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Sepsis

Lexie H.Vaughn and Jeffrey S. Upperman

8.1 Introduction Including

Definition and Incidence

Sepsis is a major cause of morbidity and mortal-
ity in the United States, accounting for over
720,000 hospitalizations annually. Despite recent
advances in neonatal and pediatric critical care
medicine, the number of children suffering from
sepsis continues to rise, and sepsis remains the
leading cause of death in children worldwide. A
retrospective review of observational cohort data-
sets from 1995, 2000, and 2005 demonstrated an
81% increase in cases of severe sepsis in patients
aged 19 years or younger over the ten-year
period. Notably, the prevalence of sepsis is sig-
nificantly higher in infants and newborns than in
older children.

The most common pathogens identified in the
pediatric and adult populations include Esche-
richia coli, Pseudomonas aeruginosa, Klebsiella,
and Bacteroides species. The most common organ-
isms found in neonates within the first 72 hours of
life are group B streptococci and E. coli.
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In the adult population, sepsis is defined as
life-threatening organ dysfunction in a patient
with a suspected infection. Former criteria for
defining the clinical signs and symptoms of the
systemic inflammatory response syndrome
(SIRS) focused on the inflammatory response of
the host and defined a continuum of clinical pro-
gression from SIRS to sepsis to shock. This
definition has fallen out of favor since 2016,
with the publication of Third International
Consensus Definitions for Sepsis and Septic
Shock (Sepsis-3). SIRS criteria have now been
replaced in the clinical setting by the Sequential
[Sepsis-Related] Organ Failure Assessment
(SOFA) as a metric of organ dysfunction. This
new scoring system accompanies a new defini-
tion of sepsis, which emphasizes the dysregu-
lated host response to infection as the primary
cause of sepsis and organ dysfunction in a patient
with a suspected infection. The predictive valid-
ity of in-hospital mortality for adult ICU patients
has been demonstrated to be significantly greater
for SOFA than the former SIRS criteria. Despite
these reassuring results, the SOFA score and
updated definition of sepsis were developed
based on adult patients only and do not take into
account differences in baseline physiology and
responses to insult in children and neonates.

In children and neonates, sepsis is still defined
based on SIRS criteria as a triad of fever, tachy-
cardia, and vasodilation with a change in mental
status or prolonged capillary refill >2 seconds
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(Alaedeen et al. 2006). There has not yet been a
generalized transition to scoring systems for
organ dysfunction in the clinical setting as seen
in the adult population; however, some predictive
scoring systems do exist for the pediatric popula-
tion. Leclerc et al. reported excellent predictive
validity of in-hospital mortality in pediatric ICU
patients using the Pediatric Logistic Organ
Dysfunction-2 (PELOD-2). This tool was origi-
nally proposed in 2005 and updated in 2013, and
it incorporates Glasgow coma score (GCS),
systolic blood pressure (SBP), mean arterial pres-
sure (MAP), and heart rate (HR). While there has
been no generalized consensus regarding the use
of this tool, much like the SOFA score in adults,
it shows promise as a diagnostic tool for pediatric
sepsis.

Children with sepsis and progressive septic
shock present a unique set of challenges for cli-
nicians. The diagnosis and management, spe-
cifically the initial fluid resuscitation and
subsequent hemodynamic support, are different
than in the adult population due to differences in
baseline physiology and changes that occur as
children age.

8.2 Risk Factors

8.2.1 Barriers to Infection

The human body is colonized by a variety of non-
pathogenic microorganisms. These normal florae
adhere to the epithelial lining and prevent the
attachment of other pathogenic microbes.
Additional protective mechanisms, such as intes-
tinal peristalsis, gastric acid secretion, and immu-
noglobulins, help to limit pathologic microbial
invasion (Table 8.1). Oropharyngeal, nasopha-
ryngeal, tracheobronchial, and gastrointestinal
secretions are rich in immunoglobulins, which
help to prevent bacterial attachment to the epithe-
lium. Specifically, immunoglobulin A (IgA)
binds microorganisms at the epithelial surface,
thereby impairing attachment to the epithelial
lining—a critical step in the establishment of
infections.

Table 8.1 Defense mechanisms microbial

invasion

against

Actions

Lower pH promotes a hostile
environment for bacterial growth
Coordinated movements sweep the
bacteria downstream, limiting
attachment to the mucosa
Indigenous microbial flora prevents
the overgrowth of pathogenic
Gram-negative bacteria

IgA coats and aggregates bacteria
and prevents their attachment to
intestinal mucosa

Intestinal mucus forms a thick
barrier, which prevents bacterial
attachment

Host defense
Gastric acid

Peristalsis

Local flora

Immunoglobulin

Mucus

Any breach in the mucosal barrier permits
bacteria or viruses to infiltrate the epithelial lin-
ing and elicit an inflammatory response. For
instance, trauma, surgery, malnutrition, burns,
immunosuppression, shock, and reperfusion
injury following an ischemic event can cause gut
barrier failure. Following reperfusion injury,
inflammatory cells elaborate toxic reactive oxy-
gen species, such as superoxide (O,~) and hydro-
gen peroxide (H,0,), which damage the epithelial
lining and permit the translocation and internal-
ization of microbes.

8.3  Pathophysiology of Sepsis
Figure 8.1 summarizes the pathogenesis of the
systemic inflammatory response syndrome
(SIRS) and the immune components involved.

8.3.1 Bacterial Virulence

The most common pathogens identified in chil-
dren are bacterial in origin. Establishment of a
clinical bacterial infection in the host begins with
the attachment of the microbe to the epithelial
surface of the host, followed by subsequent inter-
nalization. The internalized microbe must then
evade the local cellular and humoral host defense
mechanisms in order to cause infection, multiply,
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Pathogenesis of systemic inflammatory response syndrome (SIRS)
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Fig. 8.1 Pathogenesis of systemic inflammatory

response syndrome (SIRS). Bacterial invasion secondary
to barrier failure leads to the local release of lipopolysac-
charide (LPS), with consequent formation of an
LPS-lipopolysaccharide-binding protein (LBP)-CD14—
Toll-like receptor 4 (TLR4) complex on neutrophils,
macrophages, and endothelial cells, resulting in cellular
activation. Inflammatory cytokines are released, upregu-
late adhesion molecules, and promote chemotaxis of neu-
trophils and macrophages. The activated cells release

damage local tissue, and elicit an inflammatory
response. This is a process that depends largely
on microbial virulence factors.

The process of bacterial adherence requires
interaction between specific cell surface recep-
tors on the host and key molecules on the patho-
gen, called adhesins. Bacterial fimbriae or pili are
known to promote bacterial adherence to muco-
sal surfaces. E. coli expresses different types of
fimbriae that permit their attachment to the
D-mannose receptor on epithelial cells. Some

Chemotaxis Adhesion, Clotting
cascade, Activation
ROI - —
\-\ \‘\ /’/

Bacterial killing

Distant organ injury

SIRS

microbicidal agents typically designed for bacterial kill-
ing, but they may be injurious and promote distant organ
injury and SIRS if the inflammatory process is “uncon-
trolled.” ICAM intercellular adhesion molecule, /L inter-
leukin, MCP monocyte chemotactic protein, MIP
macrophage inflammatory protein, NO nitric oxide, PAF
platelet-activating factor, PECAM platelet-endothelial
cell adhesion molecule, ROI reactive oxygen intermedi-
ate (or species), TNF tumor necrosis

microbes also display adhesins that facilitate
entry into the host. Indirectly, the host secretes
proteins that have a common peptide sequence
Arg-Gly-Asp, such as fibronectin, laminin, col-
lagen, and vitronectin, which enhance bacterial
attachment to the host.

Once the microbe has attached to the cell sur-
face, the organism may gain entry into the cell
through a process called internalization. This
requires high-affinity binding between the
microbe’s pili and cell surface receptors. The cell
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surface contains a receptor called integrin, which
binds the bacterial pili. The affinity of the pili for
this receptor determines whether the microbe
attaches to the cell and becomes internalized.
Bacterial internalization takes place through
phagocytosis. The internalized bacteria are trans-
ported in intracellular vesicles known as endo-
somes or phagosomes.

Once the bacteria have evaded the initial host
defense mechanisms and entered the cell, they
must survive within the intracellular milieu to
establish an infection. Fusion of the cell’s lyso-
some with the phagosome leads to acidification
of the phagolysosome complex and neutraliza-
tion of the internalized bacteria by specific toxins
such as hyaluronidase, collagenase, proteinase,
deoxyribonuclease, and lecithinase. The bacteria
may counterattack by secreting exotoxins to help
neutralize the host defense mechanisms. For
instance, S. aureus produces catalase, which neu-
tralizes hydrogen peroxide. Streptolysin, a strep-
tococcal exotoxin, can inhibit neutrophil
migration and impair phagocyte cytotoxicity.
One of the most potent bacterial toxins is called
lipopolysaccharide (LPS) (or endotoxin). It con-
tains an O-specific side chain, a core polysaccha-
ride, and an inner lipid A region. The lipid A
region is a highly potent stimulator of the inflam-
matory response. This molecule may initiate sep-
tic shock by stimulating the release of
inflammatory mediators such as arachidonic acid
and leukotrienes, or through complement activa-
tion. Endotoxin, alone, is sufficient to induce
shock when given experimentally to laboratory
animals or to human volunteers.

8.3.2 Microbiome

The human microbiome and specifically the
native microorganisms found in the human intes-
tine play a significant role in immune regulation
and in the pathogenesis of some diseases. The
intestine is sterile in utero but becomes colonized
at birth and diversifies quickly and significantly
in the neonatal period. Recent evidence has sug-
gested that disruption in the microbiome may
increase the risk of sepsis and progression to end-

organ dysfunction, specifically in the neonatal
population. Several mechanisms for this
increased risk have been proposed, including
selective proliferation of pathologic bacteria sec-
ondary to antibiotic use, proinflammatory host
immune response, and decreased production of
short-chain fatty acids. Changes in the microbi-
ome during critical illness may also impact the
host response, increase the risk of end-organ dys-
function, and ultimately impact the clinical
course of a patient with sepsis. With increasing
accessibility of culture-independent methods for
microbial identification, there are potential thera-
peutic molecular targets for patients with sepsis;
however, prospective data in humans are cur-
rently limited, and additional investigation is
needed.

8.3.3 Neutrophils

Neutrophils are terminally differentiated effector
cells that constitute the first line of defense in
response to infection or tissue injury. The neutro-
phil contains proteolytic enzymes and reactive
oxygen species that can cause local tissue dam-
age when released into the extracellular matrix.
After a 14-day development in the bone marrow,
the neutrophils circulate in the bloodstream for
6-14 h. Nearly 50% of the circulating neutrophils
attach or adhere to the vascular endothelium—a
process known as margination. If there are no
detectable infections, the neutrophils undergo
apoptosis, or programmed cell death, in the liver
or the bone marrow. The neutrophils that adhere
to the vascular endothelium must leave the blood-
stream through a process known as diapedesis to
reach the tissues. There, they can survive for
another 48 h performing critical functions such
as phagocytosis and microbial killing. Adhesion
molecules, such as selectins, integrins, and the
immunoglobulin superfamily, govern the adher-
ence of neutrophils to the vascular endothelium.
(L)-selectin (CD62L) on the neutrophil surface
binds to endothelium (E)-selectin and platelet
(P)-selectin, which is upregulated when the endo-
thelial cells are activated by injury, infectious
agents, or inflammatory mediators. Migration of
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the neutrophil to the site of injury is regulated by
a class of molecules known as integrins, which
are expressed on the neutrophil surface.
Specifically, binding of B, integrin to intercellular
adhesion molecule 1 (ICAM-1) on the endothe-
lial cell directs neutrophil traffic.

LPS can affect neutrophil adhesion and migra-
tion by stimulating the release of tumor necrosis
factor-aa (TNF-a), interleukin-1 (IL-1), and
interferon-y (IFN-y), which are known to upregu-
late ICAM-1 and E-selectin. Lipopolysaccharide
binding protein (LBP), a 58-kDa acute phase
reactant that is synthesized in the liver, enhances
the sensitivity of monocytes and granulocytes to
LPS by facilitating binding of LPS to the CD14
cell membrane molecule and to Toll-like receptor
4 (TLR-4) on the surface of neutrophils and
monocytes. This interaction upregulates 3, integ-
rin CD11b/CD18 and enhances the neutrophil—
endothelial interaction. Clinically, patients with
leukocyte adhesion deficiency are susceptible to
recurrent bacterial infections due to the lack of
integrin receptor CD11b/CD18, which results in
the inability of the neutrophil to adhere to the
endothelium and effect bacterial killing.

Migration of the neutrophil to the site of tissue
injury is governed, in part, by platelet endothelial
cell adhesion molecule 1 (PECAM-1), CD99,
and other adhesion molecules. These molecules
are expressed on the surface of blood vessels and
maintain the vascular permeability barrier.
Evidence suggests that an antibody to PECAM-1
inhibits neutrophil transmigration and endotoxin-
induced leukocyte sequestration in the lung, liver,
and muscle. Neutrophil egress requires a chemo-
tactic gradient through the extracellular matrix.
Important chemotactic peptides include mono-
cyte chemotactic protein 1 (MCP-1), platelet-
activating factor (PAF), leukotriene B,, and
interleukin 8. Only small amounts of chemotaxis
are required for the neutrophil to become respon-
sive. A cascade of intracellular signaling path-
ways is activated when the neutrophil binds to the
endothelium. These events eventually lead to
conformational changes in the cytoskeleton of
the neutrophil and permit transendothelial egress
and rapid movement along the chemotactic
gradient.

The neutrophil’s primary objective is to
destroy the microorganism, which is achieved
through phagocytosis followed by intracellular
killing. Specific immunoglobulins, such as IgG,
enhance the phagocytic activity of the neutrophil
and stimulate complement activation. The fusion
of the phagosome with the lysosome, which con-
tains powerful antimicrobial agents, aids in the
killing of the microbe.

Release of reactive oxygen intermediates,
formed by the enzyme NADPH, is the principal
oxygen-dependent mechanism involved in the
killing of microbes in the lysosome. In the neu-
trophil, the respiratory burst catalyzes the reduc-
tion of molecular oxygen (O,) to superoxide
(O3), which is subsequently converted to hydro-
gen peroxide (H,0O,) by superoxide dismutase.
Hydrogen peroxide can form a hydroxyl radical
in the presence of iron or other metals and can
also form hypochlorous acid (HOC]) in the pres-
ence of myeloperoxidase. HOCI is the chemical
that accounts for the cytotoxicity of the neutro-
phil in the presence of nitrogen-containing com-
pounds. Enzymes such as lysozyme, elastase,
lactoferrin, cathepsin, and defensins within the
phagolysosome act synergistically to promote
microbial killing.

8.3.4 Monocytes—-Macrophages

The monocyte—macrophage also plays an impor-
tant role in the response to microbial infection.
There are many similarities between the neutro-
phil and monocyte-macrophage complex. Both
phagocytose and use lysosomes to kill the patho-
gen. Both produce reactive oxygen intermediates
on stimulation by LPS and IFN-y. The monocyte
evolves from a precursor (promonocyte) in the
bone marrow, which undergoes maturation by
acquiring specific granules. The monocyte then
migrates to various tissues and organs where it
further differentiates into macrophages. Tissue
macrophages are the principal effectors in the
defense against intracellular pathogens. They can
phagocytose and destroy many common bacteria,
but with less efficiency than the neutrophil.
Macrophages express adhesion molecules such
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as L-selectin and f; and {3, integrins. This distinc-
tion is important since macrophages can still
migrate to the site of inflammation in patients
with leukocyte adhesion deficiency (lack of f3,
integrin). An important difference between the
neutrophil and the macrophage is that the macro-
phage, after engulfing the bacteria, can present
the antigenic fragments to the T lymphocytes in
the context of major histocompatibility complex
(MHC) class II molecules. This enhances the
release of inflammatory cytokines and the micro-
bicidal activity of the macrophage.

Like neutrophils, macrophages produce reac-
tive oxygen species; however, they also produce
nitric oxide (NO), which has diverse biological
properties. NO is the product of the conversion of
arginine to citrulline by nitric oxide synthase
(NOS). Three isoforms of NOS exist: neuronal
NOS (NOS-1) and endothelial NOS (NOS-3) are
expressed constitutively. Inducible NOS (NOS-2,
or iNOS) found in the macrophage is activated in
response to inflammatory mediators. NO is rela-
tively innocuous but can react with reactive oxy-
gen species to form cytotoxic molecules. For
instance, peroxynitrite is an important reactive
nitrogen intermediate that is formed by the reac-
tion of NO with O3 in inflammatory lesions
in vivo and is responsible for the cytopathic
effects of NO. NO may also react with metallo-
proteins to form S-nitrosothiols. Sustained over-
production of these compounds may lead to
cellular injury and multisystem organ
dysfunction.

8.3.5 Lymphocytes

Lymphocytes and natural killer cells are the pre-
dominant effector cells against intracellular
organisms. Lymphocytes originate from the bone
marrow; however, some leave the bone marrow
to undergo maturation in the thymus. Once
mature, T lymphocytes migrate to peripheral
lymphoid organs such as the spleen, lymph
nodes, and the Peyer’s patches in the intestine,
where they establish residence. Other lympho-
cytes mature in the bone marrow and become B

cells, which produce immunoglobulins. The main
job of T lymphocytes is to regulate cell-mediated
immunity against intracellular pathogens. This
requires recognition of the inciting antigen by
MHC class II proteins, cellular activation, clonal
expansion, and targeted killing. The MHC pro-
teins on cell surfaces govern antigen presenta-
tion. Macrophages, dendritic cells, and
B-lymphocytes can act as antigen-presenting
cells. These cells phagocytose the microbe and
digest it into smaller fragments or peptides that
are then bound to the MHC class II proteins and
then presented to T helper cells. In addition, any
cell that is infected can present microbial anti-
gens on its cell surface using MHC class I mole-
cules. CD8* cytotoxic T lymphocytes then target
these cells and release serine proteases to induce
apoptosis.

8.3.6 Immunoglobulins
Immunoglobulins, or antibodies, represent a
class of proteins that are synthesized from mature
B-lymphocytes or plasma cells. The primary role
of antibodies is to prevent microbial attachment
to, or invasion of, the host epithelium. There are
five major classes of immunoglobulins: IgA, IgG,
IgM, IgD, and IgE. The predominant immuno-
globulins are IgG, IgM, and IgA.

IgM, with its short half-life of 5 days, initiates
the first response to an infection in the blood-
stream. The levels of IgM then start to decrease
while the levels IgG begin to increase. IgG, which
is directed against bacteria and viruses, consti-
tutes 85% of serum immunoglobulins found in
the intravascular and extravascular compart-
ments. The biologic potency of this protein
resides in its ability to opsonize bacteria by bind-
ing the antigen to the neutrophil, monocyte, or
macrophage.

Mucosal immunity is governed by IgA,
which is synthesized by plasma cells within
lymphoid tissue adjacent to the epithelial sur-
face. Once secreted, IgA binds pathogenic
microbes and prevents their attachment to the
epithelial surface.
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8.3.7 Cytokines

Cytokines are glycoproteins that orchestrate the
interactions of immune cells with bacteria. Most
of the immune cells secrete these proteins in
response to an inflammatory or antigenic stimu-
lus. The proinflammatory cytokines include
TNF-a, IL-1, IL-6, IL-8, IL-11, IL-17, and IL-18.
The earliest inflammatory cytokine to arrive at
the site of injury is TNF-a. The principal anti-
inflammatory cytokines are IL-10, IL-27, IL-33,
and transforming growth factor-p (TGF-), which
help neutralize or modulate the production of
inflammatory products from monocytes—macro-
phages. Recent data suggest that I1L-17, IL-27,
and IL-33 may play a novel and synergistic role
in immune dysfunction and host response to sep-
sis and may be reasonable biomarkers for sepsis.

8.4 Neonates
In the United States, approximately half of the
cases of sepsis in the pediatric population occur in
neonates, specifically those born at low birth-
weights. Death or serious disability occurs in 40%
of neonates with sepsis, versus a 10-20% mortal-
ity rate in older children. Neonates are predisposed
to bacterial infections secondary to an immature
cellular and humoral (antibody-mediated) immune
system. The pool of neutrophils in the neonate rep-
resents only 20-30% of the total adult pool and
consists of 60% circulating leukocytes and 15%
immature bands. Neonates also have a limited
ability to increase the pool of circulating neutro-
phils in response to infections. This predisposes
the neonate to severe neutropenia because it takes
at least 5-7 days to increase the formation of
myeloid progenitor stem cells (precursors of neu-
trophils) in response to infections. Neutrophils in
the neonate also demonstrate decreased adhesion
to activated endothelium, less efficient phagocyto-
sis secondary to deficiency in opsonins, and
decreased ability to kill phagocytosed microbes by
oxygen-dependent mechanisms.

T-cell-mediated immunity is also different in
the neonate compared to older children and
adults. There is a decrease in T-cell-mediated

cytotoxicity due to the lack of prior antigenic
exposure and a deficiency in cytokine produc-
tion. Immunoglobulin M is more abundant in
neonatal secretions, and the differentiation of B
cells into IgA- or IgG-producing plasma cells
does not occur for months after birth. The term
neonate relies on the maternal transfer of IgG
across the placenta during the third trimester and
on the mother’s breast milk, which is rich in IgG
and IgA. By the fourth month of life, the neonate
begins to increase production of IgG and the
maternal IgG dissipates. As a result, neonates
exhibit increased susceptibility to infections dur-
ing the first four months of life.

In addition to a deficiency in cell-mediated
and humoral immunity, the neonate is also at risk
for infection due to immaturity of the antibody-
independent complement system. The levels of
key components of the complement system are
decreased, which leads to a diminished capacity
to fight off Gram-negative microbes (C9),
decreased production of chemotactic factor C5a,
and a decrease in functional opsonins due to a
lack of efficient cross-linking (C3b).

Clinical Features
and Diagnosis

8.5

The clinical presentation of sepsis in children and
neonates may be subtle, and the diagnosis is
nuanced in this population. While in the adult
population, defining sepsis has moved toward
clinical models for end-organ dysfunction (e.g.,
SOFA), according to the 2005 International
Consensus Conference on Pediatric Sepsis, pedi-
atric sepsis is still defined based on the presence
of modified SIRS criteria. These criteria consider
the specific physiologic changes that occur as
children age and incorporate guidelines based on
six age groups: newborns (0-7 days), neonates
(7 days—1 month), infants (1-12 months), tod-
dlers (2-5 years), children (6-12 years), and ado-
lescents (12-18 years). Infection may be a
diagnosis of pediatric sepsis that requires pres-
ence or suspicion of an infection, secondary to
viral, bacterial, fungal, or rickettsial pathogens,
and at least two of the following criteria:



92

L. H.Vaughn and J. S. Upperman

1. Fever (core temperature > 38.5 °C) or hypo-
thermia (<36 °C).

2. Tachycardia (heart rate [HR] > 2 standard
deviations above normal for age OR bradycar-
dia (HR < tenth percentile for age) in patients
1 year or greater.

3. Tachypnea (mean respiratory rate [RR] > 2
standard deviations above normal for age) OR
mechanical ventilation (MV) for an acute pro-
cess unrelated to neuromuscular disease or
general anesthesia.

4. Leukocytosis or leukopenia OR 10% imma-
ture neutrophils.

Severe sepsis is defined as sepsis with cardio-
vascular dysfunction, acute respiratory failure, or
dysfunction in two or more other organs. Septic
shock occurs when the cardiovascular dysfunc-
tion is nonresponsive to isotonic fluid administra-
tion in the first hour. Notably, this patient
population often maintains normotension despite
progressive or worsening sepsis and thus hypo-
tension is not required for the diagnosis of septic
shock in children and neonates. Alternatively,
tachycardia and signs of hypoperfusion, includ-
ing increased capillary refill >2 seconds, altered
mental status, decreased peripheral pulses, and
decreased urine output, are more often diagnostic
of shock in this population.

There are several significant changes that
occur in the baseline physiology and response to
injury or infection as children age. The modified
SIRS criteria incorporate these changes and help
guide the physician in diagnosis. For example,
the diagnosis of pediatric SIRS requires the pres-
ence of either fever or leukocytosis but not both.
Less than 50% of neonates with white blood cell
counts greater than 20,000/mm?® or less than
4000/mm?® are ultimately diagnosed with an
infection, and the presence of fever or hypother-
mia may be a more sensitive finding. In addition
to the criteria listed above, the ratio of immature
to total neutrophils may be useful in determining
the likelihood of infection in the neonate. A ratio
greater than 0.2 is a sensitive indicator of infec-
tion. Thrombocytopenia is a nonspecific and late
predictor of neonatal sepsis, but trends in platelet
count are important for the clinician to address.

Similarly, children may maintain normotension
until they have progressed to significant cardio-
vascular collapse. Thus, the modified SIRS crite-
ria allow for the diagnosis of SIRS, sepsis, and
shock in the presence of normotension. In the
neonatal population specifically, hypoxemia, pul-
monary hypertension, and cardiac collapse sec-
ondary to increased pulmonary vascular
resistance during the transition from fetal to neo-
natal circulation further complicate the diagnosis
and management of sepsis.

The most prominent clinical or physiologic
change that occurs in SIRS, sepsis, and shock is
reduced systemic vascular resistance (SVR),
resulting in decreased peripheral extraction of
oxygen. In response to this so-called “warm
shock,” the pediatric patient must increase car-
diac output and increase minute ventilation to
achieve a higher delivery of oxygen to ischemic
tissues. An inadequate increase in oxygen deliv-
ery causes marked anaerobic metabolism and
production of excess lactate. Increased lactate on
hospital admission has been associated with
increased risk for ICU admission, end-organ dys-
function, and mortality.

Notably, up to 50% of pediatric patients pres-
ent with increased SVR or “cold shock,” a phe-
nomenon that is not observed in the adult
population. A higher resting heart rate may lead
to inadequate diastolic filling and resultant
decreased cardiac output (CO). To compensate,
children will initially have an increase in periph-
eral vasoconstriction, and hypotension will not
occur until much later in the clinical course.
Similarly, production of excess lactate may also
be a rather late sign of sepsis and indicate a worse
prognosis in children.

The 2001 International Sepsis Definitions
Conference proposed a purely biochemical or
immunological, rather than clinical, criteria to
identify the inflammatory response in children.
C-reactive protein (CRP), interleukin 6 (IL-6),
and procalcitonin (PCT) were mentioned as
potential markers for use in neonates and pediat-
ric patients. PCT is secreted during Gram-
negative sepsis from an unknown extrathyroidal
source and may be used as a guide for antibiotic
therapy. Maja Pavcnik-Arnol et al. performed a
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prospective observational study investigating
potential biochemical markers that could diag-
nose bacterial sepsis in the neonate. In critically
ill neonates less than 48 hours old, LBP was a
better marker of sepsis on the first day of sus-
pected infection than IL-6 and PCT. In critically
ill neonates older than 48 hours and older chil-
dren, LBP was a better marker than IL-6 and
CRP. In culture-confirmed sepsis, LBP had 91%
sensitivity, 98% negative predictive value, 85%
specificity, and 52% positive predictive value.

When there is suspected infection, cultures
should be obtained from peripheral blood as well
as any indwelling intravenous lines. Peripheral
cultures should be obtained from at least two dif-
ferent venipuncture sites if possible. Once blood-
stream infection is identified, repeat or follow-up
cultures are not necessary in most cases.
Subsequent blood cultures may be justified in
patients who deteriorate clinically or who fail to
improve despite appropriate antibiotic therapy. In
some cases, bacteremia may be prolonged, neces-
sitating further blood cultures during treatment.
Urine cultures as well as lumbar puncture should
be performed during the initial workup.

8.6 Management

Pediatric sepsis and septic shock management
follow closely the guidelines of Pediatric
Advanced Life Support (PALS). Upon recogni-
tion of end-organ dysfunction, the physician
should initiate high flow O, support and establish
intravenous or intraosseous access. The most
prominent feature of pediatric SIRS, sepsis, and
potential progression to septic shock is the
increase in oxygen demand by end organs and a
decrease in peripheral vascular resistance, which
is manifested as a low blood pressure. In the
treatment of sepsis, the goal is to increase oxygen
delivery via aggressive fluid resuscitation, car-
diovascular and respiratory support, and optimiz-
ing electrolytes, as well as hematologic, renal,
metabolic, and nutritional needs. Initial resuscita-
tion should include boluses of 20 mL/kg of iso-
tonic saline up to 60 mL/kg in the first hour. Fluid
boluses are continued until perfusion is improved.

The physician should monitor for hepatomegaly,
rales or crackles on auscultation, or other signs of
volume overload during resuscitation. Fluid
resuscitation of more than 40 mL/kg in the first
hour following emergency department presenta-
tion is associated with improved survival and
decreased occurrence of persistent hypovolemia
and does not increase the risk of cardiogenic pul-
monary edema. Delay in resuscitation as little as
30 min is associated with increased mortality in
children over 2 years old.

If there is persistent hypoperfusion after iso-
tonic fluid resuscitation, vasopressors should be
initiated. The goal of vasopressor support is to
maintain cardiac index between 3.3 and 6 L/min/
m?and SVC oxygen saturation at 70%. Dopamine,
dobutamine, and epinephrine are options for first-
line vasopressor support. A 2015 double-blind,
prospective randomized control trial demon-
strated increased mortality risk with the use of
dopamine when compared to epinephrine.
Norepinephrine is used specifically in the pres-
ence of “warm shock” or hypotension with
decreased SVR. Hydrocortisone administration
can be considered in patients with vasoactive-
resistant shock; however, prospective data are
limited on this therapy.

Fluid resuscitation should continue, and the
physician should monitor the urine output as a
guide to end-organ perfusion and adjust fluid
management accordingly (goal UOP 1-2 ml/
kg/h). In addition, the use of mechanical ventila-
tion may help relieve failing respiratory muscles.
Adjustment to the respiratory rate or to the oxy-
gen concentration on the ventilator is governed
by arterial blood gas.

Source control with antimicrobial therapy is
the cornerstone of the treatment of presumed sep-
sis or SIRS. Broad-spectrum antibiotics should
be started within 1 hour of the first signs of sep-
sis, and source control should occur rapidly
thereafter. Empiric antibiotic therapy should
include coverage of both Gram-negative and
Gram-positive organisms. Most children with
sepsis or SIRS are diagnosed with Gram-negative
bacterial infections from E. coli, P. aeruginosa,
Klebsiella, and Bacteroides species. In neonates
or term infants, the most common organisms
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encountered are group B streptococcus, E. coli,
and L. monocytogenes. Although culture is not
required for the diagnosis of SIRS, sepsis, or sep-
tic shock, antibiotics should be tailored based on
available culture data, and consultation with
expert pediatric infectious disease specialists
may be indicated to guide narrowing therapy or
for multidrug-resistant infections. Empiric anti-
fungal therapy may be indicated in patients with
persistent fever or leukocytosis despite empiric
antibiotics and unknown sources.

During systemic Gram-negative and Gram-
positive bacterial infections, activation of the
coagulation cascade is mediated by the extrinsic
tissue factor pathway. Activated protein C is an
endogenous regulator of coagulation and
inflammation and is a promising therapeutic
target in patients with severe sepsis. The
PROWESS (Protein C Worldwide Evaluation in
Severe Sepsis) study was a large multicenter
randomized, double-blind, placebo-controlled
trial in adult patients with severe sepsis. The
trial demonstrated a decrease in the 28-day
mortality from all causes in adults with sepsis
treated with recombinant human activated pro-
tein C. Additional prospective studies are needed
to determine if activated protein C is a viable
option in the pediatric population.

Sepsis and SIRS cause a release of inflamma-
tory cytokines and hormones that lead to hyper-
glycemia. Increased peripheral insulin resistance
is caused by a release of cortisol, TNF-a, and
IL-1. In addition, there is an increase in hepatic
glucose production, which causes hyperglyce-
mia. Van den Berghe and colleagues demon-
strated that tight glycemic control with a blood
glucose level of 80-110 mg/dl decreases in-
hospital mortality by 34% in a mixed medical-
surgical ICU (predominantly adult cardiac
surgery patients) compared to patients with a tar-
geted blood glucose level of 180-200 mg/dl. In
septic neonates and children, hyperglycemia cor-
relates with prolonged ventilator dependency and
increased hospital length of stay.

Nutritional support during sepsis is para-
mount. The advantages of enteral feeds when
compared to parenteral nutrition include buffer-

ing gastric pH, avoiding the use of centrally
placed catheters, preserving of gut mucosa, limit-
ing the introduction of bacteria and toxins from
the gastrointestinal tract into the circulation, and
preserving a more physiologic pattern of enteric
hormone secretion.

Transfer to a pediatric tertiary care center
should be initiated for any pediatric patient
requiring vasoactive support. However, initial
resuscitation should not be delayed to accommo-
date transfer.

8.7  Outcomes

Overall mortality from sepsis has decreased sig-
nificantly in the pediatric population in the past
40 years, with currently reported mortality rang-
ing from 10% to 20%. However, sepsis remains
the leading cause of death in children world-
wide, and the incidence continues to increase
due to better diagnostic tools and understand-
ing. Outcomes are impacted by time to resusci-
tation and clinical characteristics at the time of
presentation. For every hour without adequate
resuscitation, mortality increases by 40%. Goal-
directed fluid resuscitation and vasoactive sup-
port in the first 72 hours reduce overall mortality.
Furthermore, if hypotension is adequately
reversed in the emergency room, mortality is
reduced twofold.

8.8  Conclusion

Despite advances in the diagnosis and manage-
ment of sepsis, it remains a major cause of death
in children worldwide. Most commonly observed
secondary to bacterial infection, the development
of sepsis is influenced by the host defense and
immune system as well as virulence of the patho-
gen. In children, sepsis is diagnosed based on a
modified SIRS criteria, which includes fever or
leukocytosis with tachycardia or tachypnea.
Management of sepsis follows PALS guidelines
for resuscitation and prioritizes delivery of oxy-
gen therapy as well as fluid resuscitation and
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early administration of broad-spectrum antibiot-
ics. Outcomes in children with sepsis are
impacted greatly by time to appropriate fluid
resuscitation and antibiotic administration, and
overall mortality ranges from 10% to 20% in this
population.
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