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Introduction

While the basic principles of continuous hemofiltration (HF) are similar for
adults and children, the application of these modalities in children requires recognition
of the unique properties of pediatric HF. Specific attention to detail such as,
extracorporeal blood volume/blood priming (especially in patients < 10 kg),
nutritional issues, etiological differences in disease processes (i.e. Inborn Errors of
Metabolism), access, and line/membrane choice, must be given when dealing with
problems in this population.

HF is indicated in the pediatric population for hypervolemic anuric acute renal
failure (ARF), electrolyte abnormalities, catabolic patients with increased nutritional
needs, patients with sepsis, poisoning (occasionally in combination with hemodialysis
(HD)y, inborn errors of metabolism, diuretic unresponsive hypervolemia, and hepatic
or drug induced coma. Additionally, HF in conjunction with other therapies such as
extracorporeal membranous oxygenation (ECMO), patients with cardiomyopathy on a
left-ventricular assist device (LVAD) and the newer hepatic support therapies has also
proven to be quite useful.

Machinery

Adaptive machinery (i.e., the use of equipment designed for other purposes
such as hemodialysis equipment) often includes a blood pump segment with an air
leak detector. What adaptive machinery does not include is the ability to regulate
either ultrafiltration control or thermic control. Commercially available machinery
(Aquarius, Edwards Lifesciences, Mississauga, Ont; PRISMA, Gambro, Lakewood,
CO; BM-25, Baxter, Deerfield, IL; Diapact ™, B. Braun Medical Inc, Bethlehem, PA;
2008 Hemodialysis and CRRT machine, Fresenius, Fresenius, NA) offer a variety of
blood flow rates (BFR), warming systems, accurate ultrafiltration controllers, venous
and arterial pressure monitors and blood leak detectors. In addition these allow for
local prescriptions of HF including continuous veno-venous hemofiltration (CVVH),
continuous veno-venous hemofiltration with dialysis (CVVHD), and continuous veno-
venous hemodiafiltration (CVVHDF (table 1).

Programs that have looked at transition from adaptive machinery to
commercially available machinery have found that their nursing time and overtime, as
well as their overall expense were often decreased. All systems can provide circuit
volumes that offer the adaptability to sustain therapy for smaller and larger size
individuals. The Baxter, Braun and the Fresenius machines allow for individual
choice of hemofilter membrane while the PRISMA uses a single membrane (AN-69)
that has been found in adult ARF HD data, to improve survival rate. The choice of HF
machine is based on the local standard of care as opposed to clinical outcome (table
2).

Access
See table 3 and references



Anticoagulation

Pediatric protocols are available for both heparin and citrate
anticoagulation as attachment A (heparin) and B (citrate)

Anticoagulation really should be thought about in three different ways. First,
does the patient need it? Often patients with multi-organ system failure have a natural
anticoagulation due to the underlying disease (e.g. sepsis with DIC). Those patients
may have a “natural ACT” that may be in the range whereby anticoagulation is not
necessary. In those patients obtaining a high BFR with a large size access may be
sufficient to maintain HF without the use of anticoagulation.

The majority of studies to date have shown that heparin is relatively efficient in
children. The use of heparin loading at 10-20 units/kg as an initial bolus and then 5-20
units/kg/hr maintaining a bedside ACT of 180-240 seconds is usually adequate in most
patients. Bleeding secondary to systemic heparinization is always a potential
complication.

Citrate anticoagulation is performed by adding citrate to the blood as it leaves
the patient to flow to the machine. The result is a reduced ionized calcium ef (.35 to
.45 mmol/l) within the circuit. A calcium infusion to the patient, independent of the
HF circuit, results in the patient maintaining a normal systemic ionized calcium
between 1.1 and 1.3 mmol/l. The overall result is HF system anticoagulation without
patient anticoagulation. Citrate anticoagulation requires a-calcium free dialysate and
replacement solutions in order to reduce the potential risk of coagulation in the HF
system

Citrate also requires a separate central line for Calcium replacement. Table 3
has included different triple lumen access for hemofiltation that has either a “pigtail”
or an extra central line allowing for a calcium infusion line.

Solutions

Adult Studies by Zimmerman et al demonstrated that both lactate as well as the
bicarbonate based solutions result in the same degree of effective clearance, but
plasma lactate levels are higher in patients on lactate-based solutions. It is unclear
whether elevated lactate levels, from lactate based solutions, may be detrimental to the
patient. However, elevated lactate levels may offer confounding information to the
clinician, especially in the setting of sepsis and/or organ under-perfusion.
Furthermore, patients with hepatic failure may not be able to convert lactate to
bicarbonate, and use of lactate based dialysis solution may produce or exacerbate
lactic acidosis. Bicarbonate buffered dialysis solutions are therefore preferred for
patients with hepatic failure. Barenbrock et al demonstrated improved care of the
patient when receiving bicarbonate based solutions when compared to lactate.
Essentially with the use of these products the use of lactate based solutions should be
considered historical and potentially detrimental to the child needed CRRT.

Solutions for CVVH can be as uncomplicated as normal saline, lactated
ringers, total parenteral nutrition (TPN), routine intravenous fluids or pharmacy made
solutions (tables 4 and 5) or compounded solutions (Normocarb ®). Many programs
will use saline or lactated Ringers as a relatively inexpensive form of replacement
fluid in those patients who are having excessive ultrafiltration. The FDA
modernization act of 1997 allows for pharmacies to compound fluids when no



alternative is available (http://www.fda.gov/opacom/backgrounders/modact.htm )
allowing for those who wish to use bicarbonate replacement fluids to use either
Normocarb ® (Dialysis Solutions Inc, Richmond Hill, Ont, Canada) or solutions
prepared by the hospital pharmacy. The decision to use replacement fluid is often
based on the overall solute and ultrafiltration clearance requirements of the patient as
well as the local standard of care.

FDA approved dialysis solutions are available both in lactate (Baxter,
Deerfield, IL) and bicarbonate form (Dialysis Solutions Inc, Richmond Hill, Ont,
Canada; Prismasate, Gambro Health Care, Lakewood, CO). Additionally, pharmacy
made customized solutions (usually bicarbonate based) are also available. Further
Normocarb ® and Prismasate BGK 2/0 are calcium free dialysate solutions, providing
a venue for the provision of either citrate or alternate anticoagulation.

Prescriptions

Classically, prescriptions for acute HF have been for the treatment of ARF. If
one were to suggest a standard prescription, then a BFR for CVVH would be in the
range of 4-6 mls/kg/min trying to keep a venous return pressure of less than 200 mm
Hg. Further there is no absolute data to date on the rate of replacement fluid or
dialysate fluid. Historically we have used a rate of 2000 ml per 1.73 m? /hr for this
allows us to compare pediatric data based on body surface area to adult data. Thus in
an 11 kilo child who has a .5m” body surface area, the dialysate or replacement fluid
rate prescribed would be roughly 700 mls/hr. The standardization of BFR as well as
replacement or dialysate rates allows a better appreciation of steady state drug
kinetics, TPN clearance and/or intoxicant removal.

Nutrition and CRRT

When one looks at nutritional requirements of these children it is imperative to
understand that HF prescriptions will result in significant amino acid loss across the
hemofilter. Data by Davies et al in adults, Maxvold et al in pediatrics and by Zobel et
al in neonates has showed that whether one does CVVH or CVVHD, one needs to
consider the amount of protein calories given to a patient. In non-dialytic setting of
ARF the standard recommendation for protein requirements is in the range of 1.5
grams/kilo/day. In patients on HF, in order to maintain adequate nitrogen balance,
protein administration may be in the range of 3-4 grams/kg/day. Further in
phosphorous deficient dialysate solutions (none have phosphorous unless added by
local pharmacy) hypophosphatemia occurs frequently, requiring either a separate
phosphorous infusion or additional phosphorous added to the TPN.

Outcome

A retrospective study by Goldstein et al examined outcome in 22 pediatric
patients receiving CVVH(D) and controlled for patient severity of illness using the
Pediatric Risk of Mortality (PRISM) score. Neither mean PRISM scores at the time of
PICU admission nor time of CRRT initiation differed between survivors and non-
survivors. Of the clinical variables studied (GFR, pressor number, mean airway
pressure, patient size or % fluid overload), only the degree of % fluid overload at the
time of CRRT initiation differed between survivors (16.4% +/- 13.8%) and non-
survivors (34.0% +/- 21.0%, p =0.03), even when controlled for severity of illness by



PRISM score using a multiple regression model. This supports earlier data by
Fargason et al suggesting that the PRISM score may not be predictive.

A database by Bunchman et al examined 226 children treated with RRT (HF,
HD and PD) looking at predictors of outcome. Diagnosis in these groups varied from
AREF to inborn error of metabolism, to intoxications. Similar to adult data, outcome
appears to be related not to age, not to modality but to severity of illness (i.e. pressor
requirement) and underlying cause of need for RRT. This points out that it is not the
modality, but rather the underlying cause of the need for HF, as well as the overall
hemodynamic status of the patient (including the presence or absence of vasopressor
agents) that effects outcome. In children on CRRT and ECMO outcome is primarily
related to need for ECMO not to the use of CRRT.

More recent single center data, as well as multi-center data from the
Prospective Pediatric CRRT Registry Group support earlier findings that fluid
overload at CRRT initiation is an independent risk factor for mortality in pediatric
patients who receive CRRT.

Complications

Excessive Ultra-filtration

Data by Jenkins et al demonstrated up to a 30% ultrafiltration error rate when
using intravenous pumps to regulate ultrafiltration. The only way to avoid the
ultrafiltration error is to use industry made equipment that has been purposefully made
for ultrafiltration regulation. This will not affect the individual IV pump error rate, but
will minimize most of the error seen at bedside. Industry standards vary but
experience with the PRISMA device in a 2.8 kg infant revealed an ultrafiltration error
rate of only 2-4 mls/hr (personal communication Timothy Kudelka RN).

Membrane Reactions

One of the more biocompatible membranes (PAN, AN-69) has been shown to
cause a bradykinin release syndrome in patients who are acidotic at the onset of HF or
in children who require a “blood prime” in the setting of one of these membranes.
These membranes, in the face of interacting with an acidotic plasma environment
generate bradykinin which may result in reactions from minor nausea to clinical
anaphylaxis. Newer AN-69 membranes are now coming on market that will prevent
these reactions. In the mean time in those patients who require blood priming,
transfusing the blood post hemofilter with a generous administration of sodium
bicarbonate, or use of a priming mixture of 75 ml PRBC, 75 ml sodium bicarbonate
and 300 mg calcium gluconate makes this reaction virtually non existent. Alternate
formulas exist for priming including; “The Jenkins formula”: pRBC’s = 80 ml; 5%
albumin = 55 ml; heparin = 150 units; sodium bicarb = 12 mEq; 10% calcium
gluconate =2 ml. The prime must then be checked to be sure the pH is 7.3 — 7.5 and
the ionized calcium is >/= 1.0)).

Thermic Control
Hypothermia is common however with the advent of thermic controllers this
has become less of a clinical problem. In the smaller child on HF a thermic controller



will result in euthermia but may mask a fever, therefore a high index of suspicion of
new or ongoing infection needs to be maintained even in the absence of a fever.
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Table 1 AVAILABLE HEMOFILTRATION MACHINES
Company Machine Lines
Edwards Aquarius Adult
Lifesciences PEDS (in development)
GAMBRO PRISMA ADULT/
PEDS (in development)
BAXTER BM 11%* ADULT/PEDS
BM 11a*
BM 25
Accura
FRESENIUS 2008 ADULT/PEDS
B BRAUN Diapact ADULT/PEDS

* blood pump only; need the additional of the BM 14 to make the total of a
BM 25 for the blood and ultrafiltration monitor all in one

TABLE 2 Pediatric Hemofilter Properties

(Note Veno-Venous HF
requires larger circuit volume

depending on the pumps
utilized. For the non-adapted

systems such as the PRISMA,
the filter is the Multiflow 60
and the circuit volume is fixed
at around 90 ml and the

Multiflow 10 and circuit
volume is 45 mls.)

HEMOFILTER | PROPERTIES/ | PRIMING
SURFACE VOLUME
AREA
AMICON Polysulfone 15 ml
Minifilter Plus 0.07m’
RENAFLO II Polysulfone
HF 400 0.3m’ 28 ml
HF 700 0.7m’ 53 ml
HF 1200 1.25m*> | 83 ml
Gambro AN-69
Multiflow 60 0.6m’ 44 mls
Mulftiflow 10 0.3m>
ASAHI PAN Poly
0.3 Acrylonitrile 33 ml
0.6 0.3m’ 63 ml
1.0 0.6m> 7 ml

1.0m?
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TABLE 3 Suggested Size and Selection of HF Vascular Access for Pediatric Patients

PATIENT SIZE CATHETER SIZE & SITE OF INSERTION
SOURCE
NEONATE Single-lumen 5 Fr (COOK) Femoral artery or vein
Dual-Lumen 7.0 French Internal/External-Jugular,
(COOK/MEDCOMP) Subclavian or Femoral vein
3-6 KG Dual-Lumen 7.0 French Internal/External-Jugular,
(COOK/MEDCOMP) Subclavian or Femoral vein
Triple-Lumen 7.0 Fr Internal/External-Jugular,
(MEDCOMP) Subclavian or Femoral vein
6-30 KG Dual-Lumen 8.0 French Internal/External-Jugular,
(KENDALL, ARROW) Subclavian or Femoral vein
>15-KG Dual-Lumen 9.0 French Internal/External-Jugular,
(MEDCOMP) Subclavian or Femoral vein
>30 KG Dual-Lumen 10.0 French Internal/External-Jugular,
(ARROW, KENDALL) Subclavian or Femoral vein
>30 KG Triple-Lumen 12.5 French Internal/External-Jugular,

(ARROW, KENDALL)

Subclavian or Femoral vein
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TABLE 4 Commercially Available Solutions for dialysis * or for dialysis or infusion

PREMADE Normocarb® | Hemofiltration | Prismasate | Accusol *

SOLUTIONS Solution * BK 0/3.5 (multiple

ADDITIVES *//BGK 2/0 | options)

Na (mEq/L) 140 140 140 140

K (mEq/L) 0 2 0//2 0,2,4

Cl (mEg/L) 105 117 109.5 109-115

HCO3 (mEq/L) 35 0 32 30-35

Lactate (mEq/L) 0 30 3 0

Ca (mEq/L) 0 3.5 3.5//0 3.5

PO4 (mEq/L) 0 0 0 0

Mg (mEq/L) 1.5 1.5 1 1

Dextrose (g/L) 0 1 0 1
*only FDA approved solution for dialysis

TABLE 5 Pharmacy Solutions for dialysis or infusion

CUSTOM MADE CALCIUM- PHOSPHATE BASED

SOLUTIONS BASED infusate/ infusate/ DIALYSATE

DIALYSATE

NaCl (mEg/L) 100 100

NaHCO3 (mEq/L) 40 40

KCI (mEg/L) 4 2

K3PO4(mEg/L) 0 2 **

Lactate (mEq/L) 0 0

CaCl2 (mEq/L) 3.5 0

MgS04 (mEq/L) 1.5 1.5

Dextrose (g/L) 1.5 (0.15%) 1.5 (0.15%)

** Provides 2 mEq/L of potassium & 4 mg/dl of phosphorous

Solutions are mixed with sterile technique in the pharmacy BUT THERE IS

RISK OF ELECTROLYTE ERROR DUE TO LACK OF STANDARDS
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Attachment A-Heparin Protocol

Stu put your proto PATIENT COAGULATION/ANTICOAGULANT
THERAPY:
(before initiating therapy)

1. Obtain PT/PTT, Platelet count, *ACT baseline (by dialysis
nurse).

2. In the absence of coagulopathy (patient's ACT <150), give
bolus of  units heparin (25 units/kg) to patient and recheck
ACT. Repeat heparin bolus and ACT check until ACT >180
(maximum: repeat X 2)

(during hemofiltration)

1. Heparin infusion: When ACT > 180, start heparin drip
10 units/ml in CRRT circuit at 10 units/’kg/hr=__
units/hror ~ ml/hr. Check system ACT.

2. Titrate heparin drip to keep post-filter ACT between
180-220 seconds
o If ACT is <180, increase heparin drip by 1

unit/kg/hr.
o If ACT is >220, decrease the heparin drip by 1
unit/kg/hr

Anticoagulation monitoring: With each circuit change and when platelets or blood
are administered to the patient, obtain postfilter (blue port) ACT q 20 minutes until
stable.

Monitor ACTs q 20-30 min. for an hour after any heparin changes.

Monitor ACTs every four hours once stable
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10.

Attachment B-Citrate Protocol

Prime in CVVHDF Mode using ordered dialysate and replacement solutions.
Dialysate : HCO3-based without Ca (Normocarb® or pharmacy-
prepared,
Replacement: normal saline or bicarb-based Normocarb or pharmacy-
prepared.

Place a 3 way stop cock to both the “arterial” and venous ports of the dialysis
access. Attach the Citrate ACD(A) Solution 1000cc to a regular IV pump and
then attach it to the “arterial” stop cock.

When ready to start the citrate rate in ccs/hr will be 1.5 x the blood flow rate of
the PRISMA machine at ccs/min. (eg Start Citrate at 150 mls/hr if the BFR is
100 mls/min)

Set up the Ca++ infusion (ie. 8gms Calcium Chloride in 1L NS) as ordered via
central line other than the dialysis access. This will run at 40% of the citrate
flow rate. (eg citrate rate = 150 mls/hr then CaCl rate = 60 mls/hr)

Set the flow rates in Hemofiltration machine as ordered.

Patient Fluid Removal Rate is calculated by:
Net Ultrafiltration rate + Citrate rate + Calcium infusion rate = Pt. Fluid
Removal Rate.

Connect the Hemofiltration machine circuit to the dialysis catheter as per
procedure and press start.

2 hour after initiation of therapy and every 6 hours thereafter, send the
following blood work
Post-filter ionized Ca++ (drawn from the return line, blue sample port)
Systemic ionized Ca++ (drawn from patient (true) arterial line or
peripheral draw)
Chemistries (eg Lytes, Bun, Cr, Ca, Phos, Albumen)
(see # 14 for citrate and calcium adjustment)

Metabolic alkalosis occurs due to citrate metabolism to bicarbonate and due to
bicarbonate in the Dialysate. Call Peds Nephrologist if the Serum Bicarb is>
35 meq/l In that case the Peds Nephrologist will add in NS as a replacement
soln by 200-400 cc/hr and decrease the dialysate rate by the same amount.
This will give an acid load from the NS and diminish the HCO3 from the bath
at the same time

Notify MD for the following :
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11.

12.

13.

14.

a. Systemic lonized Ca++ < 0.75 mmol/L. (Consider holding citrate for 1
hours and resuming infusion at 30% of the citrate flow rate and bolus
with 10 mg/kg of CaCl and increase Ca infusion by 10%)

b. Na+ > 150 mmol/L. Consider changing replacement solution to 0.45%
NacCl.

If the filter clots, stop the Citrate and Ca++ infusions and discontinue the filter.

In children less then 10 kg who require a blood transfusion when going on,
avoid the use of citrate for the first 15 minutes for it may exacerbate the
BradyKkinin release syndrome seen in some children.

Citrate Lock occurs when the total calcium rises with a dropping ionized calcium.
This is due to the fact of the citrate infusion exceeds the clearance on dialysis and
from hepatic metabolism. When this is seen, stop the citrate for 2-4 hours then
restart at 70% of the previous dose. Watch the ionized calcium during this time to
avoid inadequate anticoagulation of the circuit (i.e. the ionized calcium of the
system rising causing system clotting).

Titrate the Citrate infusion according to the citrate sliding scale below :
Prisma ionized Ca++ (mmol/L) Citrate Infusion Adjustment
>20 kg <20 kg

<0.35 | rate by 10 | rate by 5 ml/hr

ml/hr
0.35 — 0.5 (Optimum Range) No adjustment
0.5-0.6 1 rate by 10 1 rate by 5 ml/hr

ml/hr

>0.6 1 rate by 20 1 rate by 10
ml/hr ml/hr

NOTIFY MD IF CITRATE INFUSION RATE > 200 ml/hr

Titrate the Calcium infusion according to the calcium sliding scale below :

Patient ionized Ca++ (mmol/L) Calcium Infusion Adjustment
> 20 kg <20 kg
>1.3 | rate by 10 | rate by 5 ml/hr
ml/hr
1.1-1.3 (Optimum Range) No adjustment
0.9-1.1 1 rate by 10 1 rate by 5 ml/hr
ml/hr
<0.9 1 rate by 20 1 rate by 10
ml/hr ml/hr
NOTIFY MD IF Calcium INFUSION RATE > 200 ml/hr
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