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“Children are not Small Adults!”
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Abstract: The recognition, diagnosis, and management of sepsis remain among the greatest challenges in pediatric critical
care medicine. Sepsis remains among the leading causes of death in both developed and underdeveloped countries and has
an incidence that is predicted to increase each year. Unfortunately, promising therapies derived from preclinical models
have universally failed to significantly reduce the substantial mortality and morbidity associated with sepsis. There are
several key developmental differences in the host response to infection and therapy that clearly delineate pediatric sepsis
as a separate, albeit related, entity from adult sepsis. Thus, there remains a critical need for well-designed epidemiologic
and mechanistic studies of pediatric sepsis in order to gain a better understanding of these unique developmental
differences so that we may provide the appropriate treatment. Herein, we will review the important differences in the
pediatric host response to sepsis, highlighting key differences at the whole-organism level, organ system level, and

cellular and molecular level.

Keywords: Pediatrics, sepsis, shock, severe sepsis, septic shock, SIRS, systemic inflammatory response syndrome, critical care.

THE PEDIATRIC HOST RESPONSE TO SEPSIS
Key Differences at the Whole-organism Level

Perhaps one of the most striking differences in pediatric
versus adult sepsis is that the mortality rate is much lower in
children compared to adults [1, 2]. Mortality for pediatric
sepsis in several recent series ranges between 10-20% [2-7].
While the overall mortality has declined significantly since
the early 1980’s, the mortality rate for pediatric sepsis has
remained more or less constant over the last 10 years [2-4, 6-
12] (Fig. 1). In comparison, mortality is much higher in
adults with sepsis [1], ranging between 35-50% in recent
series [1, 13-15]. The reduction in the overall mortality rate
from sepsis has been less significant compared to the
pediatric experience, and further progress has been stagnant
over the last decade (Fig. 2). Some of these differences in
mortality between children and adults with sepsis may relate
to the presence of co-morbid conditions in critically ill
adults, e.g. atherosclerosis, coronary artery disease, obesity,
chronic obstructive pulmonary disease (COPD), diabetes
mellitus, and hypercholesterolemia. However, the presence
of co-morbid conditions (e.g. prematurity, congenital heart
disease, cancer, solid organ and hematopoietic stem cell
transplantation) in critically ill children also significantly
increases the risk of mortality [2, 16]. More importantly, as
more and more children survive diseases that were
previously fatal, such as leukemia, extreme prematurity, and
liver failure, these co-morbid conditions will have an even
greater impact on both the incidence and outcome of sepsis
in children.
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Sepsis is exceedingly more common in children less than
1 year of age, with rates 10-fold higher during infancy
compared to childhood and adolescence [2]. There are stark
differences in the epidemiology and pathophysiology of
sepsis during infancy, especially in the neonatal period, that
become less distinct with increasing age [16]. For example,
congenital heart disease and chronic lung disease are the
most common underlying co-morbid conditions observed in
infants with sepsis. In contrast, the childhood sepsis
landscape is dominated by co-morbid conditions such as
neuromuscular disease and cancer [2, 16]. The site of
infection also appears to be age-dependent, as infants with
sepsis tend to present with primary bacteremia, while older
children with sepsis present with respiratory infection and
secondary bacteremia. Importantly, the stark differences
between pediatric sepsis and adult sepsis become less
distinct with increasing age.

The developmental differences between children and
adults have very important implications on the unique
epidemiology, pathophysiology, and management of sepsis
in children compared to adults [17]. Moreover, the
differences between children at various stages in
development also greatly impact the host response to
infection, as well as the host response to therapy. One of the
particular challenges in pediatric critical care medicine is
dealing with these developmental differences that greatly
impact the pathophysiology of disease states, like sepsis.
Given the importance of pediatric sepsis to the health care
system, the need for further epidemiologic studies to help
discern the effects of age on the host response to sepsis are
clearly necessary.

Key Differences at the Organ-system Level
Overwhelming sepsis frequently manifests with concurr-

ent derangements in cardiovascular function, intravascular
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Fig. (1). Is the mortality rate decreasing in children with sepsis? A PubMed search using the MeSH headings “SIRS”, “sepsis”, “severe

sepsis”, and “septic shock™ was performed (1980-2009). Only studies involving children were included in the review. Landmark and pivotal
studies on sepsis (either epidemiologic studies or randomized, controlled clinical trials of therapeutic agents) were reviewed. The mortality
rate in each study was recorded and graphed by year (in the case of randomized, controlled clinical trials of therapeutic agents, only the

mortality in the placebo group was recorded).
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Fig. (2). Is the mortality rate decreasing in adults with sepsis? A PubMed search using the MeSH headings “SIRS”, “sepsis”,

ELTS

severe

sepsis”, and “septic shock” was performed (1980-2009). Landmark and pivotal studies on sepsis (either epidemiologic studies or
randomized, controlled clinical trials of therapeutic agents) were reviewed. The mortality rate in each study was recorded and graphed by
year (in the case of randomized, controlled clinical trials of therapeutic agents, only the mortality in the placebo group was recorded).

volume status, respiratory function, immune/inflammatory
regulation, renal function, coagulation, hepatic function, and
metabolic function — sepsis literally affects every organ
system to some degree. The degree to which any of these
derangements are manifest in any given patient is highly
variable and influenced by multiple host and pathogen
factors, including the patient’s age, the presence or absence
of co-morbid conditions as discussed above, the patient’s
underlying immune status, the patient’s genetic background,
and even the specific pathogen involved [17-19]. Age-
specific differences in hemoglobin concentration and
composition, heart rate, stroke volume, blood pressure,
pulmonary vascular resistance, systemic vascular resistance,
metabolic rate, glycogen stores, and protein mass are the
basis for many of the age-specific differences in the
cardiovascular and metabolic responses to sepsis [16, 17, 20-

22]. For example, newborn infants have comparatively
higher heart rates, lower stroke volumes, near systemic
pulmonary artery blood pressures, and higher metabolic rates
with high energy needs, but the lowest glycogen stores and
protein mass for glucose production [20, 22]. A complete
picture of pediatric sepsis therefore requires a thorough
understanding of these developmental differences and how
they contribute to organ dysfunction in the critically ill
pediatric patient with sepsis. We will primarily concentrate
on the developmental differences in the cardiovascular,
respiratory, renal, and coagulation systems.

Distribution of Body Fluids

Total body water (TBW) as a percentage of body weight
decreases rapidly with age (Fig. 3) [20, 22-26]. It therefore
would be logical to assume that children, due to their
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Fig. (3). The effect of age on normal distribution of body fluids.
Total body water (TBW), which consists of the intracellular (ICF)
and extracellular (ECF) fluid compartments, as a percentage of
body weight decreases rapidly with age. The ECF compartment
consists of the plasma volume (5% TBW) and the interstitial
volume (15% TBW). The ECF volume decreases rapidly during the
first year of life, while the ICF volume remains relatively constant.
Fluid losses usually affect either the interstitial or intracellular
compartments [20, 22-26].

relatively greater percentage of TBW, are relatively
protected against intravascular volume loss. Unfortunately,
this is not the case, primarily because fluid losses are
proportionately greater per kilogram of body weight in
children versus adults. For example, 10% dehydration in a 6
month-old child weighing 7-kg is equivalent to
approximately 700 mL, which is roughly one-tenth the total
volume loss required to produce the same degree of
dehydration in a 70-kg adult (approximately 7000 mL fluid
loss) [20]. The normal distribution of TBW is age-dependent
as well. TBW consists of the intracellular (ICF) and
extracellular (ECF) fluid compartments. The ECF
compartment consists of the plasma volume (5% TBW) and
the interstitial volume (15% TBW). The ECF volume
decreases rapidly during the first year of life, while the ICF
volume remains relatively constant [20, 22-26]. Infants and
young children have a proportionally higher ratio of ECF to
ICF (Fig. 3), which predisposes them to rapid fluid losses,
increasing their vulnerability to hypovolemic shock. In fact,
experimental models utilizing radio-labeled albumin
demonstrate that the percentage of body weight lost is
directly proportional to the percentage of plasma volume lost
(e.g., children who lose 5% of their body weight have lost
approximately 5% of their plasma volume) [27].

Differences in Cardiovascular Function

While decreased intravascular volume (either absolute or
relative, as occurs due to third spacing) is the most frequent
cause of shock in children [28], abnormalities in
vasoregulation and myocardial dysfunction likely play a
greater role in neonates and young infants [29-33].
Numerous investigators have failed to demonstrate an
increase in blood pressure with expansion of the plasma
volume in the neonatal age group — the use of dopamine
appears to be much more effective in this regard [28, 31, 34-
36]. Unfortunately, an understanding of the physiologic basis
for these abnormalities in peripheral vasoregulation during
the neonatal period is far from complete.
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Myocardial dysfunction is likely to play a greater role in
the pathophysiology of shock in the pediatric age group [29-
32, 36-38]. There are significant differences in both
myocardial structure and function that compromise the
compensatory response to sepsis [38-40]. For example,
important changes in excitation-contraction coupling occur
due to the immaturity of the calcium regulation system (T
tubules, sarcoplasmic reticulum, L-type Ca2’ channels).
These developmental differences lead to alterations in the
normal mechanisms leading to the Ca**-induced Ca”" release
(CICR) that triggers excitation-contraction coupling, such
that the neonatal myocardium is more dependent upon
extracellular calcium versus intracellular calcium for
contractility compared to the mature heart [41-45]. These
developmental differences further explain the extreme
sensitivity of neonates to calcium channel antagonists [42].
Indeed, some authors have suggested that calcium chloride is
an effective inotrope in neonates after cardiopulmonary
bypass [46]. Further notable differences in the neonatal
myocardium include decreased expression of ATP-sensitive
K" channels (Karp) [47] and alterations in B-adrenergic
receptor signal transduction [48]. Katp channels are inhibited
by intracellular ATP and activated by intracellular
nucleoside diphosphates (e.g. ADP). These channels are
activated in response to ischemia or hypoxia and are
therefore important for the adaptations that must occur in
sepsis [49-52].

Left ventricular systolic performance in neonates and
young infants is critically dependent upon afterload [53, 54].
An abrupt increase in afterload in the setting of shock and
vasoconstriction would therefore result in markedly reduced
left ventricular systolic performance and myocardial
dysfunction. The neonatal myocardium has a relatively
decreased left ventricular mass in comparison to the adult
myocardium [55, 56], as well as an increased ratio of type I
collagen (decreased elasticity) to type III collagen (increased
elasticity) [57]. Of note, the re-modeling that occurs
following an acute myocardial infarction (AMI) leads to a
similar increased ratio of type I collagen to type III collagen,
which may explain in part the decrease in myocardial
function that occurs in adults following an AMI [58]. Similar
changes are observed in the myocardium of patients with
dilated cardiomyopathy [59]. In addition, the neonatal
myocardium in particular functions at a relatively high
contractile state, even at baseline [38, 53]. Collectively, these
developmental changes result in a relatively limited capacity
to increase stroke volume during stress [38, 56, 60], and
hence neonates and young infants are critically dependent
upon an increase in heart rate to generate increased cardiac
output during stress. Unfortunately, myocardial perfusion
occurs to the greatest degree during diastole and depends
directly upon the difference between diastolic blood pressure
and left atrial pressure, and inversely with heart rate (as an
indirect measure of diastolic filling time). As the heart rate
increases, diastolic filling will eventually reach a point at
which further increases in cardiac output are limited [22].

Collectively, the differences in myocardial structure and
function discussed above may explain the differences in the
hemodynamic response, as well as the response to
therapeutic agents in children versus adults. Again,
myocardial dysfunction appears to play a greater
pathophysiologic role in pediatric sepsis. In what is now
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considered a classic study, Ceneviva and colleagues [61]
categorized 50 children with fluid-refractory shock based
upon hemodynamic data obtained with a pulmonary artery
(PA) catheter into one of three possible hemodynamic
derangements (i) a hyperdynamic state characterized by a
high cardiac output (> 5.5 L/min/m* BSA) and low systemic
vascular resistance (< 800 dynes sec/cm’) (classically
referred to as warm shock); (ii) a hypodynamic state
characterized by low cardiac output (< 3.3 L/min/m* BSA)
and low systemic vascular resistance (SVR); or (iii) a
hypodynamic state characterized by low cardiac output and
high SVR (> 1200 dynes sec-cm’) (classically referred to as
cold shock). In contrast to adults in which the early stages of
septic shock is characterized by a high cardiac output and
low SVR, most of these children were in a hypodynamic
state characterized by low cardiac output and high systemic
vascular resistance (cold shock) and required the addition of
vasodilators to decrease SVR, increase cardiac output, and
improve peripheral perfusion [61]. Children with low cardiac
output (as defined by a cardiac index less than 2.0 L/min/m’
BSA) had the highest risk of mortality. These findings have
been confirmed in multiple studies [9, 62-66]. For example,
Reynolds et al. [62] reported that pediatric burn victims with
fluid-refractory shock had decreased left ventricular stroke
work (LVSW) and responded to inotropic support with
improvements in cardiac output. Feltes et al. [66] reported
echocardiographic findings consistent with decreased left
ventricular systolic function and increased afterload in 5 out
of 10 children with septic shock.

Differences in Respiratory Function

Acute respiratory failure is a major cause of morbidity
and mortality in critically ill children with sepsis.
Developmental differences contribute to the prevalence and
impact the management of acute respiratory failure in the
pediatric age group. For example, the pediatric upper airway
is markedly different from the adult upper airway. The main
differences include (i) a proportionally larger head and
occiput (relative to body size), causing neck flexion and
potential airway obstruction when lying supine; (ii)) a
relatively larger tongue, relative to the size of the oral cavity;
(iii) decreased muscle tone, resulting in passive obstruction
of the airway by the tongue; (iv) a shorter, narrower,
horizontally positioned, softer, omega-shaped epiglottis; (v)
cephalad and anterior position of the larynx; (vi) shorter,
smaller, narrower trachea; (vii) funnel-shaped versus
cylindrical airway, such that the narrowest portion of the
airway is located at the level of the cricoid cartilage; (viii)
prominent adenoidal and tonsillar lymphoid tissue that can
contribute to airway obstruction [67]. Collectively, these
anatomic differences render children more susceptible to
acute airway obstruction and may complicate airway
management in the critically ill child with septic shock.

Similarly, there are several key developmental
differences that predispose children to acute respiratory
failure [68-70]. Infants and young children have fewer
alveoli compared to adults (approximately 20 million alveoli
after birth to 300 million alveoli by the age of 8 years) [71-
73]. The size of each individual alveolus is smaller in
children (150-180 pm diameter versus 250-300 um diameter)
[74]. Together, these two anatomic differences markedly
decrease the surface area available for gas exchange. The
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airways enlarge both in length and diameter with age.
However, growth of the distal airways lags behind that of the
proximal airways during the first 5 years of life, accounting
for the increased peripheral versus central airways resistance
in children relative to adults [75] (Fig. 4). According to
Poiseuille’s law, resistance is inversely proportional to the
radius of the airway to the fourth power, such that a similar
reduction in airway caliber (e.g. by mucus, bronchospasm,
edema, etc.) results in a greater decrease in the total cross-
sectional area of the airway, as well as a relatively greater
increase in resistance in children versus adults (Fig. 5). The
cartilaginous support of the peripheral airways is less well
developed, increasing the risk of dynamic compression with
high expiratory flow rates (e.g. as occurs during crying,
coughing, or respiratory distress). Finally, the pathways of
collateral ventilation (e.g., pores of Kohn) are not fully
developed in young children. These pathways allow alveoli
to participate in gas exchange even in the presence of an
obstructed distal airway. Collectively, these important
anatomic differences significantly increase the risk of
atelectasis in children [69, 76].

The developmental influences on respiratory mechanics
are also critically important [77]. For example, the ribs are
more horizontally aligned in young infants and children
compared to adults, which makes it difficult to generate a
greater negative intrathoracic pressure in the presence of
poor lung compliance. The elastic recoil pressure of the
alveoli is reduced in children, which increases the risk of
alveolar collapse in the presence of altered lung compliance.
Similarly, the infant’s chest wall is soft and compliant,
providing little opposition to the natural recoil (deflating
tendency) of the lungs. This leads to a lower functional
residual capacity in pediatric patients than in adults, which in
young infants may even approach the critical closing volume
of the alveolus (Fig. 6). These developmental changes in
both chest wall and lung compliance require the infant to
perform more work than an adult to generate the same tidal
volume. During an episode of respiratory distress, an infant
will develop severe retractions in order to maintain
acceptable oxygenation and ventilation. Unfortunately, a
significant portion of the energy generated is wasted through
the distortion of the highly compliant rib cage during
negative pressure generation from contraction of the
diaphragm [78]. More importantly, some infants will stop
breathing from fatigue when faced with excessive respiratory
demands. This impression of diaphragmatic fatigue and
failure has been confirmed through electromyographic
measurements of the diaphragms of fatiguing infants who
become apneic in the face of increased work of breathing
[79, 80]. Collectively, all of these factors increase the risk of
acute respiratory failure in children [69, 70, 77].

Ventilation-perfusion mismatching is one of the most
common causes of hypoxemia in pediatric patients with
sepsis. Under normal conditions, both ventilation and
perfusion decrease significantly from the base of the lung to
the apex, though perfusion decreases at a far more rapid rate
[81]. The effect of gravity on the thorax creates an
intrapleural pressure gradient that distributes gas to the
alveoli heterogeneously. Thus, the greater gravitational
pressure at the base of the lung generates less intrapleural
pressure and so expands these alveoli less. This creates a
seeming paradox in the normal lung, where lower volume
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Fig. (4). Developmental influences on airway conductance in central versus peripheral airways (Note: Airway conductance is the
inverse of airway resistance). The growth of the peripheral airways lags behind that of the central airways. As such, peripheral airway
conductance increases with age — hence, peripheral airway resistance is higher in children compared to adults. Copied with permission from

Hogg IC, N Eng J Med 1970; 282:1283.

alveoli have greater compliance and are more easily inflated
then higher volume alveoli because they are situated on the
steeper segment of the pressure-volume curve [81]. This
results in increased ventilation in the dependent lung regions.
Therefore, while the average ventilation/perfusion ratio is
equal throughout the entire lung, there is greater ventilation
to perfusion at the apex; while at the base, blood flow is in
excess of ventilation (Fig. 7). Pulmonary edema and
inflammation in patients with sepsis worsen compliance and
exaggerate the intrapleural pressure gradient. As intrapleural
pressure exceeds alveolar pressure, atelectasis or closure of
lung units in dependent lung regions will occur during a
portion of tidal ventilation. This inverts the normal
distribution of ventilation causing the apex of the lung to
receive improved ventilation. While there are significant
changes in the distribution of alveolar ventilation, perfusion
is less affected. Perfusion continues to be greatest at the base
of the lungs, such that poorly ventilated lung units continue
to be perfused. There is evidence to suggest important
differences in children versus adults with regards to regional
differences in ventilation during sepsis. For example, in
adults with unilateral lung collapse, ventilation and perfusion
are better matched if patients are positioned with the “good
lung” in a dependent position (“good lung down”).
Conversely, in children with unilateral lung collapse,

ventilation and perfusion are better matched if patients are
positioned with the “good lung” in a non-dependent position
(“bad lung down”) [82-85].

Sepsis is one of the most common causes of acute lung
injury (ALI) and acute respiratory distress syndrome
(ARDS) [86]. The Surviving Sepsis Campaign [87]
recommends a target tidal volume (Vr) of 6 mL/kg predicted
body weight in critically ill adults with ALI/ARDS, based on
the results of the ARDS Network study of low tidal volume
ventilation [88]. While a similar study has not been
performed in critically ill children, most authorities
recommend a similar low Vr strategy in critically ill children
with sepsis [89]. These recommendations are based largely
upon extrapolation from studies performed in critically ill
adults, as well as the observation that this strategy has been
utilized in several recently completed or ongoing multi-
center, randomized, controlled trials in critically ill children
with acute lung injury with acceptable results [90-92]. There
have been relatively few studies comparing the susceptibility
to ventilator-induced lung injury (VILI) in children versus
adults. Adkins and colleagues [93] reported that the lungs of
young, newborn rabbits were more susceptible to the
development of ventilator-induced lung injury (VILI) due to
increased lung and chest wall compliance and larger
distending volumes at high peak airway pressures compared
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Fig. (5). Model of the age-dependent effects of a reduction in airway caliber on the airway resistance and airflow. Normal airways are
represented on the left (top, infants; bottom, adults), edematous airways are represented on the right. According to Poiseuille’s law, airway
resistance is inversely proportional to the radius of the airway to the fourth power when there is laminar flow and to the fifth power when
there is turbulent flow. One mm of circumferential edema will reduce the diameter of the airway by 2 mm, resulting in a 16-fold increase in
airway resistance in the pediatric airway versus a 3-fold increase in the adult (cross-sectional area reduced by 75% in the pediatric airway
versus a 44% decrease in the adult airway). Note that turbulent air flow (such as occurs during crying) in the child would increase the

resistance by 32-fold.

to adult rabbits. However, Kavanagh’s group has published
several studies using a rodent model of ventilator-induced
lung injury (VILI) suggesting that newborns may not be as
susceptible to the adverse effects of VILI compared to adults
[94-96].

A recent single center, retrospective study compared the
mortality in critically ill children with ALI from a time
period before low Vr ventilation was prevalent—the “past”
group (1988-1992)—with that of critically ill children with
ALI from an era when low V7 ventilation had become well
established in adult critical care—the “recent” group (2000-
2004) [97]. There were no significant differences between
the two groups with regard to demographics, severity of
illness, or baseline respiratory parameters. Data from the first
three days of mechanical ventilation show that the recent
group indeed had a lower mean Vr/kg (8.1 + 1.4 mL/kg vs.
10.2 + 1.7 mL/kg, p<0.001), with resultant lower peak
inspiratory pressure (PIP) (27.8 £ 4.2 mm Hg vs. 31.5+ 7.3
mm Hg, p<0.001) and higher PaCO, (47.2 + 11.8 torr vs.
37.0 £ 5.0 torr, p<0.001). The recent group also had a higher
positive end-expiratory pressure (PEEP) (7.1 £ 2.4 mm Hg
vs. 6.1 £2.7 mm Hg, p=0.007), lower PaO2 (78.9 £+ 14.9 torr
vs. 84.4 + 14.4 torr, p=0.017), and higher oxygenation index
(17.7 £ 5.3 vs. 147 + 5.0, p<0.001). The PaO,/FIO, ratio
trended lower in the recent group, but this was not
statistically significant. More importantly, the recent group
had significantly lower mortality (21% vs. 35%, p=0.04) and
more ventilator-free days (16.0 £ 9.1 days vs. 12.7 £ 10
days, p=0.03). Multi-variate analysis showed that increased
tidal volume, increased PRISM III score, and
immunodeficiency were each independently associated with
increased mortality in the past group. Neither era of
treatment, indices of lung function, nor ventilation variables
other than tidal volume were independently associated with
mortality.

Interestingly, Erickson and colleagues [98] published the
results of a prospective, observational study of ALI which

included nearly all of the pediatric intensive care units in
Australia and New Zeland. Contrary to the results reported
above, and perhaps consistent with Kavanagh’s animal data
[94-96], this study found that increased tidal volumes were
associated with decreased mortality. These investigators
noted that the majority of patients in their study received
pressure control ventilation, and thus higher tidal volumes
may have resulted from increased compliance (implying less
severe lung disease.) This point is buttressed by the fact that
higher PIP’s were associated with increased mortality in this
same study, and (assuming similar inspiratory times)
increased tidal volumes would require higher PIP’s in
patients whose lung compliance was similar [99, 100].

Collectively these studies further highlight the
differences between critically ill children and adults, as well
as the dangers of extrapolating the results of adult trials to
children. In addition, these studies further highlight the need
for a randomized, controlled clinical trial of low tidal volume
ventilation in pediatric ALI, perhaps comparing tidal
volumes of 6 mL/kg to 8 mL/kg. While such a trial would be
challenging, given the lack of equipoise based on these
conflicting data and the recent success of groups such as the
Pediatric Acute Lung Injury and Sepsis Investigators
(PALISI), Canadian Critical Care Trials Group (CCCTG),
and the Paediatric Study Group of the Australian and New
Zealand Intensive Care Society, such a trial is both necessary
and feasible.

Differences in Renal Function

Acute kidney injury (AKI), formerly known as acute
renal failure, continues to represent a very common and
potentially devastating problem in critically ill children and
adults [101-105]. Unfortunately, the mortality and morbidity
associated with AKI remain unacceptably high, with
mortality rates approaching 80% in critically ill children and
adults with multiple organ dysfunction syndrome (MODS).
While this dismal prognosis is partly attributable to other co-
morbid conditions, recent studies have revealed that AKI
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Fig. (6). Changes in total respiratory system compliance (RS), chest
wall compliance (CW), and lung compliance (L) as a function of
age. Two theoretical pressure-volume curves are provided for
comparison — the top curve shows a pressure-volume curve in an
adult, while the bottom curve shows a pressure-volume curve in a
neonate. The normal elastic properties of the lung and chest wall
are such that there is an inward elastic recoil of the lung (lung tends
to collapse) and outward elastic recoil of the chest wall (chest wall
tends to expand). At functional residual capacity (FRC) (depicted
as the volume at which the airway pressure on the respiratory
system pressure-volume curve is zero, EEV), these forces are in
equilibrium. Note that the FRC is lower in children compared to
adults. Also note that at FRC, the corresponding airway pressure on
the chest wall curve is negative (i.e. at this volume, the natural
tendency of the chest wall is to expand). The chest wall is in
equilibrium (i.e. volume at which the corresponding airway
pressure is zero) at a higher percentage of total lung capacity (TLC)
in adults compared to children (due to increased chest wall
compliance in children). Finally, also note that the closing volume
depicted as CC) approaches FRC in children compared to adults.
Adapted from West JB. Ventilation/Blood Flow and Gas Exchange.
3" edition. Oxford: Blackwell; 1977. p33-52.

may be an independent risk factor for mortality in both
critically ill children [106-108] and adults [109-112]. In
other words, critically ill patients are not just dying with
AKI, but importantly, in many cases, critically ill patients are
dying from AKI. Sepsis remains a significant risk factor and
one of the leading causes of AKI in critically ill children
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[104, 106, 107, 113-119]. While the pathophysiology of AKI
in sepsis is somewhat controversial, most experts now
believe that the prevailing mechanisms do not involve
alterations in renal blood flow, but rather cellular injury
arising from immunologic, toxic, and inflammatory factors
[120-123]. While we are not familiar with any studies that
specifically describe the developmental influences on sepsis-
induced AKI, there are a few studies suggesting that the
renal response to hemorrhagic shock is influenced by stage
of maturation [124-126]. Moreover, the kidney’s response to
prostaglandins, an important regulator of renal blood flow
appears to be developmentally regulated [127, 128]. Clearly
more studies need to be done, but collectively these studies
offer insight into the potential maturational influences on
sepsis-induced AKI.

Differences in the Coagulation Cascade

Disturbances in coagulation are common in both
critically ill children and adults with sepsis. Sepsis is one of
the most common causes of disseminated intravascular
coagulation (DIC). DIC results from uncontrolled thrombin
generation and subsequent microvascular thrombosis,
resulting in end organ dysfunction and paradoxically,
bleeding diathesis due to the consumption of coagulation
factors [129, 130]. As such, DIC represents a major risk
factor for developing the multiple organ dysfunction
syndrome (MODS) [131] and has been associated with
increased risk of mortality in critically ill children [129, 132]
and adults with sepsis [133, 134]. Again, there are important
developmental differences in the coagulation and fibrinolytic
system that are likely to impact the pathophysiology and
management of DIC in children versus adults [135]. For
example, neonates and infants less than one year of age
appear to be at an increased risk for bleeding complications,
primarily due to lower circulating levels of vitamin K-
dependent procoagulant factors (factor II, VII, IX, and X), a
decreased capacity to generate thrombin, and decreased
circulating levels of coagulation inhibitors. Importantly,
while the neonatal coagulation system contains all of the
essential factors necessary for an intact coagulation system,
the amounts of the individual coagulation factors are
decreased relative to adult levels [135]. Similarly, while
there are no distinct differences in platelet quantity between
children and adults, platelets are relatively hyporesponsive to
physiologic agonists, resulting in an increased risk of
bleeding, especially in the neonatal period [136]. These
unique differences may partly explain the increased risk of
mortality in younger children with DIC, compared to older
children [137].

Key Differences in the Inmune System

Aside from the important physiologic differences
discussed above, there is now a growing body of literature to
suggest that there are important differences in the host
response to sepsis between children and adults that occur at
the cellular and molecular level. There appears to be a
bimodal age distribution in sepsis mortality, such that the
very young and very old are at a significantly increased risk
for death. Young mice (age 4 months - roughly equivalent to
a human age of approximately 15 years) subjected to cecal
ligation and puncture (CLP) had a lower mortality from
sepsis (20% mortality at 10 days) compared to both adult
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Table 1.

Deficits in the Innate and Adaptive Immune Response in Neonates. Adapted from [140]

Deficits in Innate Inmune Response

Deficits in Adaptive Inmune Response

Decreased serum complement components

Greater requirement for CD4 T-cell stimulation

Defective neutrophil function

(decreased chemotaxis, phagocytosis, respiratory burst)

Tu2-skewed and attenuated CD4 T-cell cytokine response

Impaired Antigen Presenting Cell (APC) function

Poor CD4 T-cell-dependent B cell stimulation

Depressed Natural Killer (NK) cell function

Decreased CD8 T-cell cyotoxic activity

Immature Dendritic Cells

Weak humoral response (primarily IgM)

Impaired cytokine response to pathogens

Poor antibody response to polysaccharide antigens

Impaired response to TLR agonists

Immature (underdeveloped) spleen and lymph nodes

Decreased MHC Class 2 expression on APC’s

Limited antecedent exposure (no immunologic memory)

Decreased opsonin production

Presence of interfering maternal antibodies

mice (age 12 months — roughly equivalent to a human age of
40 years) (70% mortality at 10 days; p=0.0013 compared to
young mice) and aged mice (age 24 months — roughly
equivalent to a human age of approximately 80 years) (75%
mortality at 10 days; p=0.0001 compared to young mice).
Consistent with the increase in mortality in the older mice,
the host inflammatory response, as determined by plasma
levels of interleukin (IL)-6 and tumor necrosis factor (TNF)-
a was more pronounced as well [138]. Unfortunately, this
particular study did not examine mortality following CLP in
immature mice. However, Wynn and colleagues compared
the host inflammatory response and subsequent mortality in
a fecal slurry model of generalized peritonitis between
neonatal mice (age 5-7 days) and young adult mice (age 7-10
weeks). Compared with young adult mice, sepsis was
associated with a markedly attenuated systemic inflammatory
response and increased mortality [139].

The differences in the neonatal innate and adaptive
immune response compared to adults have recently been
reviewed [17, 140] (Table 1). Consistent with the studies in
animal models described above, important developmental
differences in the host inflammatory response have been
observed in clinical studies as well. Barsness and colleagues
collected peritoneal macrophages during laparoscopic
surgery in children (mean age 3.6 years) and adults (mean
age 46.9 years) and treated them ex vivo with IL-1B [141]
and LPS [142]. Both IL-1B- and LPS-induced TNF-a and IL-
6 production were markedly increased in the peritoneal
macrophage cultures obtained from children versus adults.
The anti-inflammatory response, as determined by IL-10
production, was even greater in the cultures obtained from
children. Finally, the ratio of IL-10 to TNF-a was much
higher in the peritoneal macrophage cultures obtained from
children compared to adults, suggesting a predominant anti-
inflammatory phenotype [141, 142]. The compensatory anti-
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inflammatory response may therefore play a greater role in
the pathophysiology of septic shock and multiple organ
failure in children versus adults [143].

CONCLUSION

The developmental differences between children and
adults have very important implications on the unique
epidemiology, pathophysiology, and management of sepsis
in children compared to adults. Indeed, there are important
developmental differences in the host response to infection
and therapy at the whole organism, organ system, cellular,
and molecular level. These unique developmental differences
further highlight the pitfalls of extrapolating the results of
adult studies to children. Additional studies targeting sepsis
in the pediatric population are urgently required.
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