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Abstract

Renal replacement therapy (RRT) is used in a wide variety of pediatric populations. In this article, 

we will review the advantages and disadvantages of the different RRT modalities and the technical 

aspects of providing pediatric RRT. In addition, we will review the use of RRT with extracorporeal 

membrane oxygenation, the use of continuous RRT in the critically ill child with acute kidney 

injury and fluid overload, and the use of RRT for the removal of toxins and treatment of inborn 

errors of metabolism.
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Introduction

The first reports of pediatric renal replacement therapy (RRT) occurred in 1961 with the use 

of peritoneal dialysis (PD) for infants and children [1]. PD remains the primary form of 

long-term RRT for children with end-stage renal disease [2, 3], and continues to be used to 

support children with acute kidney injury (AKI). With improved technology, there has been 

an increased emphasis on continuous renal replacement therapy (CRRT) in critically ill 

neonates and children. In this article, we will explore the indications for providing RRT to 

children, review current RRT modalities used in children and the technical aspects that are 

unique to providing RRT in children.

RRT and Pediatric Populations

RRT for critically ill children can be divided into renal and nonrenal indications, such as 

inborn errors of metabolism/ hyperammonemia, drug toxicity, and tumor lysis syndrome. 

The Prospective Pediatric Continuous Renal Replacement Therapy (ppCRRT) Registry is a 

multicenter collaborative registry that did not assign clinical decision making, but 
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prospectively collected and analyzed data from children who received CRRT between 2001 

and 2005 in 13 United States centers. A report from the ppCRRT Registry revealed that 

294/344 (86%) CRRTs were performed for fluid overload, AKI, electrolyte abnormalities, or 

a combination of these [4]. The other 50 (15%) CRRT procedures were for nonrenal 

indications, of which 21 (42%) were for inborn errors of metabolism, 18 (36%) were for 

drug toxicity, and 11 (22%) were for tumor lysis syndrome [5].

Over the last few decades, the epidemiology of pediatric AKI has changed such that primary 

renal diseases (such as hemolytic uremic syndrome) are no longer the most common cause 

of AKI. Instead, the majority of cases of AKI are associated with multiorgan dysfunction 

syndrome, nephrotoxic medications, and septic shock. Many of these children have cardiac, 

oncologic, hepatic, or pulmonary chronic diseases [6].

In neonates, single-center prospective studies in very low- birth-weight infants [7], infants 

who undergo cardiopulmonary bypass [8, 9], infants requiring extracorporeal membrane 

oxygenation (ECMO) [10, 11], and in infants with perinatal birth asphyxia [12] suggest that 

neonatal AKI is common and associated with poor outcomes [13, 14].

The incidence and outcomes of pediatric AKI depend on the patient population described. A 

study of 3,396 admissions to a tertiary pediatric intensive care unit (PICU) revealed that 

5.7% of patients had some degree of AKI at the time of admission and 10% developed AKI 

during the course of the PICU stay. For these children, any AKI on admission and any 

development or worsening of AKI were independently associated with mortality, with the 

odds of mortality increasing with each grade increase in RIFLE (Risk, Injury, Failure, Loss, 

and End-Stage Kidney Disease) score (p < 0.01). Children with AKI at the time of 

admission had a length of stay twice that of those with normal renal function, and those who 

developed AKI during the ICU course had a fourfold increase in the ICU length of stay [15]. 

Studies which evaluate children in the PICU who are intubated and on medications for blood 

pressure support suggest that 80% of these infants develop AKI, and those with AKI have 

worse clinical outcomes [13].

There have been several studies showing the relationship between fluid overload and 

mortality in critically ill children. Table 1 outlines 7 pediatric studies that demonstrate that 

10–20% fluid overload at the time of CRRT initiation was associated with increased 

mortality independent of severity of illness and other clinical factors. These studies include 

more than 800 patients and suggest that fluid provision during the ICU stay, and early 

initiation of CRRT in critically ill children with AKI and fluid overload may improve 

outcomes.

There is considerable mortality among critically ill children who require CRRT. A 

prospective, observational trial of 174 critically ill children between 1 month and 22 years of 

age requiring CRRT revealed an overall mortality of 35.6%. Multiple organ failure and 

hemodynamic disturbances were the primary cause of death in these patients. Mortality was 

highest in children less than 12 months of age (44.7%; p = 0.037) and in patients with a 

diagnosis of sepsis (44.1%; p = 0.001). Hemodynamic instability at the time of starting 
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CRRT (hypotension or need for a high-dose epinephrine infusion) and the presence of 

multiple organ failure were all associated with an increased risk of mortality [16] .

A report of 344 PICU patients from the ppCRRT Registry Group revealed an overall 

mortality of 58% for patients requiring CRRT. Survival was lowest when CRRT was started 

for liver disease/transplant (31%), pulmonary disease/transplant (45%), bone marrow 

transplant (45%), or combined fluid overload and electrolyte imbalance (51%). The highest 

survival was seen in patients treated with CRRT for drug intoxication (100%), renal disease 

(84%), tumor lysis syndrome (83%), and inborn errors of metabolism (73%). Overall 

survival was better for children weighing more than 10 kg (63 vs. 43%; p = 0.001) and for 

those older than 1 year of age (62 vs. 44%; p = 0.007) [4].

Pediatric RRT Modalities

Peritoneal Dialysis

PD is the overwhelming choice of RRT for young children requiring long-term dialysis. In 

the chronic setting, PD is usually performed with an automated cycler, typically with 8–12 

short nighttime cycles and a small residual dwell during the day [17]. In the ICU setting, PD 

is usually performed with manual setup using continuous hourly cycles of 10–20 ml/kg per 

dwell. PD can be used in the acute setting. For example, PD has been shown to be a safe and 

effective form of RRT after repair of congenital heart disease [18–23]. Immediate use of PD 

has been shown to reduce fluid overload in children at high risk of AKI after 

cardiopulmonary bypass [24, 25]. PD in the ICU has several advantages over intermittent 

hemodialysis (IHD) and CRRT. First, no anticoagulation is required [26]. Second, it is the 

least expensive form of RRT, which is critical in parts of the world with limited access to 

technology and resources [27]. Third, a peritoneal catheter access may be easier to establish 

than reliable vascular access. Finally, as opposed to IHD, PD provides continuous 

ultrafiltration with less potential for hemodynamic instability secondary to sudden fluid 

shifts.

In addition, there are several other advantages to PD in children who may require long-term 

RRT. Because a blood prime is needed when the extracorporeal blood circuit is 1 10%, PD 

can provide RRT without exposure to blood products. Avoidance of blood exposure has 

significant implications on future transplant. PD provides gradual expansion of the 

abdominal cavity to allow for future renal transplantation [3]. Children who require long-

term RRT may grow better when treated with PD rather than IHD [28].

PD does have several limitations. While PD can correct hyperkalemia and uremia, IHD and 

CRRT provide more efficient and expeditious small solute clearance and greater clearance of 

higher-molecular-weight solutes. Thus, PD does not provide the urgent clearance needed for 

acute intoxications, tumor lysis syndrome, symptomatic hyperkalemia, or hyperammonemia 

[3, 29]. PD may not be feasible in patients with congenital anomalies such as gastroschisis, 

omphalocele, or adhesions from previous abdominal surgeries. By far, the biggest risk of PD 

is the development of peritonitis. Immunoglobulins can be lost with PD, thus increasing the 

risk of peritonitis and other infections [30]. Peritonitis can lead to increased dialysate protein 
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loss, compromised nutrition, loss of ultrafiltration production, and damage to the peritoneal 

membrane [31].

Intermittent Hemodialysis

IHD produces solute clearance via diffusion across a semipermeable membrane into a 

dialysate fluid. With IHD, high blood flow and dialysate flow rates make it the form of RRT 

with the most rapid solute clearance and removal of extracellular fluid volume [32].

With IHD, the dialysate composition can easily be adjusted to treat electrolyte abnormalities 

[33]. As opposed to CRRT, IHD can provide substantial clearance in several hours, which 

allows the patient freedom from a machine for most of the day. This can be very important 

as children rehabilitate from acute illness. IHD is technically challenging to provide, and it 

requires skilled personnel in a specialized medical center or hemodialysis clinic. IHD also 

depends on reliable vascular access to provide adequate blood flows. In addition, the rapid 

volume shifts that accompany IHD may not be adequately tolerated in small children or in 

critically ill children with hemodynamic instability. With IHD, there is a risk of 

disequilibrium syndrome, in which rapid removal of urea causes an osmotic gradient 

between plasma and the brain resulting in cerebral edema and potential death [34]. Although 

some pediatric centers use sustained low-efficiency dialysis [35], very little has been 

published on its use in pediatric patients.

Continuous Renal Replacement Therapy

Recently, AKI and fluid overload during critical illness has gained increased recognition, 

and CRRT has become an increasingly popular means of support in the PICU. CRRT is 

being used successfully in even the most hemodynamically unstable patients, including 

neonates and patients requiring ECMO. CRRT provides several advantages for the support 

of critically ill patients as fluid goals can be adjusted based on the patient’s status. Another 

advantage is that with a continuous modality, there is no need for fluid restriction, which 

allows for the provision of nutrition, blood products, and medications without worsening 

fluid overload.

CRRT can result in significant clearance of amino acids, and patients requiring CRRT 

typically have an increased protein requirement. One study found an 11–12% loss of dietary 

amino acids and a negative nitrogen balance in pediatric patients receiving CRRT despite the 

delivery of parenteral nutrition containing 1.5 g/kg/day of protein and caloric intake of 20–

30% above resting energy expenditure [36].Thus, current recommendations are to add an 

additional 1–1.5 g/kg/day or more to usual protein needs to account for losses during CRRT.

There are several barriers to the use of CRRT in children. Due to technical and personnel 

considerations, CRRT is only offered to children at tertiary pediatric hospitals and is more 

expensive than other forms of dialysis. CRRT requires personnel who are trained in the 

initiation of the therapy as well as the continued maintenance of the machine. CRRT 

requires reliable vascular access, which can be difficult to obtain in neonates and infants.

Another challenge of CRRT is that it requires anticoagulation. Regional anticoagulation is 

typically done with citrate and a calcium infusion to the patient. Ideally, the calcium infusion 
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requires reliable central vascular access either separate from the catheter used for CRRT or it 

can be infused into the access for CRRT if a third lumen is available. However, if no separate 

line is available, calcium can be infused in the CRRT venous return catheter as long as the 

blood pump flow rate is higher than 50 ml/ min. If systemic anticoagulation is used, there is 

a risk of life-threatening bleeding [37].

CRRT can be configured to provide clearance via convection, diffusion, or a combination of 

convection and diffusion. CRRT modalities performed using convection include slow 

continuous ultrafiltration and continuous veno-venous hemofiltration (CVVH). Slow 

continuous ultrafiltration simply provides ultrafiltrate production with convection and no 

filter replacement fluid, which confers a considerable risk of electrolyte abnormalities. 

Continuous veno-venous hemodialysis (CVVHD) provides CRRT using diffusion, and 

continuous veno-venous hemodiafiltration (CVVHDF) uses a combination of convection and 

diffusion.

Technical Considerations of Pediatric RRT

Access

For IHD and CRRT, vascular access that allows adequate blood flow can be a major 

challenge in neonates and infants. Table 2 shows the recommended vascular access sizes for 

children [38]. The ppCRRT report on vascular access in pediatric CRRT patients found that 

functional survival of the CRRT circuit increased significantly when using a larger-diameter 

catheter, when the catheter was placed in the internal jugular vein versus the subclavian or 

femoral vein, and with the use of CVVHD versus CVVH or CVVHDF. In this study, 48-

hour circuit survival was 76 versus 26% for CRRT using 8-french versus 7-french access, 

and it was less than 10 h for dual 5-french catheters. None of the 5-french catheters lasted 

longer than 20 h, independent of patient size. It is unclear why the use of CVVHD was 

associated with longer circuit survival than CVVH or CVVHDF [39], but it may be due to 

the increased filtration fraction and transmembrane pressures associated with convective 

modalities.

Neonates can accommodate 7-french catheter placement in the internal jugular vein for 

CRRT, and this has been reported using a cut-down technique similar to that used for ECMO 

cannulation [40]. With the use of bedside ultrasound, a skilled provider can percutaneously 

place an internal jugular catheter for RRT even in small children. The placement of catheters 

for IHD or CRRT can result in vascular stenosis, thrombosis, air emboli, or hemorrhage. 

Depending on the location or degree of difficulty involved in placing vascular catheters, 

future vascular access for long-term IHD may be compromised. For any child at risk of 

long-term RRT, subclavian vein catheter placement should be avoided if possible, due to the 

high stenosis rate at the site of puncture, making future attempts of forming an arteriovenous 

fistula difficult [41].

As opposed to access for long-term IHD, the vascular access for pediatric RRT in the ICU is 

often placed percutaneously, without a cuff, and at the bedside. If use of a catheter is 

anticipated to last more than a few weeks, or in very small infants, insertion of a cuffed 

catheter in the operating room by a pediatric surgeon may decrease the risk of infection 
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associated with long-term use of catheters. In the absence of signs of infection, there is no 

evidence for routinely changing out these catheters. It is recommended that these catheters 

be removed as soon as they are no longer needed or to replace them with more permanent 

access if long-term RRT is necessary. When catheters are not in use, they are routinely 

locked with high-concentration heparin solutions. Care should be taken such that high-

concentration solutions are not used in small infants, and in those at high risk for bleeding.

Blood Prime

The initiation of IHD or CRRT in neonates and small children presents a unique challenge as 

a substantial portion of the patient’s blood volume is pumped through the extracorporeal 

circuit. The initiation process is the most critical and requires special attention to detail, 

clear protocols, and skilled nursing. The blood volume of a child is approximately 80 ml/kg 

(for example a 5-kg child has a blood volume of 400 ml). The smallest IHD extracorporeal 

volume (ECV) is approximately 45 ml (about 11% of the ECV of a 5-kg child), while the 

smallest ECVs for CRRT circuits are about 100 ml (about 25% of the ECV of a 5-kg child). 

When using an extracorporeal circuit that is more than 10–15% of the patient’s blood 

volume, blood priming of the circuit is needed to prevent hypotension and anemia [38].

A unit of packed red blood cells (PRBCs) has an approximate pH of 6.8, ionized calcium of 

0.3 mEq/dl, hematocrit of 70%, and high serum potassium levels. Thus, maneuvers to make 

a more physiologic volume are necessary when using blood primes. When CRRT is used for 

a neonate or small child, it is advisable to correct the pH of the PRBCs and achieve a normal 

patient ionized calcium level prior to starting therapy when possible [42]. To correct the pH 

of the PRBCs, most centers mix an equal volume of bicarbonate solution and PRBCs using a 

Y-connector, drawing the blood and bicarbonate into the circuit simultaneously. To account 

for the low ionized calcium level of the PRBCs, some give intravenous calcium to the return 

line, while others infuse it directly to the patient.

There is center variation on the methods of IHD and CRRT initiation. For example, some 

institutions will prime the circuit with the banked blood, while others infuse banked blood to 

the patient and simultaneously prime the circuit with the child’s blood (blood transfusion 

and CRRT machine blood flow run at the same rate). Figure 1 shows a detailed step-by-step 

protocol which mixes PRBCs and sodium bicarbonate using a Y-connector, transfuses blood 

to the patient while simultaneously priming the circuit with the patient’s blood in a circuit 

with an estimated ECV of 100 ml.

Anticoagulation

Both IHD and CRRT are typically performed using anticoagulation. In children, the blood 

flow rates are often lower and the vascular access is smaller, both of which increase the risk 

of clotting. Systemic anticoagulation of the patient and circuit is typically achieved with 

heparin. When systemic anticoagulation with heparin is used with CRRT, serial activated 

clotting times are typically followed to adjust the heparin infusion. Systemic anticoagulation 

remains the standard for IHD in children, although citrate anticoagulation for IHD has been 

studied in children [43]. Regional anticoagulation is typically done with citrate infusion to 

the circuit and a calcium infusion to the patient. In children with coagulopathy or who are at 
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increased risk of hemorrhage, regional anticoagulation of the extracorporeal circuit is 

preferred. With this method, a citrate solution is delivered before filtering and binds calcium 

in the extracorporeal blood of the circuit and prevents clotting. The patient receives an 

intravenous calcium infusion that binds the systemic citrate and prevents hypocalcemia. 

Some of the citrate is cleared by the hemofilter [44], and the citrate that reaches the systemic 

circulation is metabolized by the liver and muscle to bicarbonate. Around the time of CRRT 

initiation, circuit and patient ionized calcium levels are measured frequently initially, and 

once stable doses are documented, they are measured every 6–8 h [37]. The citrate rate is 

adjusted to keep circuit ionized calcium levels between 0.25 and 0.4 mg/dl, while the 

systemic calcium infusion rate is adjusted to keep the patient calcium level between 1.1 and 

1.3 mg/dl.

The risks of regional anticoagulation with citrate include metabolic alkalosis and 

hypocalcemic citrate toxicity. Citrate accumulation occurs when the patient fails to clear the 

citrate adequately in the setting of liver failure, decreased tissue perfusion, and in premature 

infants who have immature hepatic citrate metabolism. In this situation, the patient ionized 

calcium drops, but the patient total calcium, including that which is bound to citrate, 

increases. This occurs as a calcium infusion is given to the patient, but the excess citrate 

continues to bind free calcium. This complication is typically remedied by temporarily 

stopping the citrate infusion and restarting the infusion at a lower rate, and/or by increasing 

the replacement/ dialysis fluid clearance rates. The target circuit calcium and patient calcium 

levels may need to be adjusted to avoid citrate toxicity. The circuit ionized calcium is 

maintained by adjusting the citrate infusion, and the patient’s systemic ionized calcium 

concentration is maintained by adjusting the calcium chloride infusion [38].

Analysis of the ppCRRT Registry showed no difference in mean circuit survival whether 

heparin anticoagulation (42.1± 27.1 h) or citrate was used (44.7 ± 35.9 h). However, circuit 

survival was significantly lower in circuits in which no anticoagulation was used (27.2 

± 21.5 h, p<0.005). For those patients receiving systemic anticoagulation with heparin, the 

mean heparin administration rates were 13.7 ± 7.1 units/kg/h (median 11.1, range 3.8–28.2). 

Despite this relatively modest heparin dose to keep activated clotting times between 180 and 

220 s, patients who received heparin anticoagulation had life-threatening bleeding 

complications that were not present in the group treated with citrate anticoagulation [37].

Technical Considerations for RRT with Other Extracorporeal Technologies

The use of RRT with ECMO has become commonplace. A recent international survey of 65 

ECMO centers revealed that the indications to begin RRT for ECMO patients were fluid 

overload (43%), AKI (35%), fluid overload prevention (16%), and electrolyte abnormalities 

(4%). Only 23% did not use RRT for patients on ECMO [45] .

For the critically ill child, ECMO provides a platform to which RRT can be added into the 

extracorporeal circuit. With the heparinized ECMO circuit, no additional vascular access is 

necessary to add RRT and no additional anticoagulation is needed. Any modality of RRT 

could be provided on ECMO. However, due to the hemodynamic instability that is often 

present in the child on ECMO, CRRT is the modality that is most often used. CRRT can be 

provided to the child on ECMO via two different methods. A hemofilter can be placed in-

Bridges et al. Page 7

Blood Purif. Author manuscript; available in PMC 2017 August 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



line with the ECMO circuit ( fig. 2). With this method, ultrafiltrate production can be 

controlled with the use of an intravenous pump. However, this method should be used with 

caution, because when using intravenous infusion pumps for regulating ultrafiltrate on 

ECMO, there has been a reported maximal error in fluid management of up to 34 ml/h or 

approximately 840 ml/day [46]. Ultrafiltrate production should be monitored either by 

weighing or measuring the actual volume removed. Ideally, when using a fluid should be 

used. While slow continuous ultrafiltration can be performed, there is a risk of serious 

electrolyte abnormalities with this method.

The second method involves connecting a commercially available CRRT device into the 

ECMO circuit (fig. 3). With either method, the return from the hemofilter or CRRT device 

should be placed before the ECMO oxygenator, so that any clot or air will be trapped instead 

of being sent to the patient. The access pressure alarms inherent to commercially available 

CRRT have set limits based on the individual CRRT device. Typically, the default access 

pressure alarms are negative. However, when operated in series with ECMO, the positive 

pressure at the entry point of the CRRT device will create pressures close to zero or positive. 

These pressures can lie outside the default limits of the device and thus, the alarm settings 

may have to be changed when using CRRT on ECMO. If these default access pressures 

cannot be changed, flow restrictors can be placed on the tubing to keep the pressures within 

the alarm limits.

RRT for “Nonrenal” Indications

Intoxications

The American Association of Poison Control Centers reported that in 2010 there were over 

1.5 million exposures to toxic substances in children less than 20 years of age, and that 

children accounted for more than 63% of all exposures. Of those children less than 20 years 

of age, 123 had an exposure treated with hemodialysis and 14 required ECMO, 

hemoperfusion, or ‘other’ extracorporeal procedure [47]. RRT has been used for a wide 

variety of intoxications, including vancomycin, aminoglycosides, lithium, theophylline, 

carbamazepine, valproic acid, aspirin, metformin, and methotrexate [48]. Large-molecular- 

weight toxins and toxins that are highly protein bound are less efficiently removed by RRT. 

However, even intoxications that are highly protein-bound can be removed through the use 

of high-flux or high-efficiency hemodialysis membranes. Hemodialysis with high-flux or 

high-efficiency membranes is considered a first-line treatment of intoxications in patients 

that are hemodynamically stable. Hemodialysis with high-flux or high efficiency membranes 

followed by convective clearance with CRRT can be used for intoxications with large 

volumes of distribution or if an extended-release medication was ingested. In cases of an 

overdose of extended-release lithium, the use of hemodialysis followed by subsequent 

hemofiltration will allow for ongoing elimination of lithium and prevention of the rebound 

effect [49, 50]. In the patient with hemodynamic instability, CRRT is the modality of choice 

to clear exogenous intoxications. In addition, single-pass albumin dialysis and molecular 

adsorbent recirculation system can be performed to remove toxins which are highly protein-

bound and do not have a very large volume of distribution such as carbamazepine, 

methotrexate, phenytoin, and acetaminophen [51–56]. As opposed to AKI, patients receiving 
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dialysis for the treatment of an acute intoxication typically require a dialysis fluid or 

replacement fluid with therapeutic concentrations of phosphorus and potassium to avoid 

electrolyte abnormalities [48]. When CRRT is used for intoxications, effluent rates higher 

than those typically used for AKI should be used to enhance clearance.

Hyperammonemia

Neonatal hyperammonemia may be caused by defects in one of the enzymes of the urea 

cycle, by organic acidurias, or by defects of fatty acid oxidation. A routine workup for 

hyperammonemia should be undertaken in the neonate with a plasma ammonia level greater 

than 150 µmol/l. The presence of acidosis, increased anion gap, ketonuria, and abnormal 

blood cell counts is suggestive of an organic aciduria. Alkalosis with low blood urea 

nitrogen is typical of urea cycle defects. Defects in fatty acid oxidation are usually 

accompanied by hypoketotic hypoglycemia [57, 58]. Management of the infant with 

hyperammonemia includes:

• rehydration as many of these infants will be severely dehydrated

• performing diagnostic analysis from the serum and urine of amino acids and 

organic acids to determine the underlying cause in consultation with metabolic 

experts

• decreasing toxin production and preventing catabolism by providing adequate 

glucose by assigning a high-calorie, protein-free diet (can be achieved with 

glucose 8 insulin)

• initiation of a metabolic cocktail of arginine, carnitine, hydroxycobalamin, and 

biotin [58]

• removal of accumulating metabolites.

Both IHD and CRRT have been used to treat hyperammonemia in children with inborn 

errors of metabolism. RRT should be initiated as soon as possible in patients with excessive 

hyperammonemia as the duration of hyperammonemia is directly associated with morbidity 

and mortality [59]. In those with mild hyperammonemia, a brief trial of hydration and 

medical therapy can be instituted before initiation of CRRT.

Small molecules such as ammonium are cleared rapidly by diffusive or convective transport. 

To bring down high ammonia levels, IHD or very-high-volume CVVHD [60] are preferred 

over standard CRRT or PD [58]. In one case series, 13 neonates with hyperammonemia 

received RRT with only CVVH, and the median ammonia level was decreased by 87% 

(mean 81 ± 3.5) at 24 h. Eleven of the 13 patients (85%) achieved an ammonia level of less 

than 200 µmol/l in 24 h or less [61]. Once rapid reduction of ammonia with IHD or high-

volume CRRT has been performed, conventional CRRT can be instituted to maintain normal 

ammonia levels while metabolic control with diet and medications is achieved.

Future of Pediatric RRT

Numerous systematic issues need to be addressed to improve outcomes in children with AKI 

and intoxications/ inborn errors of metabolism who require RRT. Children are ideal to study 
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how interventions affect outcomes as the underlying cause of AKI is usually known, and 

pre-existing conditions (such as diabetes, vascular disease, and chronic kidney disease) are 

not commonly present in children with AKI. Collaboration between multiple pediatric 

centers and funding from industry, associations, and government institutions will be 

essential to determine the optimal way to prescribe RRT for children.

• Currently there are minimal evidence-based guidelines for dialysis prescription 

and current therapies vary based on individual/center experience and data from 

adult studies. Prospective databases to answer specific hypotheses about the best 

method to perform RRT are needed.

• The safety and efficacy of blood prime techniques that occur during IHD and 

CRRT need to be explored.

• Current dialysis machines are created for adults and adapted for children. New 

devices, catheters, machine software and filters designed for infants and small 

children receiving CRRT need to be developed and tested.

• Improvement in the early diagnosis of AKI or metabolic conditions, such as 

hyperammonemia, may allow for earlier or more effective CRRT provision.

• Any long-term clinical or survival benefits of CRRT provision versus use of PD 

or more conventional hemodialysis techniques in this population has yet to be 

determined.

• There is a great need for prospective intervention trials to determine the optimal 

timing of RRT using clinical biomarkers (such as fluid overload) and novel 

serum and urine biomarkers.

• There is a great deal of variation on the use of RRT in conjunction with the other 

extracorporeal therapies, such as ECMO and plasma exchange. A standardized 

way of providing these therapies should be developed.

• The use of RRT to provide clearance of inflammatory cytokines in children who 

undergo cardiopulmonary bypass and in children who have sepsis needs to be 

explored.
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Figure 1. A detailed step-by-step protocol which mixes PRBCs and sodium bicarbonate using a 
Y-connector
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Figure 2. Schematic of an in-line hemofilter added to an ECMO circuit
Blood from the oxygenator is drained via a three-way stopcock and pigtail tubing (A) to the 

hemofilter. An alternate connection (B) can be made. Hemofilter circuit blood returns to 

circuit tubing (C) and a three-way stopcock to the venous bladder. Hemofilter ultrafiltrate is 

drained by an automated pump (D) and collected and measured with an urometer. An IV 

pump (E) can be used to supply filter replacement fluids. An electronic flow probe (F) 

measures actual postmembrane flow for calculation of hemofilter ‘runoff’. Reprinted with 

permission from Hoover et al. [62].
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Figure 3. Schematic of the inclusion of a CRRT device into an ECMO circuit with a centrifugal 
pump
Reprinted with permission from Santiago et al. [63].
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Table 1

Pediatric studies of fluid overload at the time of CRRT initiation and mortality

Author Year Patient number and design Outcome

Selewski et al. [64] 2011 113 patients Increased fluid overload associated with increased mortality, 
independent of illness severity score and other clinical factors in 
patients on ECMO and general pediatric critical careSingle-center, retrospective study

Sutherland et al. [65] 2010 297 patients Fluid overload >20% associated with increased mortality 
independent of illness severity and other clinical factors

Multicenter, prospective observational 
study

Hayes et al. [66] 2009 76 patients Fluid overload >20% associated with increased mortality 
independent of illness severity and other clinical factors

Single-center, retrospective study

Goldstein et al. [67] 2005 116 patients Fluid overload >20% associated with increased mortality 
independent of illnesses severity and other clinical factors

Multicenter, prospective observational 
study

Gillespie et al. [68] 2004 77 patients Fluid overload >10% was associated with increased mortality 
independent of illness severity and other clinical factors

Single-center, retrospective study

Foland et al. [69] 2004 113 patients Increased fluid overload associated with increased mortality 
independent of illness severity score and other clinical factors

Single-center, retrospective study

Goldstein et al. [70] 2001 21 patients Fluid overload at CRRT initiation was associated with increased 
mortality independent of illness severity score

Single-center study
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Table 2

Catheter size for pediatric patients

Patient size Catheter size Site of insertion

Neonate Dual-lumen 7.0 F Internal jugular, femoral, or subclavian vein

3–6 kg Dual-lumen 7.0 F Internal jugular, femoral, or subclavian vein

Triple-lumen 7.0 F

6–30 kg Dual-lumen 8.0 F Internal jugular, femoral, or subclavian vein

>15 kg Dual-lumen 9.0 F Internal jugular, femoral, or subclavian vein

>30 kg Dual-lumen 10.0 F Internal jugular, femoral, or subclavian vein

Dual-lumen 12.0 F

Table adapted from Goldstein [38]
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