e-mail: seymourcw@upmc.edu

14Novel Trial Design in Sepsis

Christopher W. Seymour and Derek C. Angus

Key Points

• Large, randomized clinical trials in sepsis have found few successful therapeu-
tics 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 fea-
tures 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 pheno-
types, although rapid patient phenotyping will be required to enable more sophis-
ticated 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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14.1  Introduction

Sepsis is a life-threatening condition that arises when the body’s response to infec-
tion 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, how-
ever, 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 respon-
sible 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 “fit-
ness 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 under-
lies the clinical diagnosis. The Sepsis-3 definition includes a “dysregulated host 
response,” “causal relationship to infection,” and “two or more sequential organ fail-
ure 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 condi-
tion of chronic comorbidity found in more 30% of ICU patients [9]. Such heteroge-
neity 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 thera-
peutic 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 thera-
peutic 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 evi-
dence 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 pheno-
types. 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 expira-
tory 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 posi-
tive 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 emer-
gency 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

aAdapted from Mebezaa et al., J Intensive Care Med, 2016, the European Drug Development Hub 
Conference, Paris, 2015
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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 dif-
ference 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 recom-
binant 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 sep-
sis and rheumatology suggested that certain septic patients with features of macro-
phage 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 prac-
tice 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 postrandom-
ization 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 treat-
ment 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 pri-
mary scientific goal of a clinical trial should not be compromised, but interim infor-
mation 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 combina-
tions of treatments in heterogeneous populations. These trials can be described 
using multiple terms but generally are referred to as “adaptive” trials, as key char-
acteristics can be modified using prespecified rules in response to information accu-
mulated 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 ran-
domization 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 sim-
ulations 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 simu-
lated trials that lead to correct or incorrect results according to the simulated “truth” 
lead to statistical estimates of error.
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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 theoreti-
cal 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 ran-
domization 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, char-
acteristic, or profile, and when present, treatment arms can be targeted to these spe-
cific 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 out-
comes. 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 inves-
tigators 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 muta-
tion 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 response-
adaptive randomization, the optimal threshold for biomarkers and their role as drug 
responsive can be “learned” during the conduct of the trial itself.
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14.6  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 per-
forming 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 can-
didate 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, 

0.0
0.0

0.2

0.4

0.6

0.8

P
ow

er

1.0
RAR prob

N=600

RAR info

fixed

0.5 1.0 1.5

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

14 Novel Trial Design in Sepsis



226

lean on combined financial support from industry, federal, and foundation fund-
ing 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 out-
break, 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 gov-
erned 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 evalua-
tion, statistical analysis, and data safety monitoring committees to oversee the trial. 
Although never implemented, this platform included pre-prepared protocols, algo-
rithms, 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 gov-
erned 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 

Table 14.2 Comparison between traditional clinical trial and adaptive platform trial

Feature Traditional Adaptive platform
Scope Single treatment in a 

homogeneous population
Multiple treatments in heterogeneous 
population

Duration Single question with 
fixed duration

Depending on candidate treatments, can 
extend long-term

No. of patient groups Few Multiple and may change during the trial
Allocation Fixed, typically 1:1 

randomization
Response-adaptive randomization

Support Single sponsor Collaborative funding to support long-term 
infrastructure

Adapted from [28]
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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 ima-
tinib is compared to standard therapy across any of 40 cancers all sharing the com-
mon bcr-abl translocation. This basket trial has already resulted in indications for 
imatinib for dermatofibrosarcoma and systemic mastocytosis, among others.

14.8  Integrating Sepsis Trials in a Learning Healthcare 
System

As clinical trialists in sepsis consider novel designs, a key component to their suc-
cess may be integration with the electronic health record and the learning healthcare 
system.

The electronic health record (EHR) affords many advantages when implement-
ing 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 prob-
abilities, the EHR can also track important endpoints such as severity of organ dys-
function, 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. REMAP-
CAP 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 under-
standing of sepsis pathophysiology, host response, and development of new pre-
cision 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 randomiza-
tion, the scientific benefits of new treatments may be realized across the hetero-
geneous 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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15Sepsis in Low- and Middle-Income 
Countries
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and Flavia Ribeiro Machado

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 medi-
cine, 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 pur-
pose 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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15.2  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 mid-
dle 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 non-
monetary 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 coun-
tries 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], mak-
ing 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 coun-
tries such as Thailand and some South American countries [6]. In addition, patho-
gens 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 bur-
den 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 dys-
function. 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 epidemiol-
ogy 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 coun-
tries 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 geo-
graphical 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 signifi-
cant 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 epi-
demiology 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 out-
comes 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 nonhospi-
talized 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 examin-
ing the epidemiology of sepsis in LMICs used single centers or described the epide-
miology 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 system-
atic 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, wide-
spread 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 mater-
nal 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

Country Design
Sample 
Size Outcome Reference

Brazil Multicenter prospective
ICU-treated sepsis

415 28-day mortality
sepsis: 47%
septic shock: 52%

[12]

Brazil Multicenter prospective
ICU-treated sepsis

521 28-day mortality
sepsis: 34%
septic shock: 65%

[13]

Brazil Multicenter prospective
ICU-treated sepsis

524 Hospital mortality
sepsis: 43%

[14]

Brazil Single Center
prospective
ICU-treated sepsis

524 28-day mortality
sepsis: 50%
septic shock: 73%

[26]

Brazil Multicenter prospective
ICU-treated sepsis

794 Hospital mortality
sepsis: 50%
septic shock: 60%

[16]

China Multicenter prospective
ICU-treated sepsis

318 Hospital mortality
sepsis: 49%

[21]

China Multicenter prospective
ICU-treated sepsis

484 Hospital mortality
sepsis: 34%

[22]

China Multicenter prospective
ICU-treated sepsis

479 Hospital mortality
sepsis: 53%

[24]

China Population based hospital-
treated sepsis

1716 Hospital mortality
sepsis: 34%

[23]

Colombia Multicenter prospective
hospital-treated sepsis

1658 Hospital mortality
sepsis: 22%
septic shock: 46%

[25]

Croatia Single-center
retrospective
ICU-treated sepsis

214 Hospital mortality
sepsis: 34%
septic shock: 72%

[27]

Haiti Single-center
retrospective
ER-treated sepsis

99 Hospital mortality
sepsis: 24%

[28]

Iran Single-center
prospective
ER-treated sepsis

145 Hospital mortality
sepsis: 21%

[29]

Jamaica Single-center
ER-treated sepsis

117 Hospital mortality
sepsis: 24%

[30]

Pakistan Single-center
retrospective
ICU-treated sepsis

98 ICU mortality
sepsis: 51%

[31]

South Africa Single-center retrospective
ER-treated surgical sepsis

675 ICU mortality
sepsis: 12%

[32]

Thailand RCT treatment of sepsis due 
to melioidosis

60 28-day mortality
intervention: 70%
placebo: 87%

[33]

Thailand Single-center
prospective
ICU-treated sepsis

390 Hospital mortality
sepsis: 50%

[34]

(continued)
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Table 15.1 (continued)

Country Design
Sample 
Size Outcome Reference

Thailand Single-center
prospective
ICU-treated sepsis

897 ICU mortality
sepsis: 11%
septic shock: 47%

[35]

Turkey Single-center
retrospective
hospital-treated sepsis

63 Hospital mortality
sepsis: 87%

[36]

Turkey Single-center
prospective
ER-treated sepsis

200 28-day mortality
sepsis: 27%

[37]

Uganda Multicenter before-after 
study
ER-treated sepsis

671 30-day mortality
before: 46%
after: 33%

[38]

Uganda Single-center
prospective
ER-treated sepsis

202 Hospital mortality
sepsis: 32%

[39]

Uganda Single-center
prospective
ward-treated sepsis

20 Hospital mortality
sepsis: 10%

[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 tuber-
culosis 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 coun-
tries. 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 patient-
days 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 methicil-
lin-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 con-
trol practices in ICU settings are human and nonhuman resources, training, and sur-
veillance, 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 com-
monly busy, and measures for the isolation of patients with resistant bacterial infec-
tion or colonization are seldom implemented. In addition, the availability of running 
water as well as adequate disinfection, sterilization, and waste disposal and environ-
mental 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 ade-
quate national surveillance and infection control systems. Thus, nationally represen-
tative 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 sep-
sis 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 set-
tings. 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 real-
ity, 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 con-
ducted 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 imple-
mentable 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 target-
ing and de-escalation of antimicrobial therapy in patients with genuine bacterial 
sepsis and limits the ability to detect and monitor outbreaks of drug-resistant infec-
tions [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 sug-
gesting 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 coun-
tries 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 signifi-
cantly 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 trans-
portation 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 substan-
tially 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 geo-
graphic inequalities in ICU distribution. Existing ICUs are often staffed by provid-
ers who are partially trained in HICs and are thus more likely to emigrate, further 
depleting personnel. Finally, reimbursement mechanisms for intensive care physi-
cians 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 rela-
tionship 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 conse-
quence of the limited knowledge of the disease and its related morbidity and mortal-
ity 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 warn-
ing 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 con-
ducted 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 aware-
ness 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., unpub-
lished 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 emer-
gency 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 multidisci-
plinary teams composed mostly of relatively simple multiple-choice questions dem-
onstrated a significant lack of knowledge regarding sepsis concepts and treatment 
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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 influ-
ence 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 health-
care 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 consid-
ered “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 

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
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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 cri-
teria: 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 world-
wide, 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; standardiza-
tion of organ dysfunction criteria, which will facilitate the inclusion of similar 
patients in clinical studies; removal of SIRS variables as diagnostic criteria for sep-
sis because they are not sensitive or specific enough for sepsis [70, 71]; and simpli-
fication 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 develop-
ing countries [1]. The databases that were used to validate the new criteria origi-
nated 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 popula-
tion [72]. This phenomenon may have advantages for HICs, where patients are usu-
ally 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 prob-
lem 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 diag-
nosis 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 pres-
sure [73]. Thus, in quality improvement initiatives, the new broad Sepsis 3 defini-
tion 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 defi-
nition 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 allo-
cation, 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 defini-
tions, 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 iden-
tify 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 suggest-
ing that adequate application of qSOFA to LMICs may pend further validation stud-
ies [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 improve-
ment 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 associ-
ated 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 vari-
ables [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 mortal-
ity [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 initia-
tives such as the implementation of treatment protocols are associated with reduc-
tions 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 compli-
ance 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 through-
out 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 resuscita-
tion in children with infection and impaired perfusion in Africa (mostly malaria), 
which was associated with increased short-term mortality irrespective of the solu-
tion 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 under-
score 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 lim-
ited evidence suggests that this disease poses a significant burden to these coun-
tries because it is a major cause of short-term mortality and a high-cost condition. 
Developing countries face significant issues regarding sepsis care, as demon-
strated by low awareness of the disease among the lay public and healthcare 
team, a lack of preventive measures for infections, a high prevalence of nosoco-
mial 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 manage-

ment 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 dysfunc-

tion and the dysregulated host response in sepsis.
• Although numerous pathways of discovery will be undertaken, especially prom-

ising 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], com-
bined with general supportive care.

This has led to an interesting paradox. More and more patients are getting sep-
tic. 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 guaran-
tee that patient-centric outcomes will improve over time. The reasons for our opti-
mism 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 recogni-
tion 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 guide-
lines, 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 improv-
ing 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 sup-
port groups for cancer. In contrast, currently there are only sporadic pockets of sup-
port groups for sepsis, including the recently formed THRIVE initiative from the 
Society of Critical Care Medicine which seeks to improve patient and family sup-
port after critical illness [12].

It is important to note that many sepsis advocacy groups are grassroots organiza-
tions 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 dis-
ease 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 survivor-
ship—and thus survivor groups—and a general uptick in public awareness of sepsis.

16.2  Improved 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 associa-
tion cannot prove causation, this is consistent with a broad-based literature demon-
strating that participation in quality improvement initiatives in sepsis is associated 
with improved outcomes. This study also demonstrated a striking difference in mor-
tality 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 perform-
ing 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 signifi-
cantly higher for sepsis than for myocardial infarction, trauma, or cerebrovascular 
accident. However, it is difficult to imagine less than half of patients with these life-
threatening 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 sup-
ports 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 con-
sider acceptable. Based upon this, mandates on sepsis care have begun to be imple-
mented. 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 cau-
tion 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 com-
pliance 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 annu-
ally [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 coun-
tries. 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 situ-
ation. 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 unac-
ceptable 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 disadvan-
tages, which is related to a broader discussion as to the intended use of sepsis diag-
nostic 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 sep-
sis 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 cri-
teria for sepsis exist [31–34].

16.4  Sepsis Definitions, Clinical Criteria, and Screening 
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 sus-
pected infection with organ dysfunction and hypotension refractory to fluid 
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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 sub-
jected to numerous criticisms. Many of these centered on the very nonspecific sys-
temic 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 sus-
pected 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 poten-
tially 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 dis-
tinct 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 screen-
ing 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 anal-
ysis, 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 publi-
cation of Sepsis 3, there has been a concerted effort to validate qSOFA as a screen-
ing 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.

J. Xie and C. M. Coopersmith



259

16.5  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 strate-
gies that might be effective in one patient population would be ineffective or harm-
ful in a different patient population of septic patients. There is significant preclinical 
literature demonstrating that the identical intervention can have significant differ-
ences 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 demon-
strated significantly reduced mortality in a subgroup patients with macrophage acti-
vation syndrome [61]. In the future, a multipronged engine aimed at precision has 
been proposed including (a) optimizing patient stratification and identifying poten-
tial targets; (b) running in silico trials, confirming targets, and examining and refin-
ing mechanisms in both cells and rodents; and (c) evaluating large mammal, which 
then loops back on optimizing patient stratification [62]. The road ahead will assur-
edly look more similar to oncology where patients are enrolled in clinical trials 
based upon molecular signatures and/or “omics” (genomics, transcriptomics, pro-
teomics, 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 enrich-
ment 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, espe-
cially 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 exam-
ined 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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16.6  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 find-
ings 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 diag-
nosing 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 sensitivi-
ties to result after samples are manually streaked on an agar plate. This has signifi-
cant 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 micro-
bial 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 tremen-
dous promise. A few recent studies have demonstrated that it is feasible to predict 
sepsis prior to clinical manifestations occurring. For instance, using routinely avail-
able 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 sen-
sitivity 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 addi-
tion, a point-of-care microfluidic biochip for quantification of CD64 expression on 
only 10 microliters of whole blood when combined with measurements from the 
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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  Sepsis 3 and the Road Ahead for Organ Dysfunction 
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 bioener-
getics, 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 real-
time assays allow their measurement at the bedside. Similarly, measuring a dysregu-
lated 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 out-
side 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 micro-
organisms, 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 demon-
strated to improve patient-centric outcomes such as ventilator-associated pneumo-
nia, 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 ongo-
ing basis will likely allow for targeted immunotherapy.
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