
REVIEW

Continuous renal replacement therapy in children

Scott M. Sutherland & Steven R. Alexander

Received: 29 September 2011 /Revised: 28 November 2011 /Accepted: 30 November 2011 /Published online: 28 February 2012
# IPNA 2012

Abstract Over the past several decades, the epidemiology
of acute kidney injury (AKI) in children has changed sig-
nificantly. Pediatric patients with AKI frequently have co-
morbid conditions, substantial fluid overload, and marked
disease severity. At the same time, continuous renal replace-
ment therapy (CRRT) has become the preferred modality for
the management of these patients. This manuscript provides
a state-of-the-art review of the technical aspects of pediatric
CRRT and examines the most recent data regarding CRRT
indications, timing of initiation, dosing, and outcomes in
critically ill children.
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Introduction

Over the past two decades, continuous renal replacement
therapy (CRRT) has become the preferred modality for the
management of critically ill children with acute kidney
injury (AKI) and fluid overload [1, 2]. This has occurred,
in part, due to advances in technology allowing more accu-
rate treatment delivery and better control of blood flow and
fluid removal. The result is steadily improving reliability
and ease of operation of a therapy which offers several
advantages over more traditional dialysis methods when
used in critically ill or intrinsically unstable children.

Removal of solutes and modification of the extracellular
fluid (ECF) volume occur gradually yet continuously during
CRRT and, as a result, unstable patients who are often
intolerant of the abrupt volume and solute concentration
changes which accompany standard hemodialysis can
usually be safely treated with CRRT. While peritoneal
dialysis also has the capacity to provide gradual clearance and
ultrafiltration, CRRT has the ability to independently adjust
composition and volume of the ECF. Additionally,
CRRT has the capacity, when required, to provide far
more efficient clearance than standard peritoneal dialysis
treatments.

In many ways, the basic principles of CRRT are similar
for adults and children. However, the application of CRRT
to pediatric care requires an understanding of several con-
siderations which are unique to therapy in pediatric patients
including: extracorporeal blood volume concerns and the
need for circuit blood priming, adaptation of equipment
and prescriptions designed for adult-size patients, and the
use of CRRT to manage conditions unique to pediatric
patients, such as inborn errors of metabolism.

This paper is intended to provide an overview of the
technical aspects of pediatric CRRT as now practiced in
our center and others, along with a review of the most
current data regarding CRRT indications, timing of initia-
tion, dosing, and outcomes in children.

Pediatric AKI/CRRT epidemiology and demographics

Since the majority of patients receiving CRRT are critically
ill children with AKI, it is important to understand AKI
epidemiology, which has changed over the past several
decades. Single-center reports from the 1980s highlight
hemolytic uremic syndrome and other primary renal
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diseases, sepsis, and burns as the most common causes of
pediatric AKI [3, 4]. Recent reports, however, suggest that
much of the AKI seen today is secondary to other primary or
systemic diseases. Two large pediatric data sets report that
congenital heart disease (and corrective surgery), acute tu-
bular necrosis (ATN), sepsis, and administration of nephro-
toxic medications are now the most common causes of
pediatric AKI [5, 6]. Thus, many children with AKI now
commonly have one or more co-morbid conditions that
may affect their clinical course and outcome. It is im-
portant to note that this epidemiologic shift has occurred
primarily in developed countries where the use of
CRRT is more prevalent. In developing countries, AKI
continues to be caused by primary renal disease such as
hemolytic uremic syndrome, glomerulonephritis, and
hypovolemic ATN [7, 8].

The most robust pediatric CRRT data available come
from the Prospective Pediatric Continuous Renal Replace-
ment Therapy (ppCRRT) Registry [9]. The registry contains
data on children from 13 US centers with ages ranging from
newborn to 25 years and weights ranging from 1.3 kg to
160 kg [10]. It is clear from these data that the provision of
CRRT to children requires an adaptable approach. The
ppCRRT data also report that nearly half of the patients
beginning CRRT were receiving diuretics and two-thirds
were receiving vasopressor support. Based on this, it is
reasonable to infer that children who require CRRT com-
monly have substantial underlying fluid overload and
marked severity of disease.

Indications for use of CRRT

The indications for initiation of CRRT are, generally speak-
ing, similar in adults and children. Primarily it is utilized in
critically ill children with AKI and fluid overload, although
certain unique indications exist. Of the patients in the
ppCRRT Registry, 29% received CRRT to treat isolated
fluid overload, 13% to treat isolated electrolyte abnormali-
ties, and 46% to treat fluid overload and electrolyte abnor-
malities. An additional 3% of patients received CRRT to
eliminate the need for fluid restriction in order to allow
greater fluid intake usually for nutrition or blood component
therapy. Thus, over 90% of the population received
CRRT to treat metabolic or fluid abnormalities directly
related to AKI [10]. These abnormalities can include
fluid overload, hyperkalemia, symptomatic uremia (en-
cephalopathy, bleeding, pericarditis), profound metabolic
acidosis, and other electrolyte derangements. Of the
remaining patients, 4% received CRRT to treat hyper-
ammonemia associated with an inborn error of metabo-
lism, and 2% received CRRT to treat an intoxication or
medication overdose.

Mechanisms of clearance and CRRT nomenclature

Current CRRT technology allows provision of diffusive and
convective clearance, either separately or in combination.
Briefly, diffusion refers to the movement of molecules down
a concentration gradient across a semi-permeable mem-
brane. Efficiency of molecular movement is inversely relat-
ed to molecular size or weight and directly proportional to
the magnitude of the concentration gradient. Convective
clearance refers to the movement of molecules via “solvent
drag”; dissolved molecules move with fluid across a semi-
permeable membrane in response to a transmembrane pres-
sure. Although diffusive and convective clearances are
equally effective at small molecule removal, larger mole-
cules theoretically move more effectively via convection.

The nomenclature of CRRT is based upon the type of
vascular access and the primary method of molecular clear-
ance. Although CRRT was initially developed based on
combined arterial and venous access (i.e., CAVH, or con-
tinuous arterio-venous hemofiltration), the current technique
relies upon pump-driven veno-venous access, hence the
terms CVVH, CVVHD, and CVVHDF. CVVH, or contin-
uous veno-venous hemofiltration, provides exclusively con-
vective clearance through high ultrafiltration rates. To
prevent rapid volume depletion, the majority of the ultrafil-
trate is replaced with electrolyte containing fluid. In
CVVHD, or continuous veno-venous hemodialysis, the ma-
jority of clearance is diffusive and occurs via countercurrent
infusion of dialysate through the hemofilter. A small amount
of convective clearance is provided by the net ultrafiltration
used to reduce extracellular fluid volume. CVVHDF, or
continuous veno-venous hemodiafiltration employs both
diffusive and convective clearance. These modalities all
enjoy some degree of popularity, and modality choice is
usually center dependent. In an early report, the ppCRRT
registry noted that 21% of patients received CVVH, 48%
received CVVHD, and 30% received CVVHDF [10].

Comparisons to hemodialysis and peritoneal dialysis

As seen above, CRRT shares many principles with hemodi-
alysis (HD) and some with peritoneal dialysis (PD). The
flow rates, however, are significantly different between
CRRT and hemodialysis. Frequently, CRRT utilizes slower
blood and dialysate flow rates, which results in lower hourly
clearance rates. CRRT compensates for this lower clearance
rate by extending the clearance time. Over 24 h, CRRT can
provide solute clearance comparable to that seen during a
4-h intermittent hemodialysis (IHD) session. It is quite impor-
tant to highlight the different small solute clearance limitations
between IHD and CRRT. Since IHD utilizes dialysate flow
rates far in excess of the blood flow rate, its clearance is
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primarily limited by the blood flow rate. CRRT clearance, by
comparison, is primarily limited by the dialysate or replace-
ment/effluent rate. CRRT and the continuous forms of PD
commonly used in the critical care setting share their contin-
uous nature. However, CRRT technology allows for much
greater daily clearance rates when compared to PD.

While a comprehensive comparison is beyond the scope
of this manuscript, it may be helpful to understand the
general advantages and disadvantages to each RRT therapy.
The major advantages to CRRT are the ability to provide
renal replacement therapy in a critically ill child while
maintaining hemodynamic stability, the ability to remove a
large amount of volume over an extended period of time,
and the ability to nearly eliminate the need for fluid restric-
tion, which allows provision of essential medications and
blood products along with aggressive nutritional supple-
mentation. Unfortunately, the continuous nature of CRRT
which promotes hemodynamic stability can, at times, be
disadvantageous since the presence of the circuit compli-
cates the scheduling and implementation of imaging and
procedures. Other disadvantages include the potential for
hypothermia (addressed with a circuit heating device) and
the potential to create electrolyte imbalances (addressed by
addition of electrolytes to CRRT fluids and provision of
high dose amino acids/protein). Although CRRT can be
technically challenging in small infants and neonates, avail-
able data suggest that experienced centers can provide the
therapy safely in neonates and infants <10 kg [11, 12].

Technical considerations

Although there are variations from machine to machine,
many of the technical aspects of CRRT can be generalized

and applied regardless of the CRRT device employed. This
section will touch on those aspects while avoiding character-
istics specific to individual machines.

Access

Achieving adequate vascular access, both in size and loca-
tion, is essential to the delivery of CRRT. In general, larger
bore catheters allow higher blood flow rates and are associ-
ated with greater CRRT circuit survival (Fig. 1a.) [13].
While longer catheters do provide greater resistance to flow,
the diameter of the catheter, based on Poiseuille’s Law, has a
markedly greater effect on flow than catheter length. At
times, a longer catheter will allow the access to be posi-
tioned in a larger blood vessel, which results in achievement
of greater blood flow rates despite the increased length; this
is especially true for catheters positioned in the femoral
vessels. Suggested catheter sizes based on patient weight
are contained in Table 1 [14]. Although the use of two
single-lumen 5-French catheters was previously proposed
as a viable access solution in neonates, recently published
data suggest that the use of 5-French catheters is associated
with dismal circuit survival; in a study published by Hack-
barth and colleagues, no circuits using two single-lumen
5-French catheters survived beyond 20 h [13]. Such poor
circuit survival essentially precludes the delivery of ade-
quate CRRT and use of such access should be discouraged
[14]. Smaller bore catheters which were placed for other
primary uses, such as Broviac catheters, peripherally
inserted central catheters (PICC), and umbilical lines pro-
vide far too great resistance to flow and cannot be used for
CRRT access. In neonates, we have had excellent technical
success using 7-French catheters which are placed by the
Pediatric Surgery service. Typically, they place these

a b

Fig. 1 72-h circuit survival by catheter size (a) and insertion location (b)
[13] (used with permission). a The data from the Prospective Pediatric
Continuous Renal Replacement Therapy (ppCRRT) demonstrates that 7-
and 8-French catheters are associated with shorter continuous renal
replacement therapy (CRRT) circuit survival. 5-French catheters are

associated with dismal circuit survival and their use is recommended only
as a last resort (data not pictured). b While catheters placed in the
subclavian and femoral veins are associated with similar CRRT circuit
survival, superior circuit survival is seen when catheters are placed in the
internal jugular vein
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catheters into an internal jugular vein using a cut-down
technique similar to that used for extracorporeal membrane
oxygenation (ECMO) cannulation.

Catheter location is likely to have nearly as great an effect
on circuit survival as catheter size. While femoral catheters
are used for CRRT nearly 3 times more frequently than
internal jugular (IJ) and subclavian (SC) catheters (69 vs.
16 vs. 8%, respectively), IJ catheters lead to significantly
greater circuit survival when compared to femoral or SC
catheters (Fig. 1b) [13]. Many practitioners prefer femoral
catheters due to ease of placement; however, bedside ultra-
sound devices have become more commonplace and their
use greatly improves the ease and safety of IJ catheter
insertions. Additionally, femoral catheters, unless they re-
side in the inferior vena cava are remarkably sensitive to
patient movement and usually require the patient to be
sedated and, at times, paralyzed for successful use. Neph-
rologists frequently avoid SC catheters since stenosis of the
SC vein can preclude later vascular access creation for
chronic HD, should the patient not regain renal function.

Filter/membrane

A number of hemofilters and membranes have been devel-
oped for use with CRRT. One of the membranes often
discussed is the AN-69 membrane. This biocompatible
membrane is made of polyacrylonitrile and has been fre-
quently associated with the bradykinin release syndrome
(BRS) when used in conjunction with a blood prime. Blood
priming can be necessary in small infants when the extra-
corporeal volume of the circuit exceeds 10–15% of the
patient’s estimated blood volume. The BRS occurs due to
exposure of the blood to the AN-69 membrane which acti-
vates pre-kallikrein and Hageman factor leading to release
of bradykinin, which is a powerful vasodilator. This reaction
can lead to profound hypotension in infants 5–10 min after
initiation of CRRT. Several strategies have been proposed to
mitigate or prevent this syndrome [15, 16]. However, we
feel that the best option for prevention of this phenomenon
is avoidance of the AN-69 membrane altogether. Some
practitioners advocate for the use of the AN-69 membranes
specifically in patients with sepsis due to greater cytokine

sieving coefficients when compared to other membranes
[11, 17]. However, while studies have indicated that CRRT
can remove cytokines and/or mediators of inflammation [17,
18], no studies have been able to confirm that cytokine
removal, or implementation of CRRT for that matter, have
the ability to improve survival in septic patients [19–21].
Our center changed from the AN-69 filter to a polyaryle-
thersulfone (PAES) membrane over five years ago; since
this change the bradykinin release phenomenon is no longer
seen. However, PAES membranes are not available on all
CRRT devices and they may not be available in pediatric
specific sizes. Although we have used an adult sized PAES
membrane successfully, even in children less than 10 kg,
other polysulfone derivative membranes are available; in
several studies these membranes, when compared with
AN-69 membranes, have been associated with lower post-
CRRT initiation bradykinin levels [15, 22].

Blood flow rates

Blood flow (Qb) is usually dependent on the access and
CRRT machine. Smaller 7-Fr and 9-Fr catheters infrequent-
ly allow a Qb greater than 60–80 ml/min; older CRRT
machines, such as the Gambro Prisma, have a maximal Qb

of 180 ml/min. With this caveat, recommended blood flow
rates of 3–10 ml/kg/min have been extrapolated from adult
data and animal models [23]. Higher blood flow rates (10–
12 ml/kg/min) are usually necessary in neonates and small
infants for technical reasons when adult sized CRRT devices
are utilized. For example, in a 4 kg neonate, a Qb of 40 ml/
min may be necessary to generate access and return pres-
sures adequate to prevent access disconnect alarms. We
have tended to utilize a Qb of 30–80 ml/min in neonates
and small infants, 50–100 ml/min in infants 10–20 kg, 100–
150 ml/min in larger children, and 150–250 ml/min in
adolescents.

Higher blood flow rates likely result in longer circuit
lifespan due to reduced risk for intrafiber clotting. It is
important to remember that a fundamental difference be-
tween CRRT and hemodialysis is that increasing CRRT Qb

does not necessarily result in greater small solute clearance.
Increasing Qb can, however, facilitate greater clearance by
mitigating the reduced efficiency seen with pre-dilution
mode CVVH or CVVHDF or by allowing a concomitant
increase in the replacement or ultrafiltration rates. Many
patients will not tolerate maximal blood flow at the initiation
of CRRT and, in general, it is best to advance Qb to the
targeted rate over 20–30 min.

CRRT solutions for dialysate and replacement fluid

Delivery of CRRT became more feasible and effective with
the introduction of bicarbonate-based solutions. Previously,

Table 1 Suggested weight/size-based temporary catheters for acute
continuous renal replacement therapy (CRRT) access

Patient weight/Size Catheter size

Neonate Dual-Lumen 7 French

3–6 kg Dual-Lumen 7 French

6–15 kg Dual-Lumen 8 French

15–30 kg Dual-Lumen 9–10 French

> 30 kg Dual- or Triple-Lumen 11.5–12.5 French
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when lactate was used as the solution buffer, lactic acidosis,
and the resultant cardiac dysfunction and hypotension, was
common [24]. Several studies comparing lactate- and
bicarbonate-based fluids clearly demonstrated the superior-
ity of bicarbonate-based fluid, and now bicarbonate-based
dialysate/replacement fluids are considered standard of care
in adults and children [25, 26]. However, many fluids con-
tinue to contain a small, clinically insignificant amount of
lactate to improve stability.

CRRT solutions also generally contain varying amounts
of sodium, potassium, chloride, glucose, phosphate, calcium
and magnesium; a myriad of electrolyte formulations are
available from numerous manufacturers. Of note, calcium is
always absent from solutions when phosphate is present and
is usually absent when citrate anticoagulation is utilized. To
avoid confusion, it has been our practice to stock a single
brand in only a few formulations. In the clinical settings
where a different electrolyte composition is required, the
pharmacy can add potassium, phosphorous, magnesium,
and even additional bicarbonate as needed. While we have
had great success with this practice, it has the potential for
pharmacy errors and may increase costs.

It is important to note the tendency over time for the
composition of the CRRT fluids to determine the electrolyte
levels of the patient. While a fluid low in potassium, phos-
phorous and magnesium may be appropriate at initiation of
CRRT, depending on the CRRT prescription, within a sur-
prisingly short time the patient will become frankly deficient
in these electrolytes.

Hypophosphatemia, in particular, is remarkably common
without solution supplementation, especially if higher clear-
ance rates are targeted [20, 27]. Supplementation of the
CRRT solutions with the necessary electrolytes creates a
more physiologic fluid that will result in normalization of
the electrolyte levels.

In the majority of situations, if one is utilizing CVVHDF,
the replacement and dialysate fluids should have the same
composition to reduce staff confusion and the risk for error.
One significant exception is when albumin is added to the
dialysate fluid. This technique can be used to remove pro-
tein bound medications in the setting of intoxication as well
as substances such bilirubin [28].

Anticoagulation

Activation of the clotting cascade occurs in CRRT circuits
due to contact of the circulating blood with artificial surfa-
ces; this is exacerbated by lower blood flow rates, turbulent
flow, small catheters, and high hematocrits. To prevent
clotting and prolong CRRT circuit lifespan, anticoagulation
is commonly employed, with unfractionated heparin and
sodium citrate being most frequently utilized. The only large
observational study in pediatrics demonstrated that heparin

and citrate are equally efficacious with similar circuit life-
spans, but suggested that bleeding complications were more
common with heparin [29]. The majority of adult studies
demonstrate prolonged circuit life and reduced bleeding
with the use of citrate anticoagulation [30, 31]. However,
since controlled studies in children are lacking, centers tend
to adopt one method or the other based on local experience
and practice; amongst practitioners from 13 US centers,
citrate was used 56% and heparin 37% of the time [10].
An additional 7% of patients received no anticoagulation,
relying on periodic saline flushes of the circuit. While a no-
anticoagulation approach might be considered in patients
with evidence of existing coagulopathy due to disseminated
intravascular coagulation or hepatic failure, we discourage
such practice. Many of these patients receive periodic fresh
frozen plasma and platelet infusions which, without anti-
coagulation, commonly lead to clotting. Moreover, patients
with hepatic failure may have a paradoxical hypercoagulable
state. Thus, while either citrate or heparin can provide ade-
quate CRRT anticoagulation, it is clear that avoidance of
anticoagulation is associated with markedly inferior circuit
life span and a reduced ability to deliver CRRT [29].

Heparin has been the mainstay of HD anticoagulation for
decades. Thus, many pediatric CRRT programs began with
and continue to rely on heparin to maintain circuit patency.
Heparin is infused in the CRRT circuit pre-filter and titrated
to achieve a targeted post-filter partial thromboplastin time
(PTT) 1.5 to two times normal, or an activated clotting time
(ACT) between 180 and 220 s. An extensive review of
heparin protocols is beyond the scope of this manuscript,
however, a commonly employed initial regimen begins with
an initial heparin bolus of 20–30 units/kg, followed by a
continuous infusion of 5–20 units/kg-h.

Sodium citrate anticoagulation during CRRT was first
proposed by Mehta and Ahmad in 1990; its ease of admin-
istration and reduced side effects profile, when compared
with heparin, has led to widespread acceptance [32, 33]. By
infusing citrate into the arterial limb of the CRRT tubing as
it leaves the catheter, calcium ions are bound to the citrate,
creating regional hypocalcemia within the circuit tubing;
this greatly inhibits coagulation within the circuit, since
normal coagulation is calcium-dependent. Systemic hypo-
calcemia is prevented by infusing calcium chloride or calci-
um gluconate back into the patient at a central site away
from the CRRT circuit. Thus, citrate anticoagulation
achieves truly regional anticoagulation by affecting only
the circuit, thereby eliminating the increased risk of bleeding
seen with heparin. One example of a successful protocol
was described by Bunchman and colleagues in 2002 [34].
Anticoagulant Citrate Dextrose Solution (ACD-A; Caridian
BCT, Inc., Lakewood CO, USA) is initially infused at a rate
equal in ml/h to 1.5–2 times the blood flow rate in ml/min.
The rate is then titrated to target a circuit ionized calcium
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concentration of 0.25–0.4 mmols/l. A 0.8% calcium chlo-
ride in normal saline solution is concomitantly infused at an
initial rate of 40–50% of the citrate infusion rate. The
calcium infusion is titrated to maintain the desired systemic
ionized calcium concentration, which is usually 1.1–1.3
mmols/l (often a bit higher in cardiac patients). Separate
sliding scales are used to adjust citrate infusion rates accord-
ing to the periodically measured circuit ionized calcium
level and CaCl2 infusion rates according to systemic ionized
calcium levels.

While regional anticoagulation by citrate leads to reduced
bleeding complications compared to heparinization, practi-
tioners need to be aware of the potential adverse effects
associated with citrate anticoagulation. Citrate is metabo-
lized primarily by the liver and skeletal muscle to bicarbon-
ate in a ∼3:1 manner, thus, patients receiving citrate
anticoagulation are prone to develop metabolic alkalosis.
Fortunately, citrate is readily cleared by both diffusion and
convection, and metabolic alkalosis can be forestalled by
increasing the clearance rates [35]. Reducing the citrate
infusion rate can also be effective. Citrate overload occurs
when citrate clearance falls behind citrate delivery and may
be diagnosed by monitoring the ratio of the total calcium to
the ionized calcium levels [36]. During citrate overload,
total calcium levels rise, and the ratio of total calcium to
systemic ionized calcium levels rises precipitously. As cit-
rate accumulation progresses, it becomes more difficult to
maintain the declining systemic ionized calcium levels with-
in normal ranges. Since citrate is largely cleared metaboli-
cally by the liver, patients with diminished liver function are
at increased risk for citrate overload. While usually associ-
ated with a metabolic alkalosis, citrate overload has also
been associated with metabolic acidosis [37]. Patients with
severe hepatic dysfunction can be managed using citrate
anticoagulation, but treatment often requires reducing the
citrate infusion rate. We usually recommend an initial citrate
infusion rate towards the lower end of the dosing range in
patients with hepatic insufficiency who are at increased risk
for citrate toxicity. Lower initial citrate infusion rates have
also been recommended in neonates and small infants.

Dosing of CRRT

One of the greatest controversies in the CRRT literature over
the past decade has been the concept of high volume therapy
and the determination of the optimal CRRT dose. One of the
earliest prospective, randomized trials of CRRT dosing in
critically ill adults was published by Ronco and colleagues
in 2000. This study demonstrated that a CRRT prescription
which delivered 35 ml/kg/h of ultrafiltration led to improved
survival in critically ill adults with AKI when compared
with a prescription providing 20 ml/kg/h [38]. Since then,

a few additional studies have examined the relationship
between a higher prescribed/delivered dose of CRRT and
outcomes, with fairly mixed results.

However, two large, multicenter, collaborative efforts
which were recently published seem to have laid the ques-
tion to rest for many practitioners. The VA/NIH Acute Renal
Failure Network study clearly demonstrated that amongst
1,124 critically ill adults with AKI, there was no difference
in 60-day survival rates between the more intensive CRRT
group (35.8±6.4 ml/kg-h) and the less intensive CRRT
therapy (22.0±6.1 ml/kg-h) [21]. Additionally, there was
no difference in the number of patients still requiring RRT
at 60 days. Not only was this study larger than all previous
studies, but it was marked by an impressive ability to deliver
at least the prescribed clearance targets. It is important to
note, however, that patients were allowed to switch from
CRRT to intermittent hemodialysis, depending on clinical
hemodynamic stability. While this is applicable to current
practice patterns, it makes it challenging to parse out the
exclusive CRRT data. In contrast, the RENAL study includ-
ed only patients who were receiving CVVHDF [20]. Based
on the data from 1,508 adult patients, there was no survival
difference at 90 days (Fig. 2) between the high-intensity
group (33.4±12.8 ml/kg/h) and the low-intensity group
(22±17.8 ml/kg/h). Additionally, there was no difference
in the percentage of patients requiring RRT at 60 days.
The consensus from these studies is that there is no benefit
to delivering greater than 20–25 ml/kg/h of clearance, and it
seems unlikely that a beneficial outcome will be achieved by
attempting to push clearances ever higher.

One must understand, however, potential dose-independent
factors that can lead to inadequate clearance. Each of the
aforementioned studies was able to achieve a delivered dose
that was 85–100% of the prescribed dose. In clinical prac-
tice, however, the delivered dose may be substantially lower
than the prescribed dose. Circuit malfunction or membrane
fouling, for example, can greatly reduce daily effluent rates;
this is especially true if restarting the CRRT circuit is
delayed or difficult. Additionally, many centers use pre-
dilution CVVH or CVVHDF to reduce the risk of intra-
filter hemoconcentration and mitigate circuit clotting risk.
While this practice can minimize the risk of filter loss due
to clotting, the pre-dilution technique can reduce overall
clearance by 15–35%, depending on the dose [39, 40].
Finally, a study by Claure-Del-Granado and colleagues has
examined the relationship between prescribed effluent dose
and true small molecule clearance. This study suggested that
using prescribed effluent volume as a proxy for clearance
can overestimate true clearance by nearly 25% [41]; other
studies have suggested that critically ill patients receive 30%
less than their prescribed hemodialysis dose [39]. Thus, to be
able to achieve an actual clearance of 20–25 ml/kg/h in prac-
tice, one may need to actually prescribe a higher dose.
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If one chooses to run higher clearance rates, it is extreme-
ly important that the ramifications of this decision are un-
derstood. Higher-intensity CRRT has been associated both
with the development of hypophosphatemia and with exces-
sive amino acid losses [20, 39, 42]. Although these adverse
events can be offset by adding phosphate to dialysate/
replacement fluids and by increasing daily protein or amino
acid intake to 2.5–3 g/kg/day, one must be aware of them.
Finally, CRRT dose has a significant impact on drug dosing,
and higher CRRT doses may be associated with supernor-
mal drug clearance rates; this is especially problematic if the
medication dose cannot be followed by blood level or titrated
based on response. Critically ill children often receive multi-
ple antimicrobial agents and may require vasoactive drips. For
these medications, the practitioner must be aware that higher
doses of CRRTwill result in a reduced effective dose of most
of these agents.

Inborn errors of metabolism

Dosing of CRRT in the setting of neonatal hyperammone-
mia and suspected inborn errors of metabolism warrants a
brief discussion. These patients with acutely elevated am-
monia levels (>300–400 μmol/l) require both administration
of ammonia scavengers and early initiation of renal replace-
ment therapy to lower ammonia levels; ideally, renal re-
placement therapy should begin as soon as the diagnosis is
suspected. Patients with suspected inborn errors of metabo-
lism should receive care at centers with the capacity to
deliver either hemodialysis or CRRT; ammonia clearance
with peritoneal dialysis is inadequate, and this therapy
should only be used as a last resort if no other RRT modality

is available. While intermittent hemodialysis has often been
considered the most appropriate therapy due to its ability to
achieve high diffusive clearance rates of ammonia, many
centers have transitioned to CRRT as the mainstay treatment
for inborn errors of metabolism associated with hyperam-
monemia. CRRT can be provided with regional anticoagu-
lation (if citrate is used), can be delivered without the need
for specialized nursing staff, and avoids the ammonia re-
bound seen with intermittent hemodialysis. If CRRT is used
in this situation, it is imperative to deliver higher clearance
rates, on the order of 8,000 ml/h/1.73 m2 [11]. Although we
have tended to use CVVHD in these babies, CVVH, or
CVVHDF are likely to be equally efficacious [11]. As
previously mentioned, when higher clearance rates are pre-
scribed, it is important to add electrolytes (phosphate, mag-
nesium, and potassium) to the dialysate/replacement fluids
to prevent their depletion.

CRRT outcomes

Patient outcomes following initiation of CRRT are largely
dependent on the underlying disease state and co-morbid
conditions, the indication for initiation, and a range of
clinical criteria. Large observational studies in adult patients
have suggested that mortality in adults with AKI severe
enough to require renal replacement therapy is 50–80%
[20, 21, 43]. In adults receiving CRRT, factors that have
been associated with greater mortality risk are vasopressor
support, mechanical ventilation, sepsis, severity of illness,
failure of organs in addition to the kidney (heart, liver, GI,
brain, lungs), and greater positive fluid balance [43–45].

Fig. 2 Kaplan–Meier estimates
of the probability of death [20]
(used with permission). The
RENAL Replacement
Therapy Study demonstrated
equivalent survival in patients
receiving higher-intensity
(33.4±12.8 ml/kg/h)
and lower-intensity
(22±17.8 ml/kg/h) continuous
renal replacement therapy
(CRRT)
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A similar pattern emerges in children requiring CRRT
(Table 2). Amongst patients in the ppCRRT registry, overall
mortality was 42%; higher mortality rates were seen in
patients with liver failure or liver transplant, pulmonary
disease or lung transplant, and stem cell transplant (69, 55,
and 55%, respectively) [11, 46]. Although a younger age
was also associated with greater mortality, we believe this
reflects the greater mortality seen in critically ill infants with
AKI rather than a finding specific to CRRT. In fact, the
ppCRRT data suggest that CRRT can effectively be deliv-
ered to children with weights less than 10 kg [11, 12].

Hayes et al, found similar mortality rates in their retro-
spective review of 76 pediatric CRRT patients; overall mor-
tality was 44.7% and greater mortality was seen in patients
with sepsis, multiple organ dysfunction syndrome (MODS),
and greater fluid overload [47]. The ppCRRT registry data
confirms increased mortality risk in patients with MODS
(OR 4.7; 95th CI 2.0–10.7) and oncologic illness (OR 3.2;

95th CI 1.7–6.1) [46]. A large single-center report demon-
strated that amongst children requiring CRRT, non-
survivors tended to have higher Pediatric Risk of Mortality
(PRISM) scores, lower blood pressures at presentation, and
require greater pressor support [48]. Thus, the available data
suggest that children with a greater burden of illness, more
global organ involvement, and less hemodynamic stability
are likely to have worse outcomes.

The association between severity of fluid overload at
CRRT initiation and mortality deserves further mention.
The most recent retrospective ppCRRT analysis demonstrat-
ed that greater fluid overload at CRRT initiation was inde-
pendently associated with greater mortality, even after
controlling for severity of illness (Fig. 3). The adjusted
mortality OR for fluid overload was 1.03, suggesting a 3%
increase in mortality risk with each 1% increase in fluid
overload; patients with >20% fluid overload at CRRT initi-
ation were 8.5 times more likely to die than those with
<20% fluid overload [46]. In a large adult study, greater
fluid overload was independently associated with greater
mortality in patients with AKI who required renal replace-
ment therapy. Furthermore, outcomes were superior when
renal replacement therapy was initiated earlier, rather than
later in the ICU course [44]. Thus, the available data, al-
though primarily observational, suggest that outcomes are
likely to be superior if CRRT is initiated earlier in the
clinical course, rather than later, and at a lesser, rather than
greater, degree of fluid overload.

ECMO outcomes

Combined therapy with ECMO and CRRT deserves special
attention. Many patients who require ECMO develop AKI
and fluid overload. CRRT can effectively and safely be used
to treat uremia and fluid overload which is refractory to

Table 2 Primary diagnosis and survival for pediatric patients receiving
continuous renal replacement therapy (CRRT) (Prospective Pediatric
Continuous Renal Replacement Therapy Registry)

Primary diagnosis Number
of patients

Number
of survivors

Survival

Sepsis 81 48 59%

Stem cell transplant 55 25 45%

Cardiac disease/transplant 41 21 51%

Renal disease 32 27 84%

Liver disease/transplant 29 9 31%

Malignancy (w/o tumor lysis) 29 14 48%

Ischemia/shock 19 13 68%

Inborn error of metabolism 15 11 73%

Drug intoxication 13 13 100%

Tumor lysis syndrome 12 10 83%

Pulmonary disease/transplant 11 5 45%

Other 7 5 71%

Fig. 3 Relationship between
fluid overload and mortality in
critically ill children receiving
continuous renal replacement
therapy (CRRT) [46] (used with
permission). Data from the
Prospective Pediatric
Continuous Renal Replacement
Therapy (ppCRRT)
demonstrate that children with
greater fluid overload at CRRT
initiation experienced greater
mortality
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other interventions. We have experienced excellent technical
success delivering the therapy directly into the ECMO cir-
cuit. The return line can be positioned downstream from the
access line and both access points can be placed pre-bladder,
pump, and oxygenator, which minimizes the risk of air
embolism. Additionally, the heparin-based ECMO anticoa-
gulation is more than adequate anticoagulation for the
CRRT circuit and no additional anticoagulation, citrate or
heparin, is required. AKI is clearly associated with mortality
in patients receiving ECMO; those with AKI severe enough
to require CRRT have survival rates of approximately 45%
[49, 50]. However, survivors of combined ECMO/CRRT
therapy have exceptional renal recovery outcomes. In two
separate studies, 93 and 97% of ECMO/CRRT therapy
patients recovered full renal function [49, 50]. In one of
these studies, only 2/68 patients did not recover renal func-
tion; both of these patients had primary renal vasculitis [50].

Conclusions

In summary, CRRT has become the preferred modality to
treat AKI and fluid overload in critically ill children. CRRT
shares principles with both HD and PD, however, there are
significant advantages and disadvantages to each method of
renal replacement therapy which need to be clearly under-
stood in order to best deliver care. The data available sug-
gest that with adequate experience, centers can deliver
CRRT to children across the entire spectrum of age and size
both safely and effectively.
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