Pediatric Critical Care Management of
Septic Shock Prior to Acute Kidney Injury
and Renal Replacement Therapy

James D. Fortenberry, MD

Summary: A high index of suspicion for bacterial sepsis and recognition of the potential for
rapid deterioration is essential for impacting patient outcome. Meningococcemia produces a
stereotypical clinical and biochemical constellation of profound septic shock and purpura
fulminans with marked inflammatory disturbance and a complex disruption of coagulation.
Meningococcal infections preferentially affect infants and young children, but adolescents are
also at risk. Aggressive fluid resuscitation, hemodynamic management, and clinical monitor-
ing are based on understanding of pathophysiologic disturbances typical of the pediatric
cardiovascular response and guided by evidence-based guidelines. Appropriate antibiotic
choice is important, and corticosteroid use may be beneficial. A variety of efforts to manip-
ulate the coagulation abnormalities may be considered, although evidence is lacking. Extra-
corporeal support remains a consideration both for the failing cardiorespiratory systems but
also potentially for the use of plasma exchange. A team approach between the intensivist and
subspecialist is important in managing the frequent multiorgan complications seen with

meningococcemia.
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he clinical case of an adolescent with

meningococcal sepsis described by Sy-

mons and Picca! represents a complex
scenario both commonly faced and feared by
pediatric intensivists. Management in such situ-
ations often changes during the first few hours
and days of ICU admission, especially with re-
spect to fluid management and provision of
vasocative medications. The child with septic
shock is likely to require multiple specialty dis-
ciplines to achieve success in treatment of its
complex manifestations. Understanding patho-
physiologic and biochemical mechanisms can
help guide management of the general sepsis

Division of Pediatric Critical Care Medicine, Emory University School of
Medicine, Critical Care and Pediatric ECMO, Children’s Healthcare of
Atlanta, Atlanta, GA.

Address reprint requests to James D. Fortenberry, MD, FCCM, FAAP, Asso-
ciate Professor of Pediatrics, Chief, Division of Pediatric Critical Care
Medicine, Emory University School of Medicine, Medical Director, Critical
Care and Pediatric ECMO, Children’s Healthcare of Atlanta, 1405 Clifton
Rd NE, Atlanta, GA 30322. E-mail: james.fortenberry @choa.org

0270-9295/08/$ - see front matter

© 2008 Elsevier Inc. All rights reserved. doi:10.1016/j.semnephrol.2008.05.004

process and those findings specific to meningo-
coccal infection, as well as potential multiorgan
failure.

THE PROBLEM OF SEPSIS IN CHILDREN

Sepsis remains a major cause of morbidity and
mortality for both adults and children. The
World Health Organization estimates that infec-
tion-related sepsis is the leading killer of chil-
dren worldwide.? Worldwide, 1.6 million neo-
nates die each year from infection.>* In the
United States alone, current estimates suggest
that more than 750,000 sepsis cases occur an-
nually, with 65% of patients admitted to inten-
sive or intermediate care units, and an annual
cost of treatment of more than $17 billion dol-
lars.> Approximately 42,000 of these annual
cases of sepsis occur in children, with an esti-
mated annual cost for care of more than 2
billion dollars.® Recent data suggest that al-
though progress has been made in the intensive
care of sepsis, much work remains to be done
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to improve outcome. Severe sepsis hospitaliza-
tion has almost doubled,> and mortality from
the disease also has increased significantly. In
children O to 4 years of age, severe sepsis hos-
pitalization of males increased from 26.4 to
51.3 per 100,000 from 1993 to 2003.> Mortality
rates for this group increased from 5.4 to 9.5
per 100,000 during the same period. Case fatal-
ity rates have decreased overall, likely owing to
overall improvements in antibiotics and critical
care. However, rates remain unacceptably high
(20.6 to 18.4 per 100 severe sepsis cases in the
0-4 age group). Of children hospitalized with
sepsis in the United States, 10.3% will die.®
Significant differences exist between adults
and children with sepsis regarding epidemiol-
ogy, physiologic response, and associated un-
derlying diseases. However, for both children
and adults, death from sepsis is related primar-
ily to the development of multiple organ failure
(MOF), defined as the failure of 3 or more organ
systems.” The development of MOF in sepsis
significantly increases mortality rates, and in-
creasing numbers of organ dysfunction have
been correlated with increasing likelihood of
death.” Although simple measures such as early
antibiotics and fluid resuscitation are making
inroads into decreasing mortality rates, MOF
remains a persistent final common pathway to
death and a target for prevention or improved
treatment. A large body of evidence has high-
lighted the importance of microvascular coagu-
lation in the pathogenesis of MOF/sepsis.®1?
Products resulting from microbial sepsis, in-
cluding endotoxin, exotoxin, and peptidogly-
cans activate cellular and biochemical path-
ways aimed at eliminating the pathogenic
insult.!? This leads to activation of the kinin and
complement systems, the release of secondary
inflammatory mediators tumor necrosis fac-
tor-a, interleukin-1, interleukin-6, interleukin-8,
and the expression and release of tissue factor
(TF) from macrophages and neutrophils. TF lev-
els are reported to be higher in the blood of
severely septic patients who have organ dys-
function compared with those who do not.!*
TF triggers activation of the extrinsic coagula-
tion pathway through conversion of factor VII
to VIIa, resulting in the generation of intravas-
cular thrombin, which has been shown to ap-

pear early in the course of sepsis.!> Thrombin is
responsible for a number of key findings in
septic patients, including consumption of coag-
ulant and anticoagulant proteins (including pro-
tein C and antithrombin III), activation of plate-
lets, and activation of endothelial cells via
binding to a specific thrombin receptor.'>1¢

The interaction of these factors with endo-
thelial cells is critical to the development of
microvascular thrombosis. Thrombin/thrombo-
modulin binding, and activation of protein C,
produces a net anticoagulant effect by virtue of
inactivating activated factor V and factor VIIL
However, further activation of endothelial cells
results in a significant decrease in the expres-
sion of thrombomodulin (by as much as 80%)
on the cell surface.!’ Moreover, under these
conditions endothelial cells elaborate additional
TF and plasminogen activator inhibitor type-1
(PAI-1), which is associated with potent antifi-
brinolytic effects. Studies performed in patients
with sepsis have shown early release of profi-
brinolytic tissue plasminogen activator, followed
by elaboration of PAI-1 as sepsis progresses to
MOF.!° Progressive activation of the coagulation
system (increasing TF, thrombin-antithrombin
complexes (TAT), PAI-1, thrombomodulin (TM),
and decreasing plasmin/plasmin inhibitor com-
plex) increases with further progression to dis-
seminated intravascular coagulopathy. Dissemi-
nated intravascular coagulopathy is a strong
predictor of MOF and death in patients with
sepsis.!” The net result of these changes is the
conversion of the normal microvascular milieu
from an anticoagulant/profibrinolytic condition
to a markedly procoagulant/antifibrinolytic state.
This conversion ultimately leads to the develop-
ment of microvascular thrombosis, tissue hypo-
perfusion, and resultant organ failure.

MENINGOCOCCAL SEPSIS: CLINICAL
FEATURES

Infections with Neisseria meningitidis can pro-
duce a prototypical form of pediatric septic
shock with stereotypical inflammatory and co-
agulation responses representative of the pat-
tern described earlier. Meningococcal sepsis re-
mains one of the most feared in the pediatric
intensive care unit. Neisseria infections are re-
sponsible for greater than 500,000 cases of sep-
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tic shock annually worldwide, with an annual
incidence of approximately 1/100,000 in the
United States.'®1? Of 13 serogroups, types A, B,
C, Y, and W-135 are the most common. Out-
breaks typically are sporadic, but can occur in
epidemic fashion, with great variability in inci-
dence dependent on worldwide region. From
60% to 90% of cases occur in children and ado-
lescents, with almost half involving children 2
years of age or younger.!® Infections in adoles-
cents have decreased with improved availability
and use of vaccines before college entrance. Al-
though most meningococcal infections manifest
as meningitis, approximately 10% of cases present
as meningococcal sepsis.?’

The clinical course of meningococcemia is a
rapid one, emphasizing the need for rapid as-
sessment, aggressive treatment, and recogni-
tion that further organ deterioration can and
probably will occur even with the initiation of
antibiotics. Severe meningococcemia progresses
rapidly, with time from onset of fever until
profound shock as short as 12 hours.!? Initial
symptoms include nonspecific fever, rash, my-
algias, and lethargy. Meningeal signs may be
present, but absence of meningitis generally is
associated with a more rapid course and worse
prognosis. The classic petechial rash is a typical
feature in about 80% of cases and may be seen
while the patient’s mental status is normal. If
treated early, symptoms may not progress fur-
ther, but progression can occur and should be
recognized by tachycardia, decreased perfu-
sion, prolonged capillary refill, and depressed
mental status with worsening limb ischemia
and purpura. This shock state is generated by
release of the gram-negative meningococcal en-
dotoxin, resulting in diffuse activation of both
the inflammatory and coagulation cascades.
The subsequent endothelial cell injury pro-
duces marked capillary leak, myocardial dys-
function, peripheral vasoconstriction, and mi-
crovascular thrombosis.

Although meningococcemia still carries a
high mortality rate, outcomes have improved
over recent decades, in part related to im-
proved vaccines, and likely also to improve-
ments in general intensive care unit manage-
ment approaches.?! Meningococcal sepsis
carries a mortality rate in the range of 10% to

30% even with aggressive therapy,!® with
deaths usually in patients with refractory
shock and organ failure or from adult respira-
tory distress syndrome (ARDS). Despite many
efforts directed at specific therapy described
later, no single magic bullet to arrest menin-
gococcemia has been found. However, em-
phasis on rapid fluid resuscitation, goal-di-
rected therapies, and occasional use of
adjunctive therapies may be responsible. As
mortality rates improve, emphasis also must
be placed on decreasing morbidity.

PEDIATRIC SEPSIS: FLUID RESUS-
CITATION AND USE OF VASOACTIVE
AGENTS

The primary approach to pediatric septic shock
based on best available evidence and expert con-
sensus have been codified recently in sepsis
guidelines developed by the American College of
Critical Care Medicine (ACCM) (Fig. 1).2? These
guidelines still emphasize early, aggressive fluid
resuscitation as the best available therapy in
shock. A variety of studies have supported the
premise that early intervention during the septic
shock golden hour can improve outcomes in chil-
dren.?>?> Treatment can be with either normal
saline, lactated Ringer’s solution, or human albu-
min. Most authorities reserve albumin for patients
who do not respond to crystalloids. A goal-di-
rected approach to titrating fluids likely is critical
in outcome. A landmark study?® showed im-
proved mortality rates with fluid management di-
rected at maximizing central venous oxygen
saturation. Recent Brazilian studies have pre-
liminarily shown improved survival in children
receiving aggressive resuscitation and manage-
ment via a similar goal-directed approach (J.A.
Carcillo, personal communication). The promi-
nent hemodynamic problem in meningococcal
sepsis also involves maintenance of adequate cir-
culating volume in early stages of treatment.
Thus, aggressive fluid resuscitation is the key
treatment principle in meningococcemia. Vol-
ume resuscitation can be titrated to clinical exam-
ination, and to measurement of adequate central
venous pressures (CVP), and mixed venous ox-
ygen saturations (SvO,) from central venous
catheters placed early in the course of resusci-
tation. CVP and SvO, measurements can pro-
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0 min Recognize decreased mental status and perfusion.
5 min | Maintain airway and establish access according to PALS guidelines.

Push 20cc/kg isotonic saline or colloid boluses up to and over 60 cc/kg
Correct hypoglycemia and hypocalcemia

15 min Fluid refractory shock

Fluid responsive Establish central venous access, begin

dopamine therapy and establish arterial monitoring .

Fluid refractory-dopamine resistant shock

Titrate epinephrine for cold shock,
norepinephrine for warm shock

Observe in PICU I

Catecholamine- resistant shock

At Risk of Adrenal Insufficiency? Not at Risk?

60min | Giye hydrocortisone Do not give hydrocortisone

Low Blood Pressure
Warm Shock

Low Blood Pressure
Cold Shock,
SVC 0, sat <70%
| I |
Add Vasodilator or Titrate Volume and Titrate Volume and
Type III PDE inhibitor Epinephrine Norepinephrine
with Volume loading  ~ ‘ Low dose vasopressin or angiotensin?

Normal Blood Pressure
Cold Shock,
SVC 0, sat <70%

Persistent Catecholamine-resistant shock
|

Place pulmonary artery catheter and direct fluid, _ Refractory shock
inotrope,vasopressor,vasodilator, and hormonal |

therapies to attain normal MAP-CVP and CI > 3.3 and
Consider ECMO |

< 6.0 L/min/m?

Figure 1. Recommendations for stepwise management of hemodynamic support in infants and children with goals of
normal perfusion and perfusion pressure (mean arterial pressure (MAP) - CVP. Proceed to next step if shock persists.
PALS, pediatric advanced life support; SVCO,, superior vena cava oxygen; PDE, phosphodiesterase; Cl, cardiac index.
Copyright © Society of Critical Care Medicine, European Society of Intensive Care Medicine, and International Sepsis

Forum. Reproduced by permission of the publisher.??

vide a helpful assessment of sufficiency of fluid
resuscitation. Echocardiographic evaluation
also can provide a noninvasive assessment of
ejection fraction and ventricular filling ade-
quacy. In the patient described by Symons and
Picca in this issue,! fluid volumes of up to 120
to 140 mL/kg may be necessary in the acute
resuscitation phase to adequately keep up with
intravascular losses and filling requirements.
Although aggressive early fluid resuscitation
is key, a lack of resolution of fluid overload later
in the disease course could be responsible for,
or at least associated with, worsening out-
comes.?”28 However, these concerns should
not lead one to undertreat early. Likely the
impact of fluids on outcome is bimodal, with

early undertreatment and late fluid overload
both associated with worsening outcomes.
Children with meningococcemia frequently
require inotropic and vasopressor support in
addition to aggressive fluid resuscitation. An
understanding of mechanisms of shock in this
setting is integral to determine selection of the
optimal agent. Adults with septic shock typi-
cally show vasomotor paralysis with vasodila-
tion and overall increased cardiac output. On
the other hand, children with septic shock dis-
play more heterogeneous hemodynamic re-
sponses.??%? As opposed to adults, low cardiac
output and decreased oxygen delivery are more
common and more likely to be associated with
mortality; low cardiac output and high systemic
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Table 1. Definitions of Shock

Cold or warm shock: decreased perfusion including decreased mental status, capillary refill >2
seconds (cold shock) or flash capillary refill (warm shock), diminished (cold shock) or bounding
(warm shock) peripheral pulses, mottled cool extremities (cold shock), or decreased urine output

<1 mL/kg/h

Fluid-refractory/dopamine-resistant shock: shock persists despite >60 mL/kg fluid resuscitation in

first hour and dopamine infusion to 10 ug/kg/min

Catecholamine-resistant shock: shock persists despite use of catecholamines epinephrine or

norepinephrine

Refractory shock: shock persists despite goal-directed use of inotropic agents, vasopressors,
vasodilators, and maintenance of metabolic (glucose and calcium) and hormonal (thyroid and

hydrocortisone) homeostasis

Copyright (c) Society of Critical Care Medicine, European Society of Intensive Care Medicine, and International Sepsis Forum.

Reproduced by permission of the publisher.??

vascular resistance (SVR) occurs in 58% of a
series of 50 children with septic shock in com-
parison with only 22% with low cardiac output
and low SVR,? although some patients did de-
velop a high-output, low sustained virologic
response state as well. Thus, the choice of
agents must be predicated on the estimated
degree of diminished vascular resistance and
cardiac function. Pulmonary artery catheters
rarely are used now in pediatric patients, and so
assessment is dependent on a combination of
blood pressure measurement, CVP and arterial
pressure monitoring, SvO, measurement, echo-
cardiographic assessment, and the time-hon-
ored physical examination. For instance, the
patient described in the Symons and Picca nar-
rative! manifests a low blood pressure, wide
pulse pressure, decreased perfusion, and capil-
lary refill. These features are consistent with a
description of warm shock as defined in the
ACCM guidelines (Table 1).?2 He also might be
expected to have increased CVP, low systemic
venous oxygen saturation, and decreased ejec-
tion fraction by echocardiogram. The clinical
examination and objective measurements in
combination suggest him to be in a low-cardiac-
output state with the need of a vasoactive agent
both with primary inotropy (B-receptor activ-
ity) to improve cardiac output, as well as a
degree of vasoconstriction (a-receptor) to
maintain adequate organ perfusion pressure.
ACCM guidelines include general recommen-
dations for choice of vasoactive agents in fluid-

refractory shock. Current ACCM guidelines sug-
gest dopamine as the first choice. If resistant to
dopamine, epinephrine is recommended to ti-
trate for cold shock and norepinephrine for
warm shock. Further inotropic therapy is ti-
trated as noted in Figure 1, with addition of
vasodilators and/or milrinone (a phosphodies-
terase III inhibitor with additional lusitropic
function) in patients with adequate blood pres-
sure and increased oxygen consumption. Vaso-
pressin is an additional pressor agent that has
become increasingly used in catecholamine-re-
sistant shock as an adjunct to either norepi-
nephrine or epinephrine because of its addition
mode of pressor action via vasopressin recep-
tors. In the setting of meningococcemia, the high
potential for extremity ischemia and thrombosis
necessitates titration of vasoconstriction to mini-
mal levels if possible. Agents with peripheral va-
sodilating effects, such as milrinone, may be
added as tolerated by blood pressure.

PEDIATRIC SEPSIS: OTHER THERAPIES

The patient in the Symons and Picca narra-
tive! is not intubated at present. However,
given his degree of shock, acidosis, and pro-
gressive respiratory distress, irrespective of
advancing pulmonary edema, a strong case
could be made for earlier endotracheal intu-
bation and mechanical ventilation to decrease
overall oxygen consumption and nonessential
use of cardiac output.
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Antibiotics are an essential aspect of manage-
ment in meningococcemia and should be ad-
ministered empirically as early as possible in
the disease course. Likely, however, they do
not mitigate the initial proinflammatory and co-
agulopathic cascades that have been activated,
and it has been suggested that initial antibiotics
may initially aggravate these responses as a re-
sult of lysis of organisms. Current recom-
mended empiric antibiotic use should be based
on age and potential organisms responsible for
sepsis, even if meningococcemia is suspected.
With the increase of community-acquired
methicillin-resistant Staphylococcus aureus in
many areas of the United States, empiric addition
of vancomycin to a standard broad-spectrum
cephalosporin is recommended in children and
adolescents presenting with septic shock. Other
broad-spectrum choices may need to be made in
the child with known immunosuppression.
Ceftriaxone has been used in many algorithms for
empiric treatment of pediatric sepsis. However,
recent reports of deaths associated with concom-
itant use of ceftriaxone and calcium-containing
solutions, allegedly owing to in vivo calcium che-
lation, have led the Food and Drug Administration
to issue an alert that included recommendations
to avoid administration of ceftriaxone within 48
hours of completion of calcium-containing infu-
sions, including parenteral nutrition, regardless of
whether drug delivery occurs through separate
catheters.3%3! Given the high incidence of need
for calcium replacement in severe sepsis or me-
ningococcemia, the alternative use of cefotaxime
as a firstline cephalosporin has been recom-
mended. Ceftriaxone (with its advantage of
longer dosing intervals) could be used later at
more stable points of the meningococcal disease
resolution.

Empiric use of corticosteroids is controver-
sial in pediatric septic shock.3? Several studies
have shown a high incidence of absolute or
relative adrenal insufficiency in both children
and adults with septic shock, even in the ab-
sence of other risk factors such as chronic ste-
roid use as chemotherapy. In meningococce-
mia, adrenal hemorrhage has been described
classically as the Waterhouse-Friderichsen syn-
drome. However, even in the absence of hem-
orrhage and necrosis, reports evaluating adre-

nal function in meningococcemia generally
have found decreased response. Pediatric stud-
ies have shown significantly lower cortisol lev-
els? in meningococcemia nonsurvivors than in
survivors, as well as blunted corticotropin re-
sponse.’* Low serum cortisol and high adreno-
corticotropic hormone levels also were associ-
ated with higher vasopressor requirements3*
and poorer outcome.?> Current national adult
sepsis guidelines®® have recommended empiric
use of steroids in septic shock based on a large
adult trial finding improved survival with use of
a low-dose steroid regimen in patients not re-
sponding to adrenocorticotropic hormone stim-
ulation.’” However, the negative results of the
recently reported adult sepsis steroid replace-
ment trial>® may call for reassessment of routine
use in septic shock. Pediatric trials are notably
absent. Empiric corticosteroids have been rec-
ommended for pediatric patients with cate-
cholamine-resistant shock at specific risk of
adrenal sufficiency,?? which include children
with suspected meningococcemia.

Purpura fulminans is an ominous but frequent
feature of systemic meningococcemia.’® The co-
agulopathy and microthrombosis is responsible
for a great degree of morbidity seen in survivors.
Skin loss, amputations, and brain vascular injury
are seen in varying degrees. The pathophysiology
of the coagulopathy is complex. Disseminated
intravascular coagulation results from excessive
activation of the coagulation cascade and associ-
ated down-regulation of the fibrinolytic system.
Concentrations of anticoagulants such as protein
C and antithrombin III are decreased, and tissue
factor pathway inhibitor is increased. The com-
plex disturbances produce tendencies both for
hemorrhage and tissue microthrombosis.?® A va-
riety of maneuvers have been aimed at treating
the various disruptions of procoagulant and anti-
coagulant function, including tissue effects of pur-
pura fulminans, with variable success. One ap-
proach to generalized control and replacement of
factors is through the use of plasma exchange,
which is described in a recent review.“® Many
clinicians routinely replace depleted factors with
fresh-frozen plasma and platelets, but concern
exists that one is merely fueling the fire with
products that will be consumed in microthrom-
bosis. One approach is to provide replacement
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only in the case of active bleeding or with platelet
counts of less than 20,000/mm?>. More directed
replacement with activated protein C has been
shown to be effective in some settings of adult
sepsis and has suggested benefits in pediatric me-
ningococcemia.*! However, a recent multicenter
trial of activated protein C was halted in children
because of a lack of effect and concern for in-
creased bleeding risk.*> Heparin infusion has
been used in an effort to avoid microthrombosis,
but no strong evidence supports it use. Tissue
plasminogen activator also has been used to over-
come inhibition of endogenous tissue plasmino-
gen activator, but a retrospective review in chil-
dren suggested increased risk of intracerebral
hemorrhage.®> Topical nitroglycerine applied to
ischemic digits may provide local improvement in
perfusion, but care must be taken to avoid hypo-
tension.

As noted previously, ongoing fluid manage-
ment in the child with severe meningococcemia
is problematic. Although decreasing additional fluid
would be preferred, capillary leak syndrome may
lead to ongoing tissue losses, requiring repeated
fluid boluses and higher rates. Diuretic use may
not be tolerated in the face of hypotension and
poor perfusion. The preponderance of evidence
now confirms that low-dose dopamine does not
improve urine output in sepsis. Furthermore, in-
creasing concern has been raised that use of do-
pamine may be immunosuppressive because of
its effect on prolactin secretion and thus T lym-
phocyte activity.** Thus, one may consider dis-
continuing dopamine if another pressor/inotrope
is needed or if able to wean dopamine to lower
doses. Glucose-containing fluids are used initially
in management because hypoglycemia can occur,
particularly in infants. However, close monitoring
of serum glucose levels and strict glycemic con-
trol has been suggested to improve outcomes in
adults. Persistent hyperglycemia has been associ-
ated with increased mortality in critically ill chil-
dren,* but the impact of control with insulin on
outcome has not been shown yet in children.

DEVELOPMENT OF MULTIPLE ORGAN
FAILURE AND EXTRACORPOREAL
SUPPORT

Disease progression to multiple organ dysfunc-
tion markedly increases likelihood of death. Renal

function in meningococcemia typically wors-
ens for several reasons. Acute kidney injury in
septic shock, although once thought to be pri-
marily a hemodynamic disease induced by isch-
emia, likely is associated with inflammatory re-
sponse.“® Bilateral cortical necrosis is noted in
some patients.?” Likely, tendencies for micro-
vascular thrombosis predispose to this finding.
Increasing renal insufficiency and increasing se-
rum creatinine levels correlate with decreased
levels of the von Willebrand factor cleaving
protease ADAMTS-13 in adults with septic
shock, in a pattern similar to thrombotic throm-
bocytopenic purpura.®® In one series of 209
children admitted with meningococcemia, 21
developed oliguric acute renal failure necessi-
tating renal replacement therapy. Twelve of
these patients survived, 4 developed some form
of persistent abnormality of renal kidney.*
Management of renal failure is in part dictated
by hemodynamic stability. Although diuretics
may be attempted to improve urine output,
acute diuresis likely will not be well tolerated,
particularly early in the resuscitative course.
Furosemide infusions may produce diuresis
with improved hemodynamic tolerance. How-
ever, renal replacement therapy will provide
better overall fluid management and assist in
decreasing massive fluid overload, and is dis-
cussed in another review in this issue.

If the patient described in the Symons and
Picca case study! did not respond to all the
earlier-described maximal hemodynamic sup-
port, extracorporeal support could be consid-
ered. Extracorporeal membrane oxygenation
(ECMO) has a well-established record of poten-
tial benefit in neonatal and pediatric respiratory
failure, and for emergent temporary cardiac
support.’® ECMO provides artificial respiratory
and/or cardiac support via introduction of an
artificial oxygenator and circulation of blood by
either venoarterial or venovenous support.
However, the role of ECMO is less certain in the
treatment of refractory shock, sepsis, and
MOF.>! Individual pediatric center case series
have suggested benefit. A recent review of 45
children with septic shock (including 12 with
meningococcemia) described survival to hospi-
tal discharge in 21 of 45 children receiving
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ECMO support after failure of maximal conven-
tional therapy.>?

Two series of pediatric experience with
ECMO in meningococcal sepsis have reported a
somewhat divergent experience. One study>?
described 12 children with meningococcal dis-
ease and a high predicted likelihood of death
who received ECMO support. In 7 patients,
ECMO was provided rapidly for intractable
shock; in 5 other patients ECMO was required
later for severe ARDS. Six of the 12 patients
actually required cardiopulmonary resuscita-
tion before ECMO. Overall, 8 of the 12 pa-
tients survived (6 functionally normal), in-
cluding 4 of 7 intractable shock patients and
all 5 ARDS patients. The investigators con-
cluded that ECMO should be considered to
support patients with meningococcal disease
failing conventional measures for refractory
shock or respiratory failure, given the other-
wise high likelihood of death. A more recent
meningococcal ECMO series was less encour-
aging, but also did suggest that ECMO was
more effective for respiratory indications. An-
other study®* reported 11 children with me-
ningococcal sepsis and a high predicted mortal-
ity rate who were treated with ECMO. Overall,
6 of 11 survived. All 5 children with ARDS who
received venovenous ECMO survived. How-
ever, of 6 children with refractory shock and
organ failure receiving ECMO (all venoarterial),
only 1 survived. Although recognizing study
limitations, the investigators affirmed the use of
ECMO in meningococcal-associated ARDS but
urged caution in its use for refractory shock.
Based on accumulated experience, ACCM guide-
lines recommend the physician “consider ECMO”
in the child with meningococcemia and refrac-
tory shock (Fig. 1).

SUMMARY

Meningococcemia is a manifestation of septic
shock with potentially high morbidity and mor-
tality rates in children. Rapid recognition is es-
sential to have the opportunity to impact out-
come. Aggressive fluid resuscitation and hemo-
dynamic management can improve organ
perfusion. The use of corticosteroids and agents
to manipulate coagulation dysfunction are reason-
able, but their benefits remain to be proven. Ex-

tracorporeal support through ECMO can be
considered. The use of continuous renal re-
placement therapies and plasma exchange also
offer further potential benefits with the support
of nephrology consultants.
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