
C
k
e
r
t
(
(
a
c
c
i
s
m

a

U

A

0
©

S

Renal Supportive Therapy for Pediatric
Acute Kidney Injury in the Setting of

Multiorgan Dysfunction Syndrome/Sepsis

Patrick D. Brophy, MD

Summary: In the setting of sepsis and multiorgan dysfunction syndrome, the development of
acute kidney injury can be an ominous event, particularly in the pediatric patient. In this
setting, rapid initiation of renal supportive therapy is likely to positively impact on mortality
rates. Therapeutic initiation and choice of dialytic modality are dependent on physician
beliefs, as well as patient and organizational characteristics. Patient-specific factors including
adequacy of nutrition provision, acuity of acute kidney injury, degree of uremia, and severity of
fluid overload all must be taken into account during the decision on whether or not to initiate
renal supportive therapies. In addition to the utilization of classical renal supportive modalities
such as acute hemodialysis, peritoneal dialysis, and continuous renal replacement therapies, the
increasing use of plasma exchange therapies and other alternatives are actively being explored for
use in sepsis-associated acute kidney injury. This article reviews these concepts and current
literature in the context of pediatric specific sepsis-associated acute kidney injury.
Semin Nephrol 28:457-469 © 2008 Elsevier Inc. All rights reserved.
Keywords: Acute kidney injury, acute renal failure, pediatrics, sepsis, dialysis, multiorgan
dysfunction syndrome
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onceptually, the nephrologist’s consulta-
tive approach to children with multiple
organ failure has been driven by acute

idney dysfunction terminology and its inher-
nt meaning. The supplanting of the term acute
enal failure with acute kidney injury (AKI) and
he evolving concept of renal support therapy
RST) rather than renal replacement therapy
RRT), should force a shift in our consultative
nd care provision paradigms. Indeed, early
onsultation from our intensive care unit (ICU)
olleagues is imperative if we are to make any
mpact on mortality rates in pediatric patients
uch as the one described in the case by Sy-
ons and Picca.1

The following discussion focuses on the
pproach to provision of RST in critically ill
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ediatric patients. The first component of this
iscussion pertains to the timing of initiation
f RST, the second pertains to modality
hoice, the third pertains to nutritional pro-
ision, and, finally, when to consider discon-
inuation. Throughout the discussion the case
pecifics are cited. An overall review of RST
pproaches to pediatric AKI is beyond the
cope of this article and the readers are re-
erred to other broader resources.2,3

Fundamental questions must be addressed to
rovide optimal care for the critically ill child
ith AKI. The overall approach is to develop

riteria for the timing of RST initiation. Subse-
uently, we must perform a uniform clinical
ssessment to determine the major goal of RST,
hich is by patient characteristics and organi-

ational resources. Does the patient need only
olute clearance? Do they need primarily ultra-
ltration? What are the resources available?
hat limiting/extenuating factors are present

n terms of the patient’s condition? All of these
onsiderations must be taken into account if we

re to deliver appropriate therapy in the right
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458 P.D. Brophy
ontext. With this information we then must
sk ourselves, “When should we start extracor-
oreal renal support therapies?”

IMING OF INITIATION OF RST

ew topics in the pediatric RST realm have
een as controversial as delineating the optimal
iming of RST initiation. Over the past several
ears both pediatric and adult data have sup-
orted the implementation of RST earlier in the
ourse of care4-6; such a strategy is particularly
elevant in pediatric care because children tend
o develop their maximal organ failures and die
ore rapidly than the adult population.7 Classi-

ally defined indicators for RST initiation in the
etting of AKI are generally extrapolations of
hose commonly used for end-stage renal dis-
ase (ESRD): metabolic/electrolyte imbalance,
remia with bleeding and/or encephalopathy,
nd hypervolemia with pulmonary edema/re-
piratory failure.3 Other indications include in-
oxications, inborn errors of metabolism, and
utritional support.3 Although these indications
hould prompt RST provision, they may be
iewed as late indicators because they are
riven by the irreversibility of ESRD in the spec-
rum of chronic kidney disease progression.
KI, on the other hand, is potentially revers-

ble, and delaying RST provision until patients
how severe signs and symptoms may not be
ppropriate in the setting of multiorgan failure.
ndeed, the absence of a generally accepted,
alidated, and applied definition of AKI has im-
eded the adequate investigation of this ques-
ion and there remains wide variation in clinical
ractice.8-11 Timing of RST initiation is affected
y physician beliefs as well as patient and orga-
izational characteristics. Patient characteristics
ay include body habitus, age, illness acuity, and

omorbidities. Organizational characteristics may
nclude resource availability, country, type of in-
titution, physician and nursing staff, type of
CU, and perceived cost of therapy. Although
ost clinicians accept that electrolyte abnor-
alities such as intractable hyperkalemia are

bsolute indications for prompt RST initiation,
p until recently, few (if any) quantifiable val-
es for uremia, fluid overload, and AKI severity
ave been published to signal an appropriate

ime for initiation. s
cuity/Degree of AKI

lthough not yet fully supported by the litera-
ure, the acuity of AKI would reasonably sug-
est that earlier intervention before the estab-
ishment of the indicators used for RST in ESRD
s a rational approach. More than 30 definitions
xist for AKI in the literature. To date, it gen-
rally has been accepted that AKI is character-
zed by the failure of the kidneys to adequately
egulate electrolyte, acid-base, and fluid ho-
eostasis with a concomitant reduction in glo-
erular filtration rate.12,13 In practical terms

his may be shown in the pediatric patient by an
ncrease in nitrogenous waste products (blood
rea nitrogen [BUN]), an associated increase in
erum creatinine level (�50% above baseline),
nd in most cases a concomitant reduction in
rine output (�0.5-1 mL/kg/h).12-14

To address fundamental questions, a com-
only accepted and used AKI criterion was
roposed by the Acute Dialysis Quality Initia-
ive group (available: www.ADQI.net). The
roup objectively scrutinized available AKI data
nd classified it as to scientific merit. These
riteria are known as the Risk, Injury, Failure,
oss, and End stage renal disease [RIFLE] crite-
ia and have since been validated.15 A recent
ediatric study has validated a modified form of
hese criteria, the pediatric-modified RIFLE cri-
eria.16 An in-depth discussion of AKI defini-
ions and criteria is the focus of the previous
rticle.

remia

he degree of uremia, quantified by the BUN
oncentration, often is cited as a reason for RST
nitiation,17 but a wide range of standards and
onfounding factors exist in using BUN mea-
urements. Although increases in the BUN con-
entration may reflect the kidney’s inability to
rocess solute adequately to maintain ho-
eostasis, levels can be affected by nonrenal

actors such as bleeding, steroid use, nutritional
arameters, and catabolism.
A single retrospective nonrandomized co-

ort study used BUN concentration as a surro-
ate of “timing of intervention.”18 In this study
rom a large trauma center, patients who were

tarted on RRT at a mean BUN concentration of

http://www.ADQI.net
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Sepsis-associated AKI and renal therapies 459
2.6 mg/dL had a 39% survival rate compared
ith a 20% survival rate in those who started
RT at a mean BUN concentration of 94.5 mg/
L. However, because BUN concentration may
eflect factors other than time of initiation, this
tudy may be flawed. In an adult-based, multi-
enter, observational analysis of critically ill pa-
ients with AKI,19 RST initiation at higher BUN
oncentrations (�76 mg/dL) was associated
ith an increased risk for death. The investiga-

ors note that the results may reflect residual
onfounding by severity of illness, but these
esults provide impetus for further randomized
ontrolled trials. A landmark study4 examining
osing requirements in continuous venovenous
emofiltration (CVVH) and survival in adult pa-
ients provides indirect support for RST initia-
ion earlier in the development of uremia. Al-
hough an increase in the BUN concentration
as not a primary outcome measure, patients
ith lower BUN levels at RST initiation had

mproved survival rates compared with those
ith higher BUN levels, independent of CVVH
ose treatment group. To date, no pediatric
andomized controlled trials have specifically
ddressed the effect of timing of intervention
ased on BUN levels and outcome.

luid Overload

isturbed fluid or metabolic balance often ne-
essitates RST initiation in the setting of
KI.20-22 Historically, the reported mortality
ates for children requiring dialysis ranged any-
here from 35% to 73%.23-27 However, more

ecent pediatric RST demographic data have
tratified diagnoses and clarified outcome num-
ers, suggesting that refinement of variables,
se of severity of illness scores, and subsequent
arlier intervention may lead to improved out-
omes.28 Conventional approaches to the clini-
al case would conclude that because the pa-
ient is voiding, aggressive diuretic use may be
eneficial, rather than early initiation of RST.
owever, diuretics may counter the efficacy
f vasopressor support and in fact in adult
opulations diuretic support has been associ-
ted with increased mortality rates.29 What
oes the literature identify in terms of deci-
ion making regarding RST initiation for pa-

ients in terms of fluid overload? Perhaps the r
ost important development in the approach
o RST and AKI in pediatrics comes from the
rospective Pediatric Continuous Renal Re-
lacement Therapy (ppCRRT) registry. This
roup and others5,6,30,31 have published several
ediatric-specific observational studies show-

ng that the degree of fluid overload (equation
) is an independent predictor of mortality in
he pediatric group. The ppCRRT5 showed that
urvival rates in patients with multiorgan dys-
unction syndrome (MODS) were significantly
etter for patients with less than 20% fluid over-

oad (FO) (58% survival rate) versus greater
han 20% FO (40% survival rate) at CRRT initi-
tion (P � .002), even though the pediatric risk
f mortality scores for patients with less than
0% FO versus greater than 20% FO were no
ifferent at pediatric ICU (PICU) admission
14.3 � 7.6 versus 17.3 � 10.3) or CRRT initi-
tion (16.1 � 8.1 versus 17.0 � 7.5). The ma-
ority of the 116 patients analyzed in this study
ad sepsis (39%) as the primary disease entity
equiring RST.

Equation 1: % FO at CRRT initiation

�
fluid in �L� � fluid out �L�

ICU admit weight �kg�
� 100%

ase Specifics: Indicators
ecently, the International Surviving Sepsis
ampaign Guidelines Committee32 put forth
uidelines for the goal-directed management of
epsis and septic shock based on the current
iterature.

Although this is an adult-based approach,
any of the principles can be applied to the
anagement of pediatric patients as well.
hese guidelines form a strong basis not only

or therapy guidance but also for future inves-
igations. In the case of the patient presented
ere,1 a focused consultative approach also is
arranted, with attention to the following
uestions: which specific indicators of initiat-

ng RST should be considered in this patient?
hat is the AKI severity? Does the patient have

lectrolyte imbalance? What is the BUN level? Is
he patient metabolically capable of processing
he fluid and solute load to maintain their own
alance? Is the provision of nutrition being sac-

ificed to limit excess fluid intake?
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460 P.D. Brophy
This patient is septic and has received mas-
ive fluid resuscitation and vasopressor sup-
ort. Although there is no mention of specific
lectrolyte abnormalities other than a low CO2

evel, the patient’s serum creatinine concentra-
ion is increasing (1 mg/dL up to 2.8 mg/dL),
hich reflects severe AKI (pediatric-modified
IFLE “F”). In addition to this, his urinary out-
ut has dwindled.
As a result of the resuscitation, the patient’s

eight has increased from 52 kg to 64 kg, and
is blood pressure remains labile. Despite con-
inued urine output, his kidneys are unable to
dequately process the fluid and solute re-
uired, which is compounded by vascular leak
nd resulting edema (third spacing), which
ompromises ventilation and oxygenation de-
pite ventilator support. By using our fluid cal-
ulation as noted in equation 1, the patient’s
egree of fluid overload would be 24%. Based
n the previous discussion and the literature
vailable, this patient meets the initiation re-
uirements for RST, but which type of RST
ould best meet this patient’s requirements?

ATIENT AND
RGANIZATIONAL CHARACTERISTICS

odality Choice

number of modalities are available for RST
rovision in the pediatric patient with MODS/
epsis-associated AKI. Intermittent hemodialy-
is (HD), peritoneal dialysis (PD), and CRRTs
uch as continuous venovenous hemodialysis
CVVHD) (predominantly diffusive clearance),
VVH (convective clearance), or continuous
enovenous hemodiafiltration (CVVHDF) (both
onvective and diffusive clearance), may be
sed to provide enhanced solute clearance and
ltrafiltration.33,34 In addition to these classic
odalities, plasmapheresis may be a viable sup-
ortive option in the setting of sepsis. Sepsis-
ssociated AKI has some unique properties that
eparate it from other classic causes of pediatric
KI.35 These properties include the potential
emoval of circulating cytokines (both proin-
ammatory and anti-inflammatory) and restora-
ion of immunohomeostasis.36-38

Choosing an appropriate RST modality for

KI depends not only on the dialytic indication u
ut also the clinical characteristics of the pa-
ient. Clinically, several important patient con-
itions require attention. Initial patient assess-
ent should focus on the degree of multiple

rgan system involvement. Patients with AKI
rom causes other than sepsis and associated
ODS predictably have a better potential out-

ome than those with multisystem failure.3,28,32

The nature of the clinical insult also drives
he modality choice. For example, overwhelm-
ng sepsis with fluid overload, pulmonary
dema, pressor support, and multisystem in-
olvement may necessitate initiation of CRRT
ith close fluid status control, whereas a post-
perative cardiac patient with minimal fluid
verload may be better served by PD. In addi-
ion to these clinical variables, the use of spe-
ific modalities in terms of nutritional support
o aid in patient recovery from AKI or its un-
erlying cause39-41 must be considered.

D

ntermittent HD offers distinct advantages in
erms of efficient solute and ultrafiltration clear-
nce compared with other RST modalities. It
onfers the ability to accurately prescribe tar-
eted small solute reduction with or without
ltrafiltration. Rapid toxin clearance associated
ith hyperammonemia, tumor lysis syndrome,
r ingestions also are extremely amenable to
D.42 The use of post-HD CRRT also may pro-
ide for efficient control of potential rebound
f toxic substances.43

Treatment of sepsis-associated AKI with in-
ermittent HD usually necessitates some degree
f fluid restriction because many patients will
ot tolerate removal of large volumes of fluid
ver the short treatment times typically used in

ntermittent HD. Daily intermittent HD may
elp in this regard, but will not completely
liminate the need for fluid restriction, which
n turn frequently will lead to limitations on the
mount of nutritional support provided. Finally,
he capacity of intermittent HD for ultrafiltra-
ion will be limited further if the patient is
ignificantly hypotensive. In such patients, HD
ay need to be terminated early or may not be

ble to be provided at all, and PD or CRRT may
e preferable options because of the more grad-

al fluid removal provided by these modalities.
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Sepsis-associated AKI and renal therapies 461
Most secondary or tertiary care centers have
he equipment and expertise to provide inter-
ittent HD. Although acute HD is the most

fficient modality for metabolic and volume
ontrol, it often is not tenable in the smallest
nd/or sickest patients who present to the
ICU, who require experienced nursing per-
onnel to deliver HD safely to patients with
mall blood volumes who cannot tolerate rapid
uid shifts. In this particular case, the hemody-
amic instability and labile nature of the pa-
ient’s condition would not make HD the best
ption for RST.

D

any pediatric clinicians have a relatively
reater experience and comfort level using PD
n pediatric patients. PD historically has pro-
ided effective therapy for the management of
hildhood AKI23-26,44-48 and continues to pro-
ide reasonably cost-effective, efficient ther-
py in resource-poor, developing nations.49-51

ver the past 10 years, CRRT slowly has sup-
lanted PD as the primary RST modality
hoice for pediatric care because CRRT tech-
ological advances have allowed improved
elivery of care.52

PD provides gradual and continuous solute
learance and ultrafiltration. Although possible,
he ability to separate these components is lim-
ted in PD. Dialysate prescriptions may be mod-
fied rapidly to suit the patient’s exact require-

ents in circumstances in which avoidance of
actate-based solutions is in the patient’s best
nterest. Commercially prepared bicarbonate-
ased solutions are available outside the United
tates. Customized bicarbonate solutions with
lectrolyte modification also can be prepared
y hospital pharmacies,53,54 although prescrip-
ion error poses a significant risk to patient
are.55 The ability to provide adequate dosing
f dialysis in the AKI setting also is problematic

n many of the sickest patients. Retrospective
ediatric data show that PD can be performed
uccessfully in the setting of multisystem organ
ailure requiring vasopressor support and car-
iovascular instability.48,50 However, in patients
ith sepsis-induced AKI the beneficial aspects
f slow solute clearance and ultrafiltration pro-

ided by PD also limit its effectiveness. Patients p
ith sepsis and severe fluid overload/lactic ac-
dosis who are pressor-dependent require pre-
ise fluid balance and controlled ultrafiltration,
et may not have adequate blood flow to the
eritoneum and to allow for efficient solute and
uid removal. Pressor agents may alter perito-
eal blood flow in septic patients, further di-
inishing adequate solute and fluid removal.
PD is relatively contraindicated in patients

ith ventriculoperitoneal shunts, prune belly
yndrome, recent abdominal surgeries, and is
bsolutely contraindicated in patients with dia-
hragmatic defects. Our patient has worsening
espiratory parameters and this pulmonary
ompromise may worsen owing to increased
bdominal dialysate volumes, thereby prevent-
ng full diaphragmatic excursion.56,57 Further
omplications associated with PD include her-
ias, leaks, and catheter obstruction.48,51 Hydro-
horax may result if dialysate leaks into the
leural space. The process of PD itself can
ause significant losses in immunoglobulins
hat potentially can render such patients ame-
able to infections such as peritonitis. Peritoni-
is can enhance dialysate protein loss, worsen
utritional compromise, reduce ultrafiltration
apacity, and permanently damage the perito-
eal membrane.58

PD is widely available in developed and de-
eloping countries. It requires less technologi-
al expertise, resource allocation, and may be
ore cost effective than CRRT or HD. This

ialysis modality is critical in the treatment of
epsis-induced AKI in facilities where pediatric
D and CRRT are unavailable.49,51 In terms of
ur patient, PD offers continuous therapy in the
etting of hemodynamic instability and would
e preferable to HD. However, because of its
npredictable solute and ultrafiltration removal
nd potential limitations on nutritional delivery
D would not provide the optimal precise con-
rol that CRRT would afford.

RRT

RRT has emerged as the most prevalent initial
ST used in critically ill children. Several defin-

ng CRRT principles have been established to
uide initiation, direct therapy in specific pa-
ient populations, and to describe outcome ex-

ectations and complications. The ppCRRT



R
g
u
p
a
h
t
r
m
o

o
w
e
fi
P
a
s
t
a
c
A
C
t
c
s
S
a
C
P
m
a
g
p
m
n
a

i
F
c
p
c
b
t
a

t
r
s

H
p
c
C
i
m
f
s
i
t
c
d

C

C
i
p
c
s
w
b
t
s
o
m
n
C
v
l
s
t
t
s
c
c
w
t
f
t
r
�
h
o
i
t
e
r
t
a

462 P.D. Brophy
egistry consortium has described the demo-
raphics, outcomes, anticoagulation strategies
sed, and other variables in the treatment ap-
roach to pediatric AKI including sepsis-associ-
ted AKI.5,28,47,59-61 These reports appear to
ave positively impacted the management of
he sickest septic patients with CRRT and have
esulted in an improvement in stratification of
ortality rates compared with past described

utcomes.5,62

CRRT possesses several distinct advantages
ver PD and HD in the management of patients
ith sepsis-associated AKI.63 CRRT mimics the

ffect of renal function with its continual ultra-
ltration and solute clearance,64,65 but unlike
D, in which continuous ultrafiltration is vari-
ble and dependent on the patient’s clinical
tatus, CRRT can deliver prescribed ultrafiltra-
ion rates. These properties make CRRT prefer-
ble for the provision of RST in hemodynami-
ally unstable, fluid-overloaded septic patients.
dequate nutritional delivery is possible with
RRT because there is no need for fluid restric-

ion; ultrafiltration rates can be adjusted con-
omitantly with increased volume infusions as-
ociated with increased nutrition delivery.
upplemental protein may be required because
mino acid loss can be quite high with CRRT.66

RRT provides superior uremia control over
D50,67 or HD.68,69 Dialysate or filter replace-
ent fluid customization is possible and can

llow rapid alteration of electrolyte levels tar-
eted to a desired range.70 However, because of
otential pharmacy compounding errors when
anually preparing custom solutions, caution

eeds to be exercised when performing these
lterations.55

The technical drawbacks of CRRT3 include
ts complexity and expense. New machinery,
ood and Drug Administration approval of both
ommercially available dialysate and filter re-
lacement solutions, and readily available anti-
oagulation protocols61,71 have improved safety
ut increased costs. Specialized nursing educa-
ion and pharmacy support is necessary for safe
nd proper provision of CRRT.

CRRT is an established therapy at most ter-
iary care hospitals in developed countries, but
equires significant technological expertise, re-

ource allocation, and may be more costly than u
D or PD. However, a recent adult study com-
aring PD and CRRT for sepsis-induced AKI has
alled this cost into question.72 In general,
RRT allows greater flexibility than PD and HD

n terms of choice of clearance modality. Newer
achinery provides multiple options in one plat-

orm including CVVH, CVVHD, CVVHDF, and in
ome cases therapeutic plasma exchange. The
ndications for specifically choosing one of
hese intra-CRRT modalities for specific patient
onditions are in the early stages of being
efined.

onvection Versus Diffusion and Dose

RRT may have an additional benefit of restor-
ng immunohomeostasis via removal of both
roinflammatory and anti-inflammatory mole-
ules during sepsis-associated AKI.36-38 Adult
tudies have shown improved survival rates
ith higher doses of CVVH in what has now
ecome known as “high-volume hemofiltra-
ion.”4,73 A randomized, prospective landmark
tudy showed that a CVVH ultrafiltration dose
f 35 mL/kg/h was associated with an improved
ortality rate in adult patients. Further suba-

alysis showed that in septic patients, higher
VVH ultrafiltration dosing of 45 mL/kg/h pro-
ided superior outcomes compared with the
esser doses.4 A provocative, well-designed pro-
pective trial73 evaluated the utility of short-
erm, very high volume isovolemic hemofiltra-
ion in adult patients with refractory septic
hock. Twenty patients with intractable cardio-
irculatory failure who had failed to respond to
onventional therapy were enrolled. Patients
ere prescribed 35 L of ultrafiltrate with neu-

ral balance over the first 4 hours of therapy
ollowed by a return to conventional hemofil-
ration after this period (�2 L/h). Patients who
esponded were defined as those with: (1) a
50% increase in cardiac index over the first 2

ours, (2) a � 25% increase in mixed venous
xygenation over the first 2 hours, (3) an increase

n arterial pH to greater than 7.3 over the 4-hour
herapy course, and (4) a � 50% reduction in
pinephrine dose over the 4-hour therapy pe-
iod. Eleven of 20 patients responded and of
hese 9 survived. Interestingly, responders had

significantly lower median weight (66 kg;

ltrafiltration dose 0.53 �/� 0.07 L/kg) than
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Sepsis-associated AKI and renal therapies 463
onresponders (81 kg; ultrafiltration dose
.43 �/- 0.07 L/kg), and were initiated earlier
han nonresponders (6.5 versus 13.8 h), which
uggests that dose should be normalized to pa-
ient size. No such studies exist in pediatrics.
onvective therapies (CVVH/CVVHD) provide
uperior middle molecule clearance compared
ith diffusive therapies,74 which has lead to

peculation that the convective therapies
ould therefore provide superior middle mo-

ecular clearance of septic mediators and im-
roved mortality rates in patients with sepsis-
elated AKI. To date, there are no good
andomized data to support this conclusion. A
ecent ppCRRT report of stem cell transplant
ecipients showed patients who received con-
ective therapies (CVVH or CVVHDF) had a
etter survival rate than those who received
iffusive therapy (17 of 29 [59%] versus 6 of 22
27%]; P � .05). The investigators concluded
hat the improved survival seen in the stem cell
ransplant patients treated with convective
herapies suggested that the removal of proin-
ammatory cytokines by convective modalities
ay have provided an added beneficial effect.75

lasmapheresis

lthough generally not considered a treatment
f AKI specifically, the utilization of plasma-
heresis in specific settings such as sepsis has
een the subject of recent investigation. In
ases of sepsis-related AKI, restoration of the
mmune balance and removal of septic media-
ors may improve the renal injury and hence
educe overall mortality.

The data concerning efficacy of plasma thera-
ies is somewhat mixed and appears dependent
n the primary outcome measure and the patient
opulation evaluated. Although plasma therapies
educe concentrations of septic mediators, the
attern and specific mediators removed have
hown wide variations and have not necessarily
een associated with improved survival.76-83 Cur-
ently, there is a multicenter study examining
he effect of plasma exchange therapy on a
ubset of pediatric septic patients who develop
hrombocytopenia-associated (platelet count
100,000/mm3) multiple organ failure (TAMOF).

atients with TAMOF have microangiopathic

isorders including thrombotic thrombocyto- o
enic purpura, disseminated intravascular coag-
lation, and secondary thrombotic microangi-
pathy. Daily plasma exchange appears to be
he therapy of choice for removing (von Wille-
rand factor–cleaving protease) ADAMTS 13

nhibitors and replenishing ADAMTS 13 activ-
ty, which in turn resolves platelet:von Wille-
rand factor–mediated thrombosis.84-87 This in
urn appears to result in overall stabilization of
he patient. This multicenter study was stimu-
ated in part by a small preliminary support by
guyen et al.88 In the report it was noted that
hildren with TAMOF had a reduction or ab-
ence of von Willebrand factor–cleaving pro-
ease activity and a significantly increased plas-
inogen activator inhibitor-1 activity. Plasma

xchange therapy reversed both of these. Pa-
ients received a median of 11 days of plasma
xchange to reverse their multiple organ fail-
re. Forthcoming data from the TAMOF trial
hould help define the patient population that
ay best benefit from this potentially important

herapy.

utrition Provision

hildren with AKI and sepsis often are at risk
or undernutrition. Although RST allows for op-
imization of nutritional support in patients
ith high catabolic states, it can contribute to

he development of a negative nitrogen balance
hrough loss of free amino acids and peptides.
ndernutrition can be exacerbated further by

he tendency to “fluid restrict” children with
KI even after RST has been initiated.89 Inade-
uate nutrition provision in adult post-surgical
atients is associated with decreased patient
urvival rates.90 No pediatric-specific studies
ave been conducted to date. CRRT has been
sed as a technique to deliver at least 100%
ecommended daily allowance of nutrition ei-
her by enteral or total parental nutrition (TPN).

An important consideration of nutrition in
KI includes the concept of nutritional loss
hen using CRRT/PD for patient care. Several

dult studies91-93 have shown that CRRT dose
either CVVH or CVVHD) will affect amino acid
osses and may result in a negative protein bal-
nce. In a prospective pediatric study, children
eceiving standard administration of 1.5 g/kg/d

f protein were randomized to either CVVH or
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VVHD for the first 24 hours, and then crossed
ver to the opposite therapy.94 Both prescrip-
ions resulted in a net negative nitrogen balance
ith an average loss of amino acids of approx-

mately 10 g/1.73 m2 (�10% of protein intake).
imilarly,95,96 the delivery of 2.5 g/kg/d in adult
atients on CVVHDF resulted in a net negative
itrogen balance. Although the patients’ nitro-
en balance was improved compared with stan-
ard lower protein supplementation, the overall
itrogen balance still was negative, characterized
y a preferential glutamine clearance. Ongoing
ork in glutamine supplementation in hyper-
etabolic patients (ie, sepsis, acute renal fail-

re, bone marrow transplants) continues to
valuate and elucidate the role of this nonessen-
ial but obvious key nutrient for cellular recov-
ry.97-100

Vitamins and trace elements are components
dded to standard TPN solutions. Recently, it
as shown that some of these are lost at a

ignificant rate into the ultrafiltrate. One recent
tudy showed clinically significant losses of
mino acids, folate, and some trace metals dur-
ng the provision of CVVHD in pediatric pa-
ients measured over a 5-day period. Of partic-
lar note was the significant loss of folate (from
VVHD initiation to day 5), evident by a clear-
nce rate of 16 mL/min/1.73 m2 with a concom-
tant reduction in serum folate levels.101 Other
race elements and vitamins, particularly man-
anese, thiamine, selenium, and copper, may
equire increased replacement doses greater
han standard amounts found in TPN or formu-
as.101-103

Current pediatric recommendations for
RRT suggest 2.5 to 3.0 g/kg/d of protein (with
target BUN of around 60 mg/dL), with a daily
aloric intake 20% to 30% above normal resting
nergy expenditure in the form of TPN or,
etter yet, enteral feeds.

iscontinuation

he factors determining when or how RST
hould be discontinued (or transitioned to an-
ther modality) are less well understood than
he factors determining initiation. Although
tep-down case reports exist for CRRT after HD
n patients with inborn errors of metabolism

nd toxic overdose, no approach has been de- p
ned for patients with sepsis. No studies have
xamined timing of cessation of RST for any of
he modalities discussed earlier. Logically it
ould seem that although the patient remains
utritionally dependent and critically ill in
erms of inability to maintain fluid and solute
omeostasis, RST should continue. Currently,
xperiential data and practice standards suggest
hat RST cessation or modality change is influ-
nced by multiple factors. Once again, similar
o modality choice, the largest influence is
riven by patient characteristics including urine
utput, hemodynamic instability, nutritional
nd volume status, and clinical improvement/
eterioration. Other considerations may in-
lude ongoing resource use, staff availability,
amily wishes, and long-term patient needs. For
xample, if a patient with multiorgan failure
nd sepsis-induced AKI is at the point of extu-
ation and is hemodynamically stable it may be
erfectly reasonable to change that patient

rom a continuous therapy to HD to facilitate
atient movement from the PICU to the ward.
Currently no strategies have been published

r studied that outline a clear weaning ap-
roach to RST. Unlike mechanical ventilation
eaning, which has been studied rather exten-

ively, approaches to RST weaning is an area
ipe for investigation. It is very likely that deter-
ining when and how RST should be stopped

r transitioned will significantly impact on the
conomic and clinical outcomes associated
ith patient care.

ase Specifics: Patient Characteristics
nd Modality Choice

he clinical case of an adolescent with menin-
ococcal sepsis, AKI and multi-organ failure de-
cribed by Symons and Picca1 illustrates the
onstellation of features that should lead physi-
ians to consider provision of renal supportive
herapy.

Based on the previous discussion it would
ppear that our modality choice should be he-
odynamically tolerable owing to the patient’s
oor blood pressure, pressor requirements, and
ignificant fluid resuscitation. Under these cir-
umstances, HD would be unlikely to provide
dequate supportive therapy. It is likely that the

atient would not tolerate the therapy initia-
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ion, and if he did it might have to be cut short
s a result of hemodynamic issues, resulting in
ess than adequate solute and fluid clearance
nd potentially worsening his clinical status.

The choice between PD and CRRT certainly
ncludes the availability of equipment and other
rganizational characteristics. If CRRT is un-
vailable then PD should be initiated rapidly.
he patient is experiencing increasing respira-

ory distress and we might exacerbate this by
lling the peritoneum with fluid. PD may not
uffice in this patient in terms of finite fluid
ontrol and adequate delivery of caloric re-
uirements. Dosing disparity also may play a
ole if we are unable to deliver adequate peri-
oneal fills or if the patient’s blood pressure and
ressor requirements interfere with ultrafiltra-
ion and solute clearance. This variability is
learly not in the patient’s best interests.

In this case, given the available resources,
RRT (CVVH or CVVHDF) would be the opti-
al RST. A Food and Drug Administration–

pproved filter replacement fluid would be used
ith an ultrafiltration rate of 45 mL/kg/h.4 Fluid

emoval would be aimed at a level tolerated and
ould be titrated to maintain urine output. A
tarting point would be to keep the patient’s
uid balance neutral for a few hours after CRRT

nitiation, and then increase the net fluid re-
oval to 1% to 3% of the patient’s blood vol-

me. Once CRRT was initiated, the patient
ould receive 3 to 4 g/kg/d to aim for a positive
itrogen balance.

If this adolescent began to develop thrombo-
ytopenia (platelet count �100,000/mm3), it
ould be reasonable to consider implementa-

ion of a therapeutic plasma exchange daily for
days, based on early reports from the TAMOF

rial.

ONCLUSIONS

ignificant questions remain with respect to the
nitiation timing, modality choice duration, and
requency of these therapies in the clinical set-
ing.9 The variables impacting these decisions are
umerous and significant. Wider approaches to
lood purification in sepsis are promising and
hese techniques usually are well tolerated and
re effective in clearing septic mediators with

ubsequent improvement in physiologic param-
ters. Direct demonstration in improvement in
ortality rates has been elusive and large mul-

icenter trials are necessary to address these
ssues. With the advent of multiple hybrid ther-
pies incorporating CRRT, adsorption car-
ridges, and a variety of other new technologies
he future of treating sepsis-associated AKI is
ncouraging. At present, the most effective
trategies for treating children with sepsis-asso-
iated AKI includes careful consideration of
linical status, early goal-directed intervention,
nd use of the appropriate RST/blood purifica-
ion therapies at the right time.
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