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SYNOPSIS

Sepsis remains an important challenge in pediatric critical care medicine. The current review
intends to provide an appraisal of adjunctive therapies for sepsis and to highlight opportunities for
meeting selected challenges in the field. Future clinical studies should address long-term and
functional outcomes, as well as acute outcomes. Potential adjunctive therapies such as
corticosteroids, hemofiltration, hemoadsorption, and plasmapheresis may have important roles, but
still require formal and more rigorous testing by way of clinical trials. Finally, the design of future
clinical trials should consider novel approaches for stratifying outcome risks as a means of
improving the risk to benefit ratio of experimental therapies.
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INTRODUCTION

Sepsis remains a major challenge in the field of pediatric critical care medicine. Several
recent publications cover the general principles of sepsis management, as well as
pathophysiology in a developmental context [1-5]. The current review intends to provide an
appraisal of adjunctive therapies for sepsis and to highlight opportunities for meeting
selected challenges in the field.

EPIDEMIOLOGIC AND QUALITY IMPROVEMENT CHALLENGES

Sepsis is estimated to be the leading cause of death in infants and children worldwide, with
an annual mortality of approximately 1.6 million per year. In the United States,
approximately 42,000 cases of severe sepsis occur annually and in-hospital mortality is
estimated at 10.3% [6, 7]. The mean length of stay and cost for a child with severe sepsis in
the United States are estimated to be 31 days and over $40,000, respectively. Clearly, sepsis
remains an important public health issue in both underdeveloped and developed countries,
and consequently brings many opportunities for translational research and quality
improvement efforts.
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The ability to benchmark outcomes, based on a reliable outcome metric (i.e. reliable
outcome prediction), is fundamental to quality improvement efforts and improvement
science [8]. Unfortunately, there is no quality metric or outcome benchmark specific to
pediatric sepsis. Scoring systems based on physiological and clinical variables, such as the
Pediatric Risk of Mortality (PRISM) score and the Pediatric Index of Mortality (PIM), are
very robust for predicting outcomes of general pediatric intensive care unit populations, but
begin to perform less well when applied to specific diseases, such as sepsis [9]. Recently, a
multi-biomarker-based outcome risk model was developed and validated that reliably
predicts outcome in children with severe sepsis and septic shock [10, 11]. While the model
requires further prospective testing, it is hoped that this model will enhance currently
available scoring systems and therefore provide a sepsis-specific quality metric to better
assess short-term outcomes of pediatric sepsis.

While short-term outcomes (i.e. acute mortality or survival) will continue to be important
considerations in translational research efforts and clinical trials, increasingly greater
attention is now focused on sepsis-related morbidity and mortality beyond the acute phase.
Quartin et al. reported that adults who initially recover from the acute stage of sepsis have an
increased risk of death for up 5 years after discharge, even after accounting for the effects of
co-morbidities [12]. Karlsson et al. documented a two year mortality rate of 45% for adults
after severe sepsis and decreased quality of life in sepsis survivors at a median of 17 months
after the acute episode of severe sepsis [13].

Similar data are now being reported in pediatric survivors of severe sepsis. Czaja et al.
retrospectively studied over 7,000 pediatric severe sepsis cases [14]. Almost one-half of the
patients that were discharged after the initial admission were re-admitted at least once, at a
median of 3 months after discharge. Respiratory infection was the most common indication
for readmission and >30% of these readmissions were in children without co-morbidities.
An additional 6.5% of patients died during these readmissions. Thus, sepsis has important
long-term consequences and there is a need to more robustly assess long-term outcomes, as
well as functional outcomes beyond the acute dichotomy of “alive” or “dead”.

The Functional Status Scale (FSS) was recently developed to specifically meet the need of
assessing functional outcomes of critically ill children [15]. The FSS incorporates several
relevant functional assessments including mental status, sensory functioning,
communication, motor functioning, feeding, and respiratory status, and is designed to be
applied in diverse and time limited environments. The FSS appears to have very good inter-
rater reliability, and its performance compares favorably with more complex and labor-
intensive functional outcome tools. A major challenge moving forward, as stated by the FSS
investigators, is the development of subgroup-specific versions of FSS (e.g. sepsis specific)
[15].

APPROPRIATENESS AND TIMING OF ANTIBIOTICS

Along with aggressive fluid resuscitation, prompt and appropriate administration of
antibiotics continues to be a cornerstone of therapy for patients with severe sepsis and septic
shock. The 2008 Surviving Sepsis Campaign Guidelines, utilizing a grading scheme
involving both strength of recommendation and quality of evidence, assigned a 1B level
recommendation for the use of broad spectrum intravenous antibiotics within the first hour
of septic shock [16]. There are two major components to this recommendation:
appropriateness and timing of antibiotics.

While it seems intuitive that inappropriate antibiotic usage in septic shock is likely to be
associated with poorer outcome, corroboration with existing proof of concept literature
provides further support. Notable studies include a prospective cohort study involving 492
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critically ill adults with documented bloodstream infections, 147 (29.9%) of whom received
inadequate antimicrobial treatment, defined as infection with an organism that was not
susceptible to the antimicrobials being used at the time of positive culture results [17].
Patients not adequately treated had a mortality rate of 61.9%, whereas patients who were
adequately treated had a mortality rate of 28.4%. Similarly, a retrospective review of 5,175
adult patients with septic shock, in three countries, reported 5-fold increased hospital
mortality for those receiving inappropriate antibiotics. In this study, inappropriate antibiotics
were defined based on sensitivity testing, or in the case of culture negative septic shock,
expert clinical opinion and existing guidelines (6). These and other related studies strongly
support the importance of appropriate antimicrobial therapy in severe sepsis and septic
shock.

Kumar et al have provided compelling experimental evidence supporting the importance of
early antibiotic treatment of sepsis (i.e. timing of antibiotics) in animal models [18]. In mice
undergoing intraperitoneal implantation of an £. coli-laced, gelatin capsule-encased
fibrinogen clot, treatment with antibiotics at < 12 hours after implantation resulted in < 20%
mortality. In comparison, antibiotic administration at > 15 hours after implantation resulted
in > 85% mortality. Of note, significant hypotension was noted by 12 hours after
implantation in untreated mice, leading the authors to propose the existence of a “critical
inflection point” for the impact of antibiotics on survival.

A large, retrospective, multicenter study of adults with septic shock followed this
laboratory-based study [19]. The overall in hospital mortality for this cohort was 56.2%,
however, for patients that received appropriate antibiotics within the first hour of
hypotension, in hospital mortality was 20.1%. Interestingly, following onset of hypotension,
mortality was found to increase by an average of 7.6% for every hour untreated over the
subsequent 6 hours. Similarly, a study involving 291 adults with sepsis in the emergency
department reported that while longer times between initial triage and antibiotic
administration were not independently associated with increased mortality, delay in
treatment following recognition of shock was independently associated with increased
mortality [20].

Similar scale studies do not exist in the pediatric sepsis literature. One small retrospective
study involving children with community acquired pneumonia and the need for mechanical
ventilation (n = 45) assessed the impact of antibiotic timeliness and appropriateness on
surrogate outcomes [21]. Delays in antibiotic administration as short as 2 to 4 hours were
independently associated with longer duration of mechanical ventilation, and longer
intensive care unit and hospital lengths of stay.

Collectively, these data provide substantial support that the readily tangible concept of
“timeliness of appropriate antibiotics” is an important area of focus for quality improvement
efforts in the field of clinical sepsis. In this regard, Cruz et al. recently reported the
implementation of a protocol to optimize antibiotic administration in children with signs of
sepsis and presenting to the emergency department of a large, tertiary children’s hospital
[22]. Prior to protocol implementation, the median time from initial triage to antibiotic
administration was 130 minutes. The median time from initial triage to antibiotic
administration decreased to 38 minutes after protocol implementation.

FLUID RESUSCITATION

Over 20 years ago, Carcillo, Davis, and Zaritsky reported that in children with septic shock,
fluid resuscitation in excess of 40 ml/kg within the first hour of presentation was associated
with improved survival, without an increase in the risk of cardiogenic pulmonary edema or
acute respiratory distress syndrome [23]. Since that time, aggressive fluid resuscitation has
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been a mainstay of both adult and pediatric guidelines for the management of septic shock
[5, 16]. In addition, subsequent observational and interventional studies further support and
corroborate the importance of aggressive fluid resuscitation early in septic shock [24-27].

While seemingly one of the most fundamental principles in the field of critical care
medicine, aggressive fluid resuscitation in septic shock has been recently questioned and
critiqued as being weakly supported [28]. Indeed, cohort studies have reported an
association between positive fluid balance and mortality [29-32]. Most recently, The Fluid
Expansion as Supportive Therapy (FEAST) study compared 20 to 40 ml/kg fluid boluses
versus no bolus in over 3,000 acutely ill African children [33]. The FEAST study reported a
significantly increased mortality risk in the group randomized to the fluid bolus arm.

These data should not lead one directly to the premature and erroneous conclusion that fluid
resuscitation is intrinsically deleterious for patients with septic shock. The concepts of “fluid
overload” and “aggressive volume resuscitation” are certainly related, but are also distinct
temporally and mechanistically. None of the observational studies linking fluid overload and
mortality have clearly proven a cause and effect relationship. Positive fluid balance could
simply be a marker of increased illness severity leading to increased vascular leak and
increased third spacing of fluid, rather than a direct cause of increased mortality. Finally, the
results of the FEAST study need to be carefully considered contextually [34]. For example,
the definition of shock in the FEAST study has been called into question, and 57% of the
patients in the FEAST study had a positive blood smear for malaria. In addition, 32% of the
participants had a hemoglobin concentration <5 gm/dL. Thus, the results of the FEAST
study could reflect the inclusion of a large number of participants for whom fluid
administration may indeed be intrinsically deleterious, particularly in a low resource setting,
rather than leading to the conclusion that fluid administration is intrinsically deleterious in
septic shock [34].

Fundamental aspects of sepsis biology and physiology, including vascular leak, increased
fluid loss, and increased vascular capacitance, well support the need for aggressive volume
resuscitation, particularly early in the course of septic shock [1]. Since the 1991 study by
Carcillo and colleagues [23], the concept of aggressive fluid resuscitation in septic shock has
remained well supported [24-27]. The important clinical question that needs to be addressed
is not “should” patients with septic shock receive fluid resuscitation, but rather “how much”
fluid resuscitation is most optimal [35].

CORTICOSTEROIDS AND SEPSIS

The hypothalamic-pituitary-adrenal (HPA) axis is a neurohormonal feedback mechanism
well described in human physiology (Figure 1). In addition to the sympathoadrenal axis, the
HPA axis serves a vital role in homeostatic adaptation to physiological and biological stress.
Under normal circumstances, pituitary adrenocorticotropic hormone (ACTH) release is
stimulated by hypothalamic corticotropin-releasing hormone (CRH) and arginine
vasopressin production (AVP), and in turn stimulates cortisol production from the adrenal
cortex. Cortisol acts through a myriad of mechanisms to maintain homeostasis, including
modulating inflammation, glucose availability, and vascular reactivity [36].

Both adult and pediatric studies suggest a form of HPA axis impairment in critical illness
and sepsis [37-43]. “Critical illness related corticosteroid insufficiency” (CIRCI) is a
recently coined term intended to describe a group of critically ill patients who seemingly
have an inadequate cortisol response relative to their degree of illness. The mechanisms of
this “relative adrenal insufficiency” are thought to include both deficiency of cortisol
production and tissue resistance to cortisol [44].

Crit Care Clin. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hanna and Wong

Page 5

Corticosteroids have been considered as potential adjunctive therapy in sepsis for decades.
Initial efforts, centered around the concept of sepsis as an excessive and dysregulated
proinflammatory condition, primarily studied short courses of high dose corticosteroids
intended for inflammatory suppression, often using single bolus doses of up to 30 mg/kg of
methylprednisolone or equivalent steroid dosing. However, results were inconsistent, and
with meta-analyses arising in the 1980-90s suggesting either no survival benefit or a trend
towards increased mortality, the use of steroids in sepsis and septic shock began to fall out
of favor [45-47].

The pediatric literature during the same time largely consisted of case studies and a number
of trials investigating high dose steroid therapy in dengue shock syndrome. The first of these
involved a randomized, double-blinded, placebo controlled trial of 98 children with dengue
shock syndrome and showed a significant mortality improvement (19% vs. 44% case fatality
rate) with corticosteroid administration [48]. However, subsequent trials failed to replicate
this mortality benefit [49, 50]. In addition, a randomized trial of dexamethasone therapy,
before antibiotic administration, failed to improve outcome in a cohort of African children
with sepsis from causes other than dengue [51].

More recently, the CIRCI and relative adrenal insufficiency concepts described above have
renewed interest in adjunctive corticosteroid therapy in sepsis. Annane et al. conducted the
initial study supporting the concept of relative adrenal insufficiency. These investigators
described three classes of adults with septic shock based on random cortisol levels and
cortisol levels resulting from a corticotropin stimulation test [52]. In a cohort of 189 adult
patients with septic shock, a class of patients with “high” baseline cortisol levels (= 34 g/
dl) and a “poor” response to a high dose corticotropin stimulation test (change in serum
cortisol concentration of < 9 pg/dl) had the highest mortality rate (82%) among the three
classes. Thus, this study initiated the concept that a class of identifiable patients with septic
shock and relative adrenal insufficiency may exist, having the potential to benefit from
corticosteroid replacement. The pediatric literature suggests a similar phenomenon in
children with septic shock, but it is challenging to interpret the data because of the small
cohort sizes, and the high degree of heterogeneity in study design, definitions of relative
adrenal insufficiency, and approaches to corticotropin stimulation [37, 39-42].

Menon et al. conducted the most comprehensive study of relative adrenal insufficiency in
critically ill children, to date [38]. This prospective study included 381 critically ill children
across seven, tertiary-care, pediatric intensive care units in Canada. The primary goal of the
study was to determine the prevalence of relative adrenal insufficiency in a general
population of critically ill children (i.e. not just in children with septic shock). The study
examined various definitions of adrenal insufficiency, but the primary analysis for
prevalence was based on a low dose corticotropin stimulation test (1 pg) and the resulting
increment of serum cortisol concentration; a cortisol increment of < 9 g/dl after
corticotropin stimulation was considered diagnostic of relative adrenal insufficiency.

Menon et al. reported a 30.2% overall prevalence of relative adrenal insufficiency in this
cohort. Subgroup analyses revealed that patients suffering from trauma had the highest
prevalence (62.5%), whereas the prevalence in patients with sepsis was 32.8%. Increasing
age was associated with a higher prevalence of relative adrenal insufficiency, with each
additional year of age increasing the odds of relative adrenal insufficiency by 11%. Finally,
the study also demonstrated that relative adrenal insufficiency was associated with a greater
need for the number of catecholamines, a greater duration of catecholamine requirement,
and a greater need for volume resuscitation. This study by Menon et al. well supports the
concept of relative adrenal insufficiency, including functional consequences, in pediatric
critical illness.
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Given the potential functional implications of relative adrenal insufficiency, the more recent
interventional trials have focused on lower doses of corticosteroids, with a primary intention
of replacing a putative defective cortisol response, rather than globally inhibiting the
inflammatory response of sepsis. Annane et al. conducted a randomized, placebo-controlled
trial of simultaneous hydrocortisone (50 mg every 6 hours) and fludrocortisone (50 .g once
per day) administration for seven days, in 300 adults with septic shock [43]. Relative adrenal
insufficiency (i.e. “nonresponders”) was defined as a serum cortisol concentration increment
of <9 pg/dl after corticotropin stimulation, and the outcome analysis was stratified based on
the response to corticotropin stimulation. There was a significant mortality benefit in
nonresponders treated with hydrocortisone and fludrocortisone (hazard ratio, 0.67; 95%
confidence interval, 0.47 — 0.95; p = 0.02), whereas there was no benefit in the responders.
In addition, the duration of vasopressor therapy was shorter in the honresponders treated
with hydrocortisone and fludrocortisone. Finally, there was no difference in adverse events
between the treatment and placebo groups, irrespective of the response to corticotropin
stimulation.

This study by Annane et al. led to much enthusiasm for the use of cortisol measurements,
corticotropin stimulation, and hydrocortisone replacement therapy in both adults and
children with septic shock. However, the study by Annane et al. was followed by the
Corticosteroid Therapy of Septic Shock (CORTICUS) study, which also evaluated the
efficacy of hydrocortisone replacement in patients with septic shock, based on “responder”
and “nonresponder” classifications after corticotropin stimulation [53]. The study involved
499 patients across multiple European intensive care units. This study showed no mortality
difference between hydrocortisone-treated patients and placebo-treated patients, irrespective
of the responder/nonresponder status. The duration of time until reversal of shock was
shorter across all patients treated with hydrocortisone, but there was also a higher rate of
shock relapse in the patients treated with hydrocortisone, possibly related to new infections.

There are some important differences worth mentioning between the initial study by Annane
et al. and the subsequent CORTICUS study. The patients in the study by Annane et al. had
an overall higher level of illness severity and possibly more profound shock compared to the
patients in the CORTICUS study. In addition, enroliment in the Annane et al. study was
restricted to a relatively narrow window of within 8 hours of meeting study entry criteria,
whereas the CORTICUS study had a 72-hour window for enrollment. While these
differences may account for the divergence in the results between the two studies, the
aftermath of CORTICUS study has nonetheless profoundly influenced the enthusiasm for
hydrocortisone replacement as an adjunctive therapy in septic shock.

In the context of the above studies, the 2008 Surviving Sepsis Guidelines recommend
against corticotropin stimulation testing to identify subsets of patients who may benefit from
hydrocortisone, and that the decision to initiate hydrocortisone therapy should be predicated
on confirmation that blood pressure is poorly responsive to fluid resuscitation and
vasopressor therapy (Figure 2) [16]. In direct contrast to this recommendation, a recently
published, single author, evidence-based guide for physicians, provides a decision tree for
the use of hydrocortisone in adults with septic shock, which is based on both specific
vasopressor requirements and results from corticotropin stimulation testing [54].

The most recent pediatric specific guidelines differ somewhat from the adult guidelines,
reflecting the relative lack of pediatric data [5]. The pediatric guidelines recommend the use
of corticosteroids for patients with fluid and catecholamine resistant septic shock, and
evidence of adrenal insufficiency (Figure 2). The definition of catecholamine resistance is
somewhat subjective, and the recommendation implies the need to conduct corticotropin
stimulation testing, in contrast to the adult-specific recommendations.
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There are retrospective, pediatric-specific data that should raise some doubts in the mind of
the practitioner concerning the efficacy of corticosteroids in pediatric septic shock.
Markovitz et al. analyzed over 6,000 cases of pediatric severe sepsis in the Pediatric Health
Information System (PHIS) administrative database, with the goal of determining correlates
of outcome, including the use of corticosteroids [55]. The use of corticosteroids was an
independent predictor of mortality (RR 1.7, 95% CI 1.7 — 2.2). While the lack of illness
severity data leaves open the possibility that more severely ill children received steroids, at
the very least, this retrospective study could not find evidence for a benefit of corticosteroids
in pediatric severe sepsis. In agreement with this observation, Zimmerman and Williams
conducted a post hoc analysis of the RESOLVE database (n = 477), which is derived from
the largest interventional clinical trial in pediatric severe sepsis conducted to date [56, 57].
Their analysis of the RESOLVE data could not find any evidence to support the efficacy of
adjunctive corticosteroids in pediatric severe sepsis.

For children with septic shock who are at risk for “classical” adrenal insufficiency (e.g.
patients receiving chronic steroids, or patients with hypothalamic, pituitary, or adrenal
disease), adjunctive corticosteroids are clearly indicated. For the general pediatric patient
with septic shock, however, the current evidence does not definitively support the use of
adjunctive corticosteroids, and it should be kept in mind that the risk profile of adjunctive
corticosteroids may not be benign [58]. Thus, it is imperative that we unite as a critical care
community and organize a robust, multi-center, prospective, randomized trial to objectively
test the efficacy of adjunctive corticosteroids in pediatric septic shock [58].

Several fundamental issues must be resolved in the design of such a trial. These include
standardized, consensus definitions of refractory shock and relative adrenal insufficiency, a
standardized approach to corticotropin stimulation testing, and strong consideration for pre-
enrollment outcome risk stratification. An important issue that has emerged surrounds the
measurement of free cortisol, as opposed to the more commonly used laboratory test that
measures total cortisol [59]. Finally, consideration must be given to the issue of tissue
resistance to corticosteroid stimulation, which has not been directly addressed in any clinical
trial to date.

Genome-wide expression studies in children with septic shock recently highlighted the issue
of tissue resistance to corticosteroid stimulation [60-62]. These studies revealed and
validated the existence of at least three pediatric septic shock classes based on differential
patterns of gene expression. Importantly, one of the three subclasses has a higher level of
illness severity and mortality rate, compared to the other two gene expression-based
subclasses. The gene signature that defines the subclasses includes a large number of genes
corresponding to the glucocorticoid receptor signaling pathway, and these genes are
repressed in the subclass of patients with the highest illness severity and mortality. These
observations support the concept that there may be a subset of patients with septic shock
who are relatively unresponsive to conventional doses of corticosteroids, and if this were
true, it would represent an enormous confounding factor for any trial seeking to establish the
efficacy of adjunctive corticosteroids in pediatric septic shock.

BLOOD PURIFICATION STRATEGIES

Whitehouse one of them much heated and fortiegued on his arrivall drank a very
hearty draught of water and was taken almost instantly extreemly ill. His pulse
were full and I therefore bled him plentifully from which he felt great relief. | had
no other instrument with which to perform this operation but my penknife, however
it answered very well.

Crit Care Clin. Author manuscript; available in PMC 2014 April 01.
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--Captain Meriwether Lewis, during the portage of the Great Falls of the Missouri
River, June 26, 1805.

The concept of blood purification can be traced at least to medieval times in which barbers
would “bleed” patients for a variety of ailments, with the goal of removing “evil humors”.
Ample evidence for this concept can also be found in the journals of the Lewis and Clark
expedition, which contains multiple entries documenting the deliberate “bleeding” of
expedition members for a variety of ailments. While not a randomized trial, it is important to
note that 59 individuals took part in the Lewis and Clark expedition, and all but one
individual survived the over 2 year long journey across the North American continent
(98.3% survival; 95% CI 91 — 100).

The concept of blood purification persists today in the modern intensive care unit [63]. The
“evil humors” are now a plethora of soluble mediators and toxins thought to be involved in
the pathobiology of sepsis. Bloodletting is now replaced by a variety of extracorporeal
techniques that remove blood, purify the blood in some manner, and return the blood to the
patient (Figure 3).

Hemofiltration

Given the size (5 — 60 kDa) and water-soluble nature of putative sepsis mediators (e.g.
cytokines), hemofiltration through continuous renal replacement therapy (CRRT) has been
studied with increasing interest as a nonspecific approach to mediator removal. Randomized
controlled trials to date focusing on standard filtration rates in adults, however, have largely
failed to support CRRT use for the purpose of blood purification in sepsis [64—66]. For
example, Payen et al. studied 76 ICU patients with severe sepsis/septic shock in the absence
of renal dysfunction, with the primary study endpoint being the degree of organ failure [64].
A hemofiltration rate of 25 ml/kg/hr, initiated within the first 24 hours of the first organ
failure, failed to reduce plasma concentrations of inflammatory mediators, and did not
reduce the degree of organ failure. In fact, the patients assigned to the hemofiltration arm
had a significantly higher degree of organ failure.

A common criticism of these trials is that the hemofiltration rate is not sufficient to clear
inflammatory mediators from the blood compartment. Accordingly, the use of high volume
hemofiltration (HVHF; often defined as > 35 ml/kg/hr) has been increasingly studied as a
plausible solution, and this approach showed some initial promise in terms of reduction of
inflammatory mediators and improvements in clinical outcomes [67-69]. One very large
trial involved 1,505 critically ill adults with acute kidney injury that were randomized to
standard CRRT or HVHF, with the primary measure being death within 90 days after
randomization [70]. There was no difference in mortality for the overall study population,
nor for the predefined subgroup of patients with sepsis. Thus, the efficacy of HVHF as a
blood purification approach in general critical illness and in sepsis remains to be
demonstrated [71].

In the pediatric population, estimates suggest that roughly 40% of those with multi-organ
dysfunction syndrome and receiving CRRT concomitantly have sepsis. The advent of the
Prospective Pediatric Continuous Replacement Therapy Registry Group (ppCRRT) in 2000
has led to a comprehensive characterization of critically ill children receiving CRRT [32,
72-77]. However, despite provocative findings such as associations between increased
volume status at initiation of therapy and mortality, few data exist with sufficient granularity
to evaluate specifically the efficacy of CRRT as a blood purification strategy in pediatric
sepsis. One recent retrospective study analyzed 22 pediatric patients undergoing CRRT and
having concomitant systemic inflammatory response syndrome and multiple organ
dysfunction syndrome [78]. The study reported no improvement in hemodynamic and
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respiratory parameters while accounting for lack of weight change during 48 hours of
therapy. In addition to the lack of a control group, the study allowed for large patient
heterogeneity, and no analyses of ultrafiltration rates were performed.

An international consensus statement published in 2010 recommends against the use of
HVHF in patients with sepsis in the absence of acute kidney injury, citing both a lack of
“strong, scientific rationale” and “reproducible, proof-of-principle efficacy” in existing
clinical trials [79]. Although this strong consensus statement is based primarily on adult
data, there is no reason to believe that the recommendation should be any different for the
pediatric population, at this time. The highly anticipated IVOIRE (High VVolume in Intensive
Care) trial (clinicaltrials.gov identifier: NCT00241228), a large randomized multicenter trial
comparing ultrafiltration rates of 35 vs. 70 ml/kg/hr in adult patients with septic shock and
acute kidney injury, with 28 day mortality as the primary outcome measure, may help clarify
the current value of CRRT in sepsis and concomitant acute kidney injury.

Hemoadsorption

The concepts reviewed in the previous section are centered on the convective filtration
properties of CRRT. There has also been interest in the adsorptive properties of various
hemofilters as a potential mechanism for mediator removal. Studies have shown decreases in
mediator concentrations approximately 1 hour after CCRT initiation and with frequent filter
changes, suggesting initial efficacy through adsorption, with subsequent membrane
saturation [67]. A similar principal has led to the use of polymyxin B coated filters as a
means to remove endotoxin in patients with sepsis [80]. It is estimated that over 80,000
patients have been treated with extracorporeal removal of endotoxin via polymyxin B coated
filters in Japan since 1994, and the procedure is covered by the Japanese national health
insurance system [81].

The EUPHAS (Early Use of Polymyxin B Hemoperfusion in Abdominal Sepsis) trial
randomized 64 adults, with septic shock and requiring emergency surgery for intra-
abdominal infection, to conventional therapy or conventional therapy plus 2 sessions of
polymyxin G hemoperfusion [82]. The group undergoing polymyxin B hemoperfusion
showed significant improvements in hemodynamics, improvements in organ dysfunction,
and decreased mortality. Although this trial is thought to be underpowered, a systematic
review of 28 publications including 9 randomized trials, lends further support for the
potential efficacy of this approach [83].

Similar to the EUPHAS trial in design and outcome measures, the ongoing EUPHRATES
trial (clinicaltrials.gov identifier: NCT01046669) anticipates enrollment of 360 adult
patients in 15 centers, with an estimated completion date of January 2015. The primary
endpoint measure for the EUPHRATES trial is all cause 28-day mortality. Importantly, the
entry criteria include a requirement for an increased blood concentration of endotoxin, as
measured by a rapid assay platform. Thus, this trial is employing the concept of pre-
enrollment stratification based on a biological mechanism, a refreshing approach in the field
of human septic shock trials.

There is one report in the literature describing the successful application of polymyxin B
hemoperfusion in a child with sepsis [84]. One could surmise that the quintessential
pediatric critical illness, meningococcemia, which is characterized by a profound systemic
load of endotoxin, would be potentially amenable to this approach. However, experimental
data indicate that polymyxin B does not bind endotoxin from N. meningitidis as effectively
as endotoxin from £. coli [85].
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Plasmapheresis

Plasmapheresis is another extracorporeal approach to blood purification, but is based on
separation, removal, and replacement of the plasma component of blood [86].
Plasmapheresis is thought to derive its efficacy from two basic principles: 1) removal of
pathologic molecules contributing to the disease process, and 2) replacement of molecules
vital to homeostasis and found to be endogenously deficient due to the disease. Much like
the use of hemofiltration, the removal of such molecules is often of a non-specific nature,
and may not have a clear therapeutic objective in mind. An added component, however, is
the replacement of plasma for that removed, more accurately termed plasma exchange,
which may account for potential differences in clinical results.

Setgmayr et al. reported a large case series of 76 adult patients with disseminated
intravascular coagulation (DIC) and multiple organ dysfunction syndrome, including acute
renal failure. These patients underwent “rescue therapy” with plasmapheresis until DIC was
reversed (median of 2 treatments, with a range of 1 to 14 treatments). Eighty two percent of
these patients survived, compared to a historical rate of 20% with similar clinical
characteristics [87]. Busund et al. randomized 106 adults with severe sepsis to conventional
therapy vs. conventional therapy plus plasmapheresis [88]. This study reported an absolute
28-day mortality risk reduction of 20% and relative risk of death in the plasmapheresis
group of 0.6. Other reports focused on meningococcemia and plasmapheresis in children and
young adults, reported improved survival rates of 70-80% when compared to historical
controls and projected mortality based on clinical scores [89, 90].

The most recent iteration of the use of plasmapheresis in sepsis is centered on the concept of
“thrombocytopenia associated multi organ failure” (TAMOF) as a complication of sepsis
[86]. TAMOF has been compared to thrombotic thrombocytopenic purpura (TTP). TTP is
an acute thrombotic microangiopathy thought to be primarily caused by deficiency or
inhibition of the enzyme ADAMTS13, which is responsible for cleaving procoagulant
multimers of von Willebrand factor into small, less procoagulant units. Plasmapheresis has
become the standard of care for TTP in that it can eliminate the inhibitory ADAMTS13
factor and replaces ADAMTS13 [91, 92].

Nguyen et al. described 37 children with a least two organ failures and suspected sepsis, of
whom 76% had thrombocytopenia, defined as platelet counts <100,000/mm3 [93]. The
subset of patients with thrombocytopenia (i.e. TAMOF, n = 28) had decreased ADAMTS13
activity compared to patients with organ failure, but no thrombocytopenia (n = 9). All of the
nonsurvivors in this cohort (n = 7) met clinical criteria for TAMOF and demonstrated von
Willebrand factor-rich microvascular thrombosis at autopsy. The same investigators then
randomized 10 children with TAMOF to plasmapheresis or conventional therapy, and
showed improvements in 28-day organ dysfunction scores and mortality in the patients
treated with plasmapheresis.

Current American Society of Apheresis guidelines list the use of plasmapheresis in “sepsis
with multiorgan failure” as a category 111 recommendation (optimum role of plasmapheresis
is not established and decision-making should be individualized), with a 2B grade (weak
recommendation, moderate-quality evidence) [94]. In summary, the use of plasmapheresis in
both adult and pediatric sepsis may have value, but remains to be demonstrated. Similarly, it
could be argued that TAMOF is a construct, rather than a genuine clinical entity. These
issues can only be resolved through equipoise and the conduct of rigorous, prospective
clinical trials, which are currently being planned [95].
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RISK STRATIFICATION

The adjunctive therapies for sepsis discussed above, as well as therapies not discussed (e.g.
extracorporeal life support), all have biological and physiological plausibility in terms of
efficacy, but require more rigorous testing. Moving forward with testing, consideration
should be given to objective and effective outcome risk stratification as means of optimizing
clinical trial design. The therapeutic successes of our oncology colleagues are, in large part,
predicated on effective outcome risk stratification. In an analogous manner, we must
develop tools that allow early assessment of outcome risk, and thus provide a means for
excluding patients with low mortality risks, while simultaneously selecting patients with
higher mortality risks for trial inclusion. Experts in the field of critical care medicine have
strongly stated that currently available, physiology-based scoring systems should not be
used for risk stratification in clinical trials [9].

Very recently, a multi-biomarker-based risk model was derived and successfully tested,
which robustly predicts outcome (i.e. 28 day mortality) in children with septic shock [10,
11]. The biomarkers for the risk model are readily measured serum proteins, and were
selected objectively based on a series of extensive, exploratory, genome-wide expression
studies in children with septic shock [96, 97]. Importantly, the biomarker measurements are
conducted within the first 24 hours of meeting criteria for septic shock, an optimal time
point for clinically relevant outcome risk stratification. The risk model is based on a
classification and regression tree (CART) approach, which has the potential to discover
predictor variable interactions that may not be apparent by more traditional modeling
approaches [98].

The model is called PERSEVERE (PEdiatRic SEpsis biomarkEr Risk modEl) and has the
following test characteristics for predicting death in a cohort of 355 children with septic
shock from 17 different institutions in the United States: sensitivity of 93%, specificity of
74%, positive predictive value of 32%, negative predictive value of 99%, and an area under
the receiver operating curve of 0.883 [10]. Importantly, the model out performs a
physiology-based scoring system, and the false positives generated by the model (i.e.
patients predicted to die, but actually survive) have a higher degree of illness severity than
the true negatives generated by the model (i.e. patients predicted to survive and actually
survive), as measured by persistence of organ failure and intensive care unit length of stay.
The PERSEVERE classification tree is provided in Figure 4.

It has been proposed that PERSEVERE can enhance our current tools to select patients for
interventional trials by providing a means to exclude and include patients with low and high
mortality risks, respectively. This type of approach would have the potential to optimize the
risk to benefit ratio of an experimental therapy that carries more than minimal risk, such as
the experimental therapies described in the previous sections.
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Figure 1.
Schematic illustrating the hypothalamic-pituitary-adrenal axis.
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Figure 2.

Schematic illustrating the recommendations for adjunctive corticosteroid administration in
septic shock. The adult recommendations do not include the use of serum cortisol
concentrations or corticotropin stimulation testing [16]. The pediatric recommendations,
however, recommend measurement of serum cortisol concentrations and corticotropin
stimulation testing [5].
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Blood purification modalities

Hemofiltration

1) Utilizes property of convection tofilter solutes through semipermeable membrane

2) Largely nonspecificremoval of solutes, including potentially harmfulinflammatory mediators
3) Standard hemofiltration rates have shown no benefit in sepsis from existing RCT
4) Use of high volume hemofiltration still being investigated for efficacy in septic shock (IVOIRE)

Hemoadsorption

1) Utilizes property of adsorption, with solutes binding to sorbent via molecular interactions

2) Posited as contributing to nonspecificinflammatory mediator removal in standard CRRT

3) Specific forms include Polymixin B hemoperfusion, largely targetinggram negative endotoxin
4) Existingtrials with Polymixin B show promise, with large RCT pending (EUPHRATES)

Plasmapheresis

1) Utilizes cell separator to remove and replace plasma component of blood (plasma exchange)

2) Also may lead to nonspecific removal of mediators, with added benefit of plasma replacement
3) May be beneficial in sepsis related thrombocytopeniarelated multisystem organ failure (TAMOF)
4) Existing study links TAMOF with ADAMTS-13 deficiency, similarto TTP pathophysiology

Figure 3.
Schematic highlighting the major differences between hemofiltration, hemoadsorption, and
plasmapheresis as blood purification strategies for sepsis.
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ROOT N =335
Outcome Number Rate
Death 41 0.115
Survived 314  0.885

|
Node 1 [ | Node 2

CCL3<160 N =234 CCL3>160 N=121
Outcome Number Rate Outcome Number Rate
Death 14 0.060 Death 27 0.223
Survived 220 0.940 Survived 94 0.777
|
Node 3 Node 4 Node 5 Node 6
HSPA1B < 3.27E6 N = 207 HSPA1B > 3.27E6 N 27 IL8 <507 N =55 IL8 > 507 N =66
t b Rate Out Number Rate Outcome Number Rate Outcome Number Rate
Death 8 0.039 Death 6 0.222 Death 5 0.091 Death 22 0.333
Survived 199  0.961 Survived 21 0.778  Survived 50 0.909 Survived 44 0.667
] |
Node 7 | Node 8 Node 9 Node 10
IL8 < 829 N =174 IL8 >829 N =33 GZMB < 55 N =30 GZMB > 55 N =36
Outcome Number Rate Outcome Number Rate Outcome Number Rate  Outcome Number Rate
Death 2 0.011 Death 6 0.182 Death 5 0.167 Death 17 0.472
Survived 172 0.989 Survived 27 0.818 Survived 25 0.833 Survived 19 0.528
Node 11 Node 12
MMP8 < 47513 N =40 MMP8 > 47513 N =15
Outcome Number Rate Outcome Number Rate
Death 1 0.025 Death 4 0.267
Survived 39 0.975 Survived 1 0.733
Node 13 Node 14
Age <0. 5 years N=8 Age > 0.5 years N =22
ber Rate Oi Number Rate
Death 5 0.625 Death 0 0.000

Survived 3 0.375 Survived 22 1.000

Figure4.

The classification tree for PERSEVERE based on 355 subjects [10]. The classification tree
consists of 6 biomarker-based decision rules, 1 age-based decision rule, and 14 daughter
nodes. The classification tree includes 5 stratification biomarkers: C-C chemokine ligand 3
(CCL3), heat shock protein 70 kDa 1B (HSPA1B), interleukin-8 (IL8), granzyme B
(GZMB), and matrix metalloproteinase-8 (MMP8). Each node provides the total number of
subjects in the node, the biomarker serum concentration- or age-based decision rule, and the
number of survivors and non-survivors with the respective rates. The serum concentrations
of all stratification biomarkers are provided in pg/ml. Terminal nodes 7, 11, and 14 are low
risk nodes, with mortality probabilities ranging from 0.0 to 2.5%. Terminal nodes 4, 8, 10,
12, and 13 are high-risk terminal nodes, with mortality probabilities ranging from 18.2 to
62.5%.
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