
Introduction

Since the initial work pioneered by Ronco et al [1] in 
the mid-1980s, continuous renal replacement therapy 
(CRRT) has transformed from an adapted therapy into 
the standard of care in pediatric critical care nephrology. 
This initial work was performed a single case report in an 
infant requiring continuous arteriovenous hemofiltra-

tion (CAVH). Notably, this method of renal replacement 
delivery was fraught with issues of inadequate blood flow 
rates (BFRs) due to its dependence on patients’ cardiac 
output. With advances in vascular access and the novel 
capabilities of newer machines, CAVH has been substi-
tuted and replaced by continuous venovenous hemofil-
tration (CVVH). This method of RRT allows for clearance 
to occur independently of cardiac output; therefore, the 
indications for and populations able to use this modality 
have expanded [2].

During CRRT technology’s infancy, most procedures 
were performed using adapted equipment. Then, as 
companies began investing in renal replacement tech-
nologies for pediatric patients in the mid-1990s, the use 
of CRRT in this population became more commonplace 
and more standardized equipment continued to become 
available. This article will offer a background on the ter-
minology, equipment, basic theory, usage, and outcomes 
of CRRT.

The original equipment used worldwide was produced 
by Gambro (now under the banner of Baxter Interna-
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tional, Deerfield, IL, USA). Due to these initial efforts and 
as CRRT increasingly became the standard of care, many 
other companies worked to introduce CRRT systems. As 
a result, there are now many machines available through-
out Asia, Europe, Australia, and North America.

Regardless of the machine used, however, consider-
ations pertaining to equipment selection for CRRT in-
clude decisions on membranes, tubing, and vascular ac-
cess. Matching the membrane surface area to the patient 
surface area is important to ensure adequate clearance. 
Membrane surface areas range from as small as 0.02 m2 
to roughly 1.4 m2. This allows for adaptations to be made 
for the smallest of children to very large individuals. Con-
siderations for membrane and tubing volumes should be 
made with regard to circulating blood volumes to avoid 
extraneous blood loss in these patients, as they are prone 
to anemia. The tubing and membranes of these systems 
are available as independent components (and tailored 
to an individual’s needs) or as a combined cassette with 
a smallest extracorporeal circuit volume of 60 mL and a 
largest volume of nearly 250 mL [3].

Given the known problems with flow characteristics 
in smaller-caliber tubing and associated clotting issues, 
pediatric vascular access has long been a significant area 
of research. Many companies including Medcomp (Har-
leysville, PA, USA), Arrow Medical (Kington, UK), Covi-
dien (Dublin, Ireland), and Cook Medical (Bloomington, 
IN, USA) now offer noncuffed access capabilities for 
acute dialysis modalities including CRRT. When choosing 
access, it is important to understand the maximum flow 
rates that different-sized catheters can achieve to ensure 
appropriate clearance. Vascular access sizing varies from 
6 to 7 French-sized catheters used in smaller children to 
double- to triple-lumen 10 to 12 French-sized catheter 
in larger children. Catheter location is another factor af-
fecting flow characteristics; Hackbarth et al [4] suggested 
that the optimal location for access in CRRT is the right 
internal jugular vein.

Terms and theory

Regardless of the machines used, one constant aspect 
is that they all abide by one or more of the principal ten-
ants of mass transport, which include diffusive clearance 
(continuous venovenous hemodialysis; CVVHD), con-
vective clearance (CVVH), or a combination of convec-

tion and diffusion (continuous venovenous hemodiafil-
tration).

Diffusion is the primary mechanism of transport with 
CVVHD. In this form of clearance, dialysate (a sterile 
physiologic solution) is administered on the opposing 
side of a semipermeable membrane to that of the pa-
tient’s blood. Through random Brownian motion, solute 
equilibrates across the semipermeable membrane. Typi-
cally, dialysate is given counter-current to the blood flow, 
allowing for a sustained solute gradient for more efficient 
clearance. The same principle and mechanisms of using 
dialysate are seen in standard hemodialysis (HD), sus-
tained lower-efficiently dialysis (SLED), and peritoneal 
dialysis (PD).

The use of CVVH is known as convective clearance. A 
physiologic, sterile solution is introduced in the vascular 
space either pre- or post-membrane in the CRRT circuit, 
and a pressure gradient is generated, promoting solvent 
flow through the membrane. The concept of convection 
is that, by mass transport, the solute is forced across the 
membrane by solvent drag rather than random Brownian 
motion associated with diffusion. With standard diffu-
sion, as solutes approach the membrane pore size, the 
probability of random transport across the membrane 
becomes infinitesimally small. With solutes following a 
solvent across the membrane, the flow is more directed 
and middle molecules are more effectively cleared. The 
use of convection and diffusion together results in the 
concept of continuous venovenous hemodiafiltration. 
The choice of modality is dependent upon the clinical 
scenario presented and should be tailored to individual 
patients’ treatment requirements.

Data by Maxvold et al [5] published in 2000 indicate 
that, for small-molecular-weight membranes, the con-
vection and diffusion are identical for solute clearance. 
Experience in sepsis as well as cytokine responses iden-
tified that convection may be superior to diffusion in 
patients who are highly inflamed. The clearance of cyto-
kines is nonspecific and circulating inhibitory cytokines 
are reduced, potentially minimizing the effects of pro-
inflammatory cytokine removal. Furthermore, in areas 
of drug intoxications, convection is superior to diffusion 
because the molecule’s sieving coefficient (SC) is greater 
in the convective mode.
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Sieving coefficient

The SC is a number assigned to indicate the rate at 
which the solute crosses the membrane. An example of 
this is that the SC of blood urea nitrogen (BUN) is 1 either 
in a convective or a diffusive mode. A sample of solute 
that is larger in size or that presents a greater affinity to 
protein binding will have superior clearance in a convec-
tive modality than in a dialysis modality. An example of 
this is vancomycin, which has an SC of 0.86 in CVVH but 
only 0.76 in CVVHD.

Solutions

Over the last 20 plus years, significant adaptations of 
solutions used for both convection and diffusion have 
been noted. Historically, these solutions were lactate-
based, but data have since demonstrated that they deliv-
er a lactate load to the patient, resulting in rising plasma 
lactate levels, which may falsely indicate worsening sep-
sis or poor perfusion states. Initial work done by Dialysis 
Solutions Inc. (Canada) produced a drug formally called 
Normocarb, which was the first bicarbonate-based solu-
tion used in North America [6]. This prototype solution 
has since become the standard of care throughout the 
world. Modern physiologic solutions include bicarbon-
ate levels of 22 to 35 mmol/dL depending on the needs of 
the patient. Often, these include physiologically normal 
sodium levels, 0 to 5 mmol/dL of potassium, 0 to 3.5 mg/
L of calcium, and 0 to physiologically normal levels of 
phosphorus, and no urea (BUN). The use of calcium-free 
versus calcium-rich solutions is based on the concept of 
what type of anticoagulation is being used (citrate-based 
anticoagulation requiring calcium-free solutions).

The United States Food Drug Administration has iden-
tified convective solutions as a drug, while diffusive solu-
tions are considered as a device. Therefore, in the United 
States, dialysate solutions are not allowed to be used for 
convection, yet convection solutions can be used for dif-
fusion.

Anticoagulation

Anticoagulation options available are heparin, citrate, 
prostacyclin, or no anticoagulation. Many papers includ-
ing work by Brophy et al [7], demonstrate that the no-

anticoagulation protocol results in a very short life of the 
circuit. Historically, from the 1980s and 1990s, heparin 
was the standard of care, often used with a bolus of 20  
unit/kg followed by a continuous infusion at approxi-
mately the same dosage of 20 unit/kg/hour with a target 
bedside activated clotting time of roughly 200 seconds 
[8]. Brophy et al [7] pointed out that heparin-induced 
thrombocytopenia (HIT) occurred in approximately 3% 
of the population of a large retrospective study compar-
ing heparin to citrate. Primary risk factors for HIT include 
previous exposure to heparin. Therefore, a patient’s HIT 
risk needs to be monitored. Protocols for this can be seen 
on our website (www.pcrrt.com).

Initial investigations by Mehta et al [9] in adults and 
those in our children group demonstrate that citrate may 
be superior to heparin [10]. Citrate allows for localized 
anticoagulation of the circuit without systemic anticoag-
ulation of the patient, which enables the achievement of 
a sustained circuit life without an increased risk of bleed-
ing in the patient. Citrate is infused into the CRRT circuit 
after the blood leaves the patient but before the blood en-
ters the CRRT filter. This results in chelating the calcium 
in the blood, therefore making the circuit hypocoagulable 
[6]. Calcium is then infused back into the patient via a 
central line independent of the circuit to reverse the an-
ticoagulation and potential hypocalcemia that can occur 
with the administration of citrate. Citrate administration 
can cause metabolic alkalosis and calcium perturbations, 
which are readily manageable with attention to detail. 
More than 15 years ago, our group published the original 
and now widely used protocol for citrate anticoagulation 
in children [10].

Deep et al [11] performed research with prostacyclin-
based anticoagulation in children with fulminant hepatic 
failure. Their institutional data suggest that prostacyclin 
is superior to other forms of anticoagulation with a cir-
cuit life of 1 to 2 days to avoid the risk of anticoagulation 
in the patient.

CRRT prescriptions

Historically a prescription for CRRT included a BFR of 3 
to 5 mL/kg/min, a dialysate or a replacement rate of 2,000 
mL/1.73 m2/hour, and a net ultrafiltration rate of 0.5 to 2 
mL/kg/hour [5,8]. In reality, BFR is vascular access de-
pendent. The greater the BFR is, the lesser the risk of clot-
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ting. The only contraindication of excessive BFR is if the 
child is at risk for rapid osmolar shift (dialysis disequi-
librium) with associated high BUN, sodium, or glucose 
levels; in this setting, a slower BFR may be indicated [12]. 
The dialysate of replacement flow rates range from that 
noted above to Ronco’s concept of 40 mL/kg/hour [13]. 
These are starting points, and the amount of solution ex-
posure (i.e., dialysate or replacement) can be increased 
or decreased based upon the solute clearance required.

Blood priming in CRRT

Currently, CRRT circuits range in extracorporeal vol-
umes from 60 mL to > 250 mL. Advances in smaller cir-
cuits (see later in the paper) may make standard-of-care 
CRRT circuits even smaller. The smaller the child is, the 
greater the need for blood priming. Historically, the idea 
of the 10% rule has been discussed. This suggests that, 
if the extracorporeal blood volume is > 10% of the intra-
vascular blood volume of the child, then blood priming 
may be required [8]. However, work by Brophy et al [14] 
identified that if blood priming is performed, two innate 
risks may be present. If the CRRT circuit has an AN-69 
membrane and if blood bank blood is quite acidotic (pH 
of 6.4), blood priming may interact with the AN-69 mem-
brane, causing anaphylaxis at CRRT initiation. Addition-
ally, blood bank blood is acidotic as well as hypokalemic 
and hyperkalemic, raising the risk of the blood causing a 
hyperkalemic arrest. The use of a bypass maneuver could 
mitigate the AN-69 risk but not the acidotic/hyperkale-
mic risk of the blood bank blood itself. Hackbarth et al [15] 
demonstrated the concept of “dialyzing the circuit” as a 
way to mitigate both of these risks. Essentially, what they 
presented involved blood priming but then, after dialyz-
ing for a period of time, the pH would normalize and the 
risk of an AN-69 membrane reaction would lessen. The 
use of the AN-69 membrane is rare outside of the United 
States and has been substituted with a polysulphone 
membrane, which does not carry the same anaphylaxis 
risk.

CRRT with extracorporeal membrane oxygenation 
(ECMO)

CRRT is commonly used as a way to treat or prevent 
fluid overload as well as to normalize solute in children 

on ECMO. The incidence of acute kidney injury (AKI) is 
approximately 40% in children on ECMO, while the need 
for RRT may be close to 5%.

Two options for CRRT added to ECMO are utilized. One 
involves placing a hemofilter within the ECMO circuit 
that acts as a slow continuous ultrafiltration device and 
will only affect fluid overload. Adding a replacement 
fluid or a dialysate fluid to that with the use of intrave-
nous pumps can be done, yet this process is inaccurate. 
Further, an ultrafiltration controller incorporating an 
intravenous pump to “inhibit” the ultrafiltration rate can 
be considered, but this has been reported to present an 
inaccuracy rate of up to 30%.

Alternatively, the addition of a CRRT machine added to 
the ECMO circuit will allow for a more accurate delivery 
of replacement and/or dialysate fluid and additionally 
offer more precise ultrafiltration control. When the CRRT 
machine is used with the ECMO device, the BFR of the 
CRRT machine should be independent of the ECMO de-
vice. Further, the “arterial access” of the CRRT machine 
needs to be set to tolerate “positive pressure” as opposed 
to the usual “negative pressure,” as the ECMO access will 
allow for a very low-resistance circuit.

The location of where one hooks up the free-flowing or 
the circuit CRRT machine is important. If one does this 
in parallel with the oxygenator, then the risk of bypassing 
the blood away from the oxygenator to the CRRT exists. 
Classically, the CRRT system draws blood postoxygenator 
and returns it to the “bladder” of the ECMO circuit or the 
prepump area of the ECMO circuit to allow for minimal 
“stealing” of blood from the ECMO circuit to the CRRT 
system [16].

Complications of CRRT

As with all forms of extracorporeal RRT, there are risks 
associated with the use of these therapies. Hypothermia 
can occur, including a greater risk of such in children 
weighing < 25 kg. This is due to the presence of a large 
extracorporeal circuit (relative to smaller children’s intra-
vascular volume) outside of the body at room tempera-
ture. One noted concern is that this effect could mask 
fevers and perhaps affect hemodynamics. Mechanisms to 
reduce thermal losses include providing overhead warm-
ers for the child, warmers for the CRRT circuit, and in-
line blood warmers. However, none of these approaches 
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is consistently effective, so individual styles of practice 
will often dictate the nature of this intervention. Until 
extracorporeal circuits are made smaller with subsequent 
reduced heat loss, this will remain an ongoing challenge 
to address.

Medication clearance can occur to the point of being 
detrimental to the treatment of underlying conditions. 
Factors that affect medication clearance include volumes 
of distribution, molecular weight, and protein binding. 
Vasopressor agents such as dopamine, dobutamine, epi-
nephrine, and norepinephrine are cleared significantly. 
On the opposite side of the spectrum, medications like 
milirinone may be retained in the body, resulting in 
hypotension. In addition to the size of the medication, 
the location of the medication infusion in relation to 
the CRRT circuit’s vascular access may affect clearance. 
Therefore, paying attention to the location of medication 
infusion, with regard to the proximity to CRRT access, 
may be important. Membrane reactions have become 
less common now due to a move away from the AN-69 
membrane marketed by Baxter (historically Gambro) as 
the M-60 and M-100. These membranes reacted to aci-
dotic plasma (e.g., blood bank blood with a pH of 6.4), 
causing a bradykinin release reaction and potential ana-
phylaxis [14]. The novel polysulphone membranes do 
not share these risks, and therefore, if blood priming is 
needed at the initiation of CRRT, the risk is only caused 
by the undesired properties of the blood bank blood itself 
(pH of 6.4, ionized calcium of 0.02 mmol/L, and a po-
tential potassium load of 40 mmol/300 mL of blood bank 
blood).

The risk of thrombosis from the vascular access is more 
common in femorally placed vascular lines as well as in 
smaller children. The femoral vessels are smaller than 
the internal jugular vessels, with an associated significant 
risk for thrombosis. Additionally, the smaller the child is, 
the smaller the size of the vein. The optimal vascular ac-
cess for RRT is “as big as one can place for optimal blood 
flow”; thus, this places the smaller child at great risk due 
to the disproportionality of the vascular access to the 
vein.

CRRT circuit clotting occurs due to a variety of issues. 
To begin with, one should ensure that the vascular ac-
cess allows for low-pressure “pull and push” of the blood 
within the “arterial” and “venous” access is important. 
If there is resistance at this level, then the clotting risk 

will increase and the consideration of declotting the ac-
cess needs to be undertaken. Second, BFR needs to be 
as high as the vascular access allows (unless a risk of di-
alysis disequilibrium exists), targeting an “arterial access 
pressure” of about 50 to 150 mmHg and a “venous access 
pressure” of 50 to 150 mmHg. Third, excessive ultrafiltra-
tion will result in clotting. If one looks at the hemofilter in 
a convective mode (CVVH), one can see that the blood-
entry end of the hemofilter has diluted blood and the exit 
end of the hemofilter has hemoconcentrated blood. If 
one looks at the same rate of delivery of prefilter replace-
ment fluid versus postfilter replacement fluid, the prefil-
ter replacement fluid will allow for less clotting due to the 
amount of dilution throughout, while the hemofilter is 
greater than when the fluid is given postfilter. Further, if 
clotting is an ongoing risk and if the goal is small molec-
ular-weight solute clearance (e.g., urea), then using all of 
the fluid as dialysate will not have as much of an impact 
upon hemoconcentration at the distal end of the hemo-
filter as compared with convective clearance.

Applications of CRRT

Indications for CRRT include various forms of AKI with 
or without fluid overload and with or without electrolyte 
disturbance. Further indications would be ammonia-
producing inborn error of metabolism (IEM) or patients 
with intoxications [17-19].

The most common cause of AKI in an intensive care 
unit setting is sepsis. In this setting, convective clearance 
may have superiority over diffusion. Data to date have 
not suggested CRRT to be either superior or inferior to 
any other mode of RRT for AKI. The comparisons of PD 
vs. HD vs. SLED vs. CRRT have never been completed in 
a prospective manner. Therefore, the use of modality is 
based on the style of practice and one’s own experiences.

With ammonia-producing IEM, one can use CVVH or 
CVHD as a modality, either in sequence after HD or in-
stead of HD. Problems with ammonia-producing IEM 
arise from the unknown generation rate of ammonia; 
therefore, CRRT may not give adequate clearance, mak-
ing HD superior. Our personal experience is that HD is 
superior to CRRT because it is the largest source of solute 
clearance over a set time frame and can be used as se-
quential therapy with CRRT to mitigate complications of 
elevated ammonia levels prior to the control of ammonia 
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generation [18].
With cases of intoxication, HD is clearly superior to 

CRRT because of the large volume of dialysate moving 
across the membrane (resulting in greater sustained sol-
ute gradient), but in patients who are hemodynamically 
unstable, CRRT may be necessary. In such individuals, 
CVVH or CVHD can be used. In theory, convection is 
superior to dialysate due to a better clearance outcome 
based upon SCs of solute. Work by our group has demon-
strated that the use of sequential therapy of HD followed 
by CRRT for both IEM as well as intoxication maximizes 
rapid clearance and minimizes rebound. This model is 
easily adaptable at bedside using the same vascular ac-
cess for both CRRT as well as HD [20,21].

Recent advances are being made by Ronco with the use 
of CARPEDIUM and Couthard with the use of NIDUS, 
and work is currently ongoing in Japan on the subject of 
using smaller and smaller blood volumes for CRRT [3]. 
The CARPEDIUM has a 27 mL extracorporeal circuit, 
while the NIDUS has a 14 mL circuit. Work by colleagues 
in Japan is focusing on a prototype machine that func-
tions with as low as 3 to 5 mL of extracorporeal blood. 
These smaller circuits will require a more dedicated ac-
cess point as demonstrated recently [22].

Comparison with other forms of RRT

Table 1 compares CRRT to other forms of RRT including 
PD, SLED, and HD. Like many areas of clinical care, no 

single modality is always correct, but understanding the 
benefits and risks of each modality is important. 

Conclusion

In summary, since the original work published by 
Ronco et al [1] more than 30 years ago, there has been an 
increase in the use of CRRT due to improved equipment, 
vascular access, anticoagulation protocols, solutions, and 
warming devices. CRRT has been adapted over the last 25 
years into an accessible bedside therapy. However, it re-
mains user-intense with high expenses from the nursing 
and resources points of view when compared with other 
forms of dialysis. To date, there are no prospective data 
in children showing the superiority or inferiority of CRRT 
in comparison with any other form of RRT. This area of 
research should be explored further in the future.
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Table 1. Comparison of RRT modalities
Modality CRRT SLED HD (standard or high flux) PD

BFR 3-5 mL/kg/min  
access dependent

3-5 mL/kg/min  
access dependent

3-5 mL/kg/min  
access dependent

10-20 mL/kg/passa

Dialysis flow rate (liter/hr) 0-4 6 30-50 0.5-2
Convective flow rate (liter/hr) 0-4 0 0 0
Systemic anticoagulation Heparin or citrate Heparin or citrate Heparin or none None
Thermic control Yes Yes Yes Partial
Ultrafiltration control Yes Yes Yes Partial
Solutions Industry made On line production On line production Industry made
Drug clearance Continuous Intermittent Intermittent Continuous
Nutritional clearance Continuous Intermittent Intermittent Continuous
Solute clearance 2 3 1 4
UF with hemodynamic stability 1 3 4 2

BFR, blood flow rate; CRRT, continuous renal replacement therapy; HD, hemodialysis; PD, peritoneal dialysis; RRT, renal replacement therapy; SLED, sustained lower-
efficiently dialysis; UF, ultrafiltration.
 aThis is pass per volume per kg not blood flow but gives an idea of the PD prescription. 
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