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Introduction

Acute kidney injury (AKI) affects an increasing
proportion of critically ill patients who now sur-
vive medical and surgical complications that
were once often fatal. Despite increased efforts to
recognize and prevent AKI, progression to kid-
ney failure continues to occur with alarming fre-
quency. The treatment of AKI in critically ill and
injured children requires understanding of medi-
cal management of disease with ready availabil-
ity of renal replacement therapy (RRT) as well as
adaptability for use in pediatric patients of all
ages and sizes. In this chapter, we review medical
management of AKI as well as traditional and
emerging RRT modalities.
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Medical Management of AKI

Medical management of AKI includes optimiz-
ing renal perfusion, preventing or reducing fluid
overload, correcting electrolyte abnormalities
and acid-base disturbances, supporting patient
nutrition, and closely monitoring administration
of nephrotoxic medications all while considering
the patient’s need for renal replacement if medi-
cal management proves ineffective [1-3]. The
prevention of AKI is the foremost means of man-
agement. The clinician must pay close attention
to subtle changes in serum creatinine and corre-
sponding urine output as creatinine increase is a
late marker of AKI [4]. Chapter 46 discusses this
topic in detail.

Renal Perfusion

Intravenous (IV) fluid is used to treat hypovole-
mia in an attempt to maintain end organ perfu-
sion, but overly aggressive resuscitation may lead
to fluid overload. Both crystalloid and colloid
(typically albumin) are utilized in fluid resuscita-
tion; however, two major studies in adults have
failed to demonstrate a clear benefit on AKI out-
comes or survival difference for colloid versus
crystalloid infusions [5, 6]. However, colloid
may be advantageous over crystalloid in patients
requiring large amounts of fluid resuscitation in
the setting of sepsis or burn injury [7].
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Vasopressors in conjunction with IV fluid
resuscitation for vasomotor shock may improve
kidney perfusion and are recommended in
patients who have or are at risk of AKI [7]. Agents
recommended are norepinephrine, vasopressin,
and dopamine. Vasopressin and norepinephrine
use has increased due to favorable side effect
profiles versus the arrhythmic abnormalities
noted with dopamine [8, 9].

The use of renal vasodilators to increase renal
perfusion does not improve outcomes.
Specifically, dopamine has been employed at low
dosages in an effort to improve renal perfusion by
promoting vasodilatation. Adult studies of “renal
dose” dopamine show no benefit and may even
suggest harm [10-13]. More recently the selec-
tive dopamine agonist fenoldopam has been uti-
lized to augment renal blood flow. Adult literature
from single-center studies suggests a decline in
both mortality and the need for RRT [14].
Furthermore, meta-analysis of 16 trials of
fenoldopam in adults concluded that fenoldopam
decreased the incidence of AKI, the need for
RRT, intensive care unit (ICU) stay and death
from any cause [15]. To date, one available ran-
domized controlled trial has suggested that use of
high-dose fenoldopam in pediatric patients on
cardiac bypass significantly reduced the use of
diuretics and vasodilators during bypass [16].
Current Kidney Disease Improving Global
Outcomes (KDIGO) recommendations are
against the use of fenoldopam to prevent or treat
AKI given the high risk for hypotension associ-
ated with its use in ICU patients in comparison to
the relatively sparse data available regarding its
efficacy [7]. Emerging data from randomized,
blinded trials suggest that fenoldopam may be
beneficial in complex cardiac surgeries to
improve the quality of perfusion during cardio-
pulmonary bypass and prevent AKI in both adults
and children [16, 17]. The role for fenoldopam in
AKI requires further clarification.

Volume Status

Awareness of volume status is critical in a patient
with AKI since patients may have hypovolemia,

euvolemia, or hypervolemia (fluid overload).
Volume status should be continually reassessed
and correlated with patient intake and output as
well as daily weights. Heart rate, blood pressure,
capillary refill, and skin turgor are all key compo-
nents of assessing volume status.

Hypovolemia should be addressed with iso-
tonic fluid to restore intravascular volume, and if
necessary, inotropic support. AKI secondary to
prerenal azotemia is likely in a severely volume
depleted child. Aggressive fluid resuscitation
with 10-20 mL/kg normal saline boluses to re-
establish intravascular volume is recommended,
and if there is no urine output once volume status
is restored, a significant dose of furosemide
(2 mg/kg IV) may be given. It is important to rec-
ognize that administration of furosemide and
subsequent diuresis may simply result in conver-
sion of the AKI from oliguric to non-oliguric and
will not alter the course of the renal injury itself
[18]. If a furosemide trial is used, a single high
dose should be administered with observation for
response. Furosemide should not be continued if
there is ongoing oliguria [19].

Fluid overload has been associated with
increased morbidity and mortality in pediatric
critical care patients; however, the pathophysiol-
ogy leading to poor outcome is not fully delin-
eated [20, 21]. Examples of AKI with
hypervolemia include following aggressive fluid
resuscitation in septic patients and in patients
with left ventricular cardiac dysfunction. The use
of excessive normal saline for fluid resuscitation
is associated with hyperchloremia, which has
been demonstrated to diminish renal sodium
excretion [22, 23] and impair renal blood flow
[24], thus heightening the risk for AKI. Congestive
heart failure due to poor left ventricular function
can result in poor renal perfusion secondary to
deficits in forward flow, which further promotes
edema formation through activation of the renin-
angiotensin-aldosterone axis and subsequent
sodium retention [25]. Diuretic use in the adult
ICU patient with AKI is associated with height-
ened risk of both death and non-recovery of renal
function [19]. A trial of high-dose furosemide
may be used to relieve hypervolemia given evi-
dence that persistent, positive fluid balance is
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associated with increasing mortality in adult
patients who develop AKI [26]. It is not advis-
able, however, to rely on diuretic therapy and
fluid and nutritional restriction to avoid RRT
given that such use of diuretics for either AKI
“prophylaxis” or therapy does not improve
outcomes [27, 28]. Patients with fluid overload
not responsive to diuretics require consideration
of RRT.

Cumulative percent fluid overload may be cal-
culated as follows:

fluid input (liters) - fluid output
(liters) / ICU admission weight (kg) *
100

Evaluation for RRT should occur in the setting
of >10% cumulative fluid overload. Initiation of
RRT is advised if cumulative fluid overload is
>20% [29].

Critically ill pediatric patients presenting with
euvolemia but oliguria that is unresponsive to
fluid resuscitation may have intrinsic AKI. In this
population, continued fluid resuscitation may be
detrimental if the patient remains oliguric; thus,
guidelines suggest restricting fluid to insensible
losses plus replacement of urine output plus extra
renal losses [30]. However, nutrition needs may

require early RRT to prevent volume overload
and electrolyte disturbances.

Electrolyte Abnormalities

Electrolyte abnormalities occur commonly in
AKI and may develop rapidly, necessitating vigi-
lant monitoring. Hyperkalemia is common, par-
ticularly in oliguric patients, and is potentially
life-threatening due to ventricular tachycardia
and fibrillation. Medical management of hyper-
kalemia is directed towards removal of potassium
from the body (sodium polystyrene sulfonate,
loop diuretic if responsive) and preventing
arrhythmias via driving potassium into the cells
(albuterol, sodium bicarbonate, insulin + glu-
cose) and stabilizing the cardiac membrane (cal-
cium), as summarized in Table 52.1. Dialysis
may be necessary if moderate to severe hyperka-
lemia is refractory to medical management
(Table 52.1).

Hyponatremia occurs more often than hyper-
natremia in AKI [30]. Hyponatremia is often due
to water retention and may be exacerbated by
intake of hypotonic fluids. Hyponatremia due to
water retention secondary to volume depletion
may respond to isotonic fluid. In contrast, fluid

Table 52.1 Medical agents utilized in the management of hyperkalemia

Agent(s) Mechanism Dose Onset Complications

Sodium bicarbonate Shifts K+ into 1 mEq/kg IV over 15-30 min Hypernatremia, change in
cells 10-30 min ionized calcium

Albuterol Shifts K+ into 400 pg by 30 min Tachycardia, hypertension
cells nebulizer

Glucose and insulin Shifts K+ into Glucose 0.5 g/kg, 30— Hypoglycemia
cells insulin 0.1 U/kg 120 min

IV over 30 min

Calcium gluconate 10% Stabilizes 0.5-1 mL/kg IV~ Immediate Bradycardia, arrhythmias,
membrane over 5-15 min hypercalcemia

Calcium chloride Stabilizes 10 mg/kg IV over Immediate Bradycardia, arrhythmias,
membrane 5-15 min hypercalcemia

Sodium Polystyrene Sulfonate Exchanges Na* for 1 g/kg orally or 30-60 min Hypernatremia,

K* across the
colonic mucosa

(Kayexalate®, Concordia
Pharmaceuticals, Oakville,
Ontario, Canada)

Used with permission of Elsevier from Andreoli [31]

K* potassium, /V intravenous, Na* sodium, PR per rectum

PR in sorbitol

constipation, colonic
membrane irritation if
given PR
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restriction is effective if due to free water excess.
RRT may be necessary if renal dysfunction pre-
vents excretion of excess free water. Sodium lev-
els less than <120 mEq/L are associated with a
high risk for cerebral edema and seizures. Sodium
correction with hypertonic saline solution over
several hours should be initiated. Further correc-
tion of hyponatremia can be achieved by free
water restriction.

Hyperphosphatemia in AKI is secondary to
reduction in glomerular filtration rate (GFR).
Hyperphosphatemia may be treated with phos-
phate binders and dietary phosphorus restriction.
Selection of a phosphate binder should consider
the patient’s calcium level. In patients with low
ionized calcium, a calcium-containing phosphate
binder (e.g. calcium carbonate) should be used;
by contrast, in patients with hypercalcemia, a
non-calcium phosphate binder, such as sevelamer,
is recommended.

Hypocalcemia occurs in AKI secondary to
high serum phosphorus. Both total and ionized
calcium levels should be monitored since total
calcium may be inaccurate due to decreased total
calcium secondary to hypoalbuminemia and
changes in calcium binding to albumin based on
the patient’s acid-base status. Initial treatment for
mild hypocalcemia in AKI and phosphate reten-
tion is correction of hyperphosphatemia, typi-
cally using oral phosphate binders. Symptomatic
hypocalcemia requires correction with IV cal-
cium. This replacement should be provided with
caution in the severely hyperphosphatemic
patient given the possibility of systemic calcium
phosphate precipitation, potentially worsening
existing AKI with calcium phosphate deposition
in the renal tubules. Inability to correct hypocal-
cemia in a symptomatic patient (e.g. tetany and/
or seizures) secondary to severe hyperphosphate-
mia is an indication for dialysis.

For children who are not receiving RRT, sev-
eral measures can prevent severe metabolic and
electrolyte disturbances. First, no supplemental
phosphorus or potassium should be provided to
the patient unless symptomatic or there is signifi-
cant hypophosphatemia or hypokalemia. Second,
to prevent worsening hypertension and fluid
overload, sodium should be restricted to

2-3 mEq/kg/day. Third, parenteral or enteral
nutrition should be considered early in the
patient’s course, as described below, to replete
electrolyte abnormalities. If adequate nutrition
cannot be provided due to fluid overload, RRT
should be initiated. Serum electrolytes, phospho-
rus, calcium, and albumin should be regularly
monitored as dictated by the patient’s clinical
status.

Acid-Base Disturbances

Metabolic acidosis in AKI is due to renal dys-
function and systemic disease (e.g. sepsis,
trauma, burns). Severe acidosis can be treated
with IV or oral sodium bicarbonate, with careful
monitoring for fluid overload and worsening of
hypertension due to the sodium load. Patients
with AKI who develop severe, refractory meta-
bolic acidosis may require dialysis therapy, espe-
cially in the setting of oligoanuria. It is important
to measure the serum total and ionized calcium
prior to bicarbonate treatment due to potential for
symptomatic hypocalcemia given increased pH-
dependent binding of calcium to proteins, which
decreases the ionized calcium.

Nutritional Interventions

Patients with AKI are in a hypercatabolic state
and should have nutritional support to ensure full
calorie, protein, and micronutrient delivery.
Nutritional goals include preservation of lean
body mass and avoidance of metabolic derange-
ments. Potential benefits include improved
wound healing, immune function, and scaveng-
ing of oxygen free radicals, with the goal of
decreasing patient mortality [32].

Delivery

Adequate nutrition may require supplemental
enteral and/or parenteral nutrition if oral intake
cannot meet nutritional requirements. Enteral
nutrition is preferred if the gastrointestinal tract is
functioning given the ease of administration and
lower rates of infection. Conversely, parenteral
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nutrition should be employed when the gastroin-
testinal tract cannot be utilized and/or enteral
feeding cannot provide sufficient nutrition [33].
See Fig. 52.1 for a decision tree illustrating mode
of nutritional support in AKI [34].

Protein

Current evidence suggests that patients with AKI
require increased protein, particularly when
receiving RRT [35]. Protein-energy wasting
(PEW) is loss of lean body mass and fat mass and
may occur in patients with AKI d [36]. PEW is an
independent predictor for patient mortality and is
also directly associated with the length of hospi-
tal stay and risk of complications [37]. The adult
literature recommends an increased protein
intake goal of 1.5-2 g/kg per day for hypercata-
bolic patients or for patients receiving RRT that
utilizes high-flux and/or highly efficient filters,
which are associated with amino acid losses [38].

Calories and Lipid

General guidelines suggest that critically ill chil-
dren should receive from 1 to 1.3 times basal
metabolic needs in calories [39]; however, addi-
tional calories for hypercatabolic states should be
provided given the patient’s pre-existing state of
nutrition. To optimize enteral nutrition, “renal-
specific” formulas are an option for patients
being medically managed with AKI or on
RRT. These formulas may be beneficial given
high caloric and protein density with low electro-
lyte levels [40]. Adequate caloric intake is needed

Fig.52.1 Decision tree

for nutritional support in

AKI patients with

protein energy wasting

(PEW) or at risk of YES
PEW. (Used with

permission of John /
Wiley and Sons from

Fiaccadori et al. [34]) Enteral feeding

/

to prevent catabolism, to promote protein synthe-
sis and to offset heat-dependent caloric losses
[41]. Parenteral nutrition, including IV lipids, is
necessary if enteral nutrition cannot be provided
[38, 41].

Nutrients

Levels of vitamin C and water-soluble vitamins,
including thiamine and folic acid, may be low in
patients with AKI [42]. Use of RRT can exacer-
bate nutrient and trace element losses due to the
very efficient removal of small molecular weight
substances [43]. Appropriate replacement is
indicated.

Glycemic Control

Stress hyperglycemia is a notable feature of criti-
cal illness [44]. Several studies have investigated
the impact of conservative versus intensive insu-
lin therapy on patient mortality, with secondary
analyses investigating impact of glycemic control
on incidence of AKI [45-47]. Tight glycemic
control has decreased the incidence of AKI in
adults [48]. Insulin is recommended to correct
hyperglycemia in AKI, with typical glucose goals
between 110 and 150 mg/dL [49].

Avoidance of Nephrotoxins
Many commonly used medications are metabo-

lized and/or excreted by the kidneys. Nephrotoxic
medications in the ICU contribute to nearly 25%

Normal Gl tract function?

—

NO

Parenteral feeding
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o . Peripheral Central
Are nutritional > NO —p Megration (short-term, (long-term,
goals achieved? W"th I with or fluid
¢ p?ézgi:;a without fluid restriction,
restriction catabolism

YES



1418

L. A.Harshman et al.

of AKI cases [50, 51]. Prevention of drug-induced
AKI is more effective than any available therapy;
recognition of high-risk patients is therefore nec-
essary. The dose and frequency of administration
of any potentially nephrotoxic medication should
be adjusted (or avoided) based on the patient’s
GFR.

Common nephrotoxins include aminoglyco-
sides, nonsteroidal anti-inflammatory drugs
(NSAIDs), contrast agents, and chemotherapeu-
tic and immunosuppressant medications [52].
AKI induced by drugs occurs by two predomi-
nant mechanisms: direct toxicity to renal tubular
epithelium, as is seen with aminoglycosides and
amphotericin, and interference with autoregula-
tory mechanisms, leading to unrestricted vaso-
constriction and reduced renal blood flow, as is
seen with NSAID toxicity. NSAIDs are a com-
mon cause of AKI in children, even when ingested
at recommended doses; the incidence of AKI
may be underestimated both in the inpatient and
outpatient settings [53]. Aminoglycosides are
widely utilized in pediatric patients. Repeat
administration of these agents may lead to renal
interstitial and tubular epithelial cell accumula-
tion, and as such, recommendations have been
made to administer aminoglycosides every 24 h
(or less) to minimize toxicity, with drug levels
obtained daily [7].

Contrast-induced AKI (CI-AKI) in adults is
associated with an increased risk of mortality in
the year following the episode of AKI [54]. The
incidence in children is not well-characterized.
Patients with chronic kidney disease or diabetes
are at increased risk of CI-AKI [54]. Volume and
osmolality of contrast administered is directly
associated with risk of AKI [55, 56], and non-
ionic agents are thought to be safer, especially in
patients with chronic kidney disease [57]. The
pathophysiology of CI-AKI is still largely
unknown. Severe vasoconstriction following
contrast administration has been implicated [58,
59], as has direct cytotoxicity via oxygen free
radical generation. Serum creatinine rises
1-2 days after the imaging procedure and is usu-
ally not accompanied by oligoanuria [60].
Dialysis is required in a minority of patients. No
treatment exists other than support if CI-AKI

occurs. However, in recent years, attention has
focused on prevention [61, 62]. A meta-analysis
of prevention strategies recommends pre- and
post-contrast IV~ volume expansion with
bicarbonate-containing fluids and use of low or
iso-osmolar contrast agents in the smallest vol-
ume possible in patients with pre-existing kidney
disease who are atincreased risk. N-acetylcysteine
and ascorbic acid have also been suggested for
use as free radical scavengers in the higher risk
populations [57]. N-acetylcysteine is indicated
for the prevention of contrast-induced AKI per
the 2012 KDIGO guidelines [7]. While older
studies have suggested a benefit [63], controversy
regarding its use remains as the effect of
N-acetylcysteine to prevent AKI can be variable,
and several studies have failed to show a signifi-
cant benefit. There is no significant benefit of
either N-acetylcysteine or bicarbonate infusion
for prevention of AKI, even among populations
at high risk for kidney complications [64]. There
have been no randomized trials in children.

Other Medical Therapies

Growth Factors

Renal tubular injury is a major component in the
pathogenesis of AKI, and renal tubular repair is a
required step for recovery. Growth factors play
an important role in the regeneration of epithelial
cells. In animal models, several growth factors
have been shown to accelerate recovery from
renal injury such as erythropoietin, insulin-like
growth factor, hepatocyte growth factor, and epi-
dermal growth factor [65]. In cellular and animal
models, erythropoietin appears to reduce necro-
sis and apoptosis in renal epithelial cells while
also promoting cell proliferation [66]; however,
human studies have failed to yield AKI-related
benefit from use of erythropoietin for primary
AKI prevention [67]. Similarly, hepatocyte
growth factor and insulin-like growth factor-1
appear to limit apoptosis in animal models of
renal injury [68, 69], but again, preliminary clini-
cal trials with IGF-1 have not shown benefit to
patients. The KDIGO work group recommends
against use of IGF-1 to prevent or treat AKI [7].
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Adenosine Receptor Antagonists
Theophylline is a non-selective adenosine recep-
tor antagonist that is thought to increase renal
blood flow at the level of the afferent arteriole
[70]. KDIGO recommendations suggest a single
dose of theophylline in high-risk neonates with
perinatal asphyxia at risk of AKI [7]. Research to
date supports an initial renoprotective effect fol-
lowing theophylline in asphyxiated infants; how-
ever, long-term impact on renal function is
unclear [71, 72].

Renal Replacement Therapies in AKI

The lack of evidence-based guidelines regarding
the definition of pediatric AKI (see Chap. 46) has
resulted in much uncertainty and discussion
regarding the indications and timing for initiation
of RRT as well as the optimal modality to employ.
Retrospective reviews in critically ill children
demonstrate that those who develop AKI early in
a hospital course have greater morbidity and
mortality [73, 74]. Use of RRT may prevent and
correct life-threatening complications of AKI
refractory to medical management. Indications
for initiation of RRT in pediatric AKI have tradi-
tionally been those used for end-stage renal dis-
ease (and are not necessarily easily juxtaposed in
the acute setting), including metabolic/electro-
lyte abnormalities refractory to medical therapy,
symptomatic fluid overload, and/or symptomatic
uremia; however, metabolic derangement and
fluid overload are often late findings in severe
renal injury [75]. In the acute setting, consider-
ation of RRT must account for the patient’s clini-
cal situation in the context of the aforementioned
laboratory abnormalities.

Adult literature suggests that earlier initiation
of RRT, for example before the appearance of
florid metabolic derangements and symptomatic
fluid overload, may yield better patient outcomes,
including decreased risk of death, shorter dura-
tion of RRT, and shorter hospital stays [76, 77].
For example, volume overload in the setting of
AKI refractory to medical management is an
indication for RRT even without significant azo-
temia or elevation in creatinine. Additionally, the

presence of multisystem organ dysfunction in the
presence of AKI refractory to medical manage-
ment is a strong indication for initiation of RRT.

More recently, the concept of renal angina
[78] has been suggested whereby likelihood of
developing AKI is informed by baseline and con-
textual factors as well as objective evidence to
identify those patients at greatest risk for renal
injury. Additionally, renal angina criteria stratify
patients into moderate-, high-, and very-high risk
categories for AKI based on their underlying
clinical condition (Table 52.2). Renal angina can
be thought of mathematically as ““signs of injury”
(i.e., fluid overload, estimated creatinine clear-
ance) multiplied by presence of AKI and is com-
parable to assessment of risk for a myocardial
infarction in an adult patient presenting with
chest pain. Given that there are currently no reli-
able biomarkers for establishing the severity or

Table 52.2 Pediatric renal angina criteria

Renal angina
threshold
Doubling of SCr
OR

eCrCl decrease
>50%

OR

ICU fluid
overload >15%
Serum Cr
increase

>0.3 mg/dL

OR

eCrCl decrease
25-50%

OR

ICU fluid
overload >10%
Any serum Cr
increase

Hazard tranche
Moderate-risk patients
Patients admitted to PICU

High-risk patients

Acute decompensated heart failure
Stem-cell-transplant recipient

Very-high-risk patients

Receiving mechanical ventilation OR
and one or more vasoactive eCrCl decrease
medications >25%

OR

ICU fluid

overload >5%

Used with permission of Springer Science + Business
Media from Basu et al. [78]

PICU pediatric intensive care unit, SCr serum creatinine,
OR odds ratio, eCrClI estimated creatinine clearance, ICU
intensive care unit
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prognosis of a patient’s AKI, renal angina criteria
may help the clinician to predict risk for AKI
early in the clinical course and intervene, if
needed, with RRT before reaching a state of fluid
and metabolic derangement. In one study, the
renal angina index obtained on Day 0 of pediatric
ICU admission was predictive for progression to
AKI on ICU Day 3 [79].

Greater than 20% fluid overload is a signifi-
cant independent risk factor for increased mor-
bidity and mortality [80]. Other less concrete
indications for initiation of RRT include oliguria
not responsive to diuretics, escalating ventilatory
requirements (especially if pulmonary edema is
secondary to fluid overload), need for a large vol-
ume of medications/blood products in a currently
fluid overloaded patient (>10% overload), and/or
when ability to provide adequate nutrition is
compromised by fluid restriction secondary to
fluid overload and oliguria.

Literature exists regarding when to stop RRT
in the patient with AKI. In stopping RRT, the
nephrologist may decrease the frequency of ther-
apy from daily to every other day or change
modality (e.g. conversion from CRRT to acute
hemodialysis [HD]). The decision to stop should
be based on evidence for improvement in the
underlying disease pathology that led to RRT ini-
tiation and improvement in renal function (i.e.,
increased urine output, diminished azotemia, and
decreased fluid overload).

Modality Choice

When initiating RRT for AKI, the clinician
should first identify the goals of dialytic therapy.
The patient’s size, hemodynamic stability, and
potential for vascular access also inform modal-
ity selection. Choice of therapy will also depend
on clinician preference, available resources (e.g.
dialysis equipment, nursing staff), and even capa-
bilities for placement of dialysis access.

Acute Peritoneal Dialysis

Acute peritoneal dialysis (PD) provides gradual
solute and water clearance through both convec-

tive and diffusion-based mechanisms. Although
the use of continuous renal replacement therapy
(CRRT) has dramatically increased in the past
decade, there remains an important role for acute
PD in preterm neonates with limited vascular
access and patients admitted to the ICU follow-
ing surgery for congenital heart defects [81, 82].
Acute PD is still the modality of choice in many
countries, especially in the developing world
[83-85] as it is a relatively inexpensive form of
dialysis that does not require sophisticated tech-
nical expertise or equipment. It avoids the risks
and complications associated with extracorporeal
perfusion, including the possible need for blood-
product exposure and systemic anticoagulation.
Additionally, large volumes of fluid can be
removed slowly over a prolonged period, main-
taining hemodynamic stability. Due to the rela-
tively slower solute clearance, including that of
nitrogenous waste products, it is not associated
with dialysis disequilibrium, which may occur in
acute intermittent HD.

Initiation

An in-depth discussion regarding PD access is
provided in Chap. 63. In brief, PD does not
require vascular access, which can be a challenge
in infants and small children, and provides a
means for critically ill patients to be dialyzed
with preservation of vascular access, thus allow-
ing for rapid institution of therapy even in the less
hemodynamically stable patient. Access can be
obtained using semi-rigid stylet catheters requir-
ing a trochar and canula method of insertion, the
main advantage of which is the ease of bedside
insertion by the pediatric nephrologist without
surgical intervention and general anesthesia [86].
In patients who can tolerate a surgical procedure,
placement of a tunneled permanent catheter is
preferred to semi-rigid, temporary catheters to
reduce technical complications such as leaks and
catheter obstruction [87]. Newer acute placement
techniques are performed with soft catheters,
often where a Seldinger technique is utilized to
insert the catheter over a guidewire (Fig. 52.2).
This technique can be well-utilized in infants as it
carries a minimal risk of dialysate leakage since
no incision is required for the catheter insertion.
Consequently, the risk of peritonitis is less, and
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Fig. 52.2 Peritoneal dialysis catheter using Seldinger
technique for insertion (8.5FR Mac-Loc™)

these catheters can be kept for up to 5 days with-
out complications [87].

Prescription and Technique

The dialysis prescription for acute PD comprises
four major components: the exchange volume,
dialysate composition, individual cycle time,
consisting of fill, dwell and drain, and total length
of the dialysis session. For acute PD, the target
exchange fill volume for adequate dialysis in
terms of fluid and solute clearance, without the
risk of leakage, is 30 mL/kg. However, smaller
initial volumes of 10 mL/kg may be used for at
least 2448 h, if there is a risk of leakage from a
wide incision site or if a tunneled cuffed catheter
is used. Initially, short dwells (e.g. 30 min or
hourly exchanges) for 48-72 h are required to
remove accumulated solutes and excess fluid.
Volume and metabolic control may best be
achieved with exchanges performed around-the-
clock. Subsequently, in maintenance dialysis, the
dwell times can be extended, and total daily ther-
apy time may be reduced, similar to chronic PD,
with increasing volumes up to 40—45 mL/kg if a
cuffed catheter has been used. PD should be con-
tinued until urine output improves, indicating
recovering renal function.

Commercial dialysate solutions are available
differing in osmolality, osmotic agent, and buffer.
The osmotic agent is typically dextrose in a vari-
ety of pre-prepared concentrations. The hyper-
tonic dextrose solutions utilized in PD provide a
source of additional calories that may be benefi-

cial in the critically ill child where IV access for
nutrition and maintenance of glycemia may be
limited; conversely, hyperglycemia may result
from dextrose used in dialysate and insulin ther-
apy may be required [88].

Complications

PD is contraindicated in patients with diaphrag-
matic defects, omphalocele, gastroschisis, and
bladder exstrophy [89]. Complications with PD
include catheter malfunction, peritonitis, and
poor ultrafiltration. Neonates may have poor
drainage due to catheter malposition or kinking,
omental wrapping or a fibrin clot, which is exac-
erbated by the relatively small-bore peritoneal
catheters required in the smallest patients.
Inadequate drainage may also occur due to con-
stipation. Bedside PD catheter placement with a
semi-rigid trochar is associated with a risk of vis-
cus perforation, especially in neonates, both at
the time of insertion and with increasing dialysis
duration. Severe abdominal pain and shock may
occur, and the catheter must be removed for
bowel repair and treatment of sepsis. The inci-
dence of peritonitis is highest with the semi-rigid
catheter, particularly if it has been kept in place
for longer than 72 h [86]. In some cases, patients
may develop a diaphragmatic pleuroperitoneal
communication following cardiothoracic proce-
dures, which results in a large pleural effusion
once PD is initiated. Hypothermia is a complica-
tion of PD, particularly in neonates and small
children, if dialysate is not warmed prior to infu-
sion into the peritoneal cavity.

Poor ultrafiltration may occur, especially in
critically ill infants due to the low fill volume
with inadequate fluid reservoir intraperitoneally.
Often it is difficult to increase the dwell to the
desired volume in the setting of infant acute
respiratory distress and low lung volumes as the
increasing peritoneal fluid fill volumes results in
splinting of the diaphragm. In some cases, during
the inflow phase, critically ill infants may desatu-
rate, and require transient compensation in venti-
latory pressures. As a result, there is poor
ultrafiltration, which increases the fluid retention,
thus worsening the respiratory distress. These ill
patients are often hypotensive requiring multi-
agent inotropic and pressor support. The resultant
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decrease in bowel perfusion due to vasoconstric-
tion of the mesenteric vessels secondary to pres-
sor support may also contribute to poor
ultrafiltration. Additionally, in neonates there is a
decrease in the osmotic gradient, because of
increased absorption of dextrose from the dialy-
sate, resulting in poor ultrafiltration. With the use
of higher dialysate dextrose concentrations to
facilitate ultrafiltration, hyperglycemia may
occur and necessitate insulin administration.

Electrolyte abnormalities may occur with
PD. Hypokalemia may occur, and if noted, potas-
sium should preferably be added to the IV fluid if
the patient is not feeding, rather than adding to
the dialysate, to avoid frequent bag changes due
to changing orders. Potassium can be added to
the dialysate if the hypokalemia is severe enough
such that the maximum safe concentration of
potassium infusion will be exceeded.

Acute Intermittent Hemodialysis

In many countries, acute intermittent HD is the
mainstay of dialysis for AKI, particularly in older
children. Its main advantage is rapid ultrafiltration
and solute removal. It is therefore indicated in AKI
that requires rapid fluid removal (acute fluid over-
load) or rapid solute removal such as hyperkale-
mia, tumor lysis syndrome, toxic poisonings and
other profound metabolic abnormalities. Acute
intermittent HD is ideal for hemodynamically
stable patients who can tolerate rapid fluid shifts.
It is a versatile modality as it allows for ultrafiltra-
tion without solute removal, as well as adjustment
of the dialysate bath to treat electrolyte abnormal-
ities such as hypernatremia. Moreover, because
of the intermittent nature of the dialysis, patients
can be mobilized for other procedures. Systematic
reviews have suggested that in hemodynamically
stable adult patients the continuous forms of RRT
do not appear to have a survival advantage over
intermittent HD [90-92].

Initiation

When initiating acute HD, one must consider
vascular access, HD prescription, and type of dia-
lyzer membrane. Other factors include the

patient’s ability to tolerate rapid fluid shifts, the
need for vasoactive substances to maintain blood
pressure, and total fluid removal goals.

Vascular access for HD is discussed in detail
in Chap. 65. As with all extracorporeal therapies,
treatment success is dependent on the quality of
the vascular access. Adequate blood flow (Qb) is
essential to providing optimal therapy with mini-
mal interruption. In pediatric patients, the choice
of vascular access, catheter size, and insertion
site is critical. Short, large bore catheters provide
improved performance due to lower resistance to
flow [93]; conversely, longer, smaller-bore cath-
eters (e.g. Broviac catheters) are unsuitable due
to their high flow resistance.

The HD prescription in AKI must be individu-
alized to provide adequate solute clearance and
fluid removal. The prescription for acute intermit-
tent HD is comprised of the dialysis dose delivered
per session and the frequency of the sessions.
Additional factors affecting the individual HD pre-
scription include the extracorporeal circuit vol-
ume, the dialyzer size, blood flow rate, dialysate
flow rate, ultrafiltration required, dialysate compo-
sition, anticoagulation, and length of session.
Blood flow rate is determined by vascular access
and determines solute clearance, with higher blood
flow increasing solute clearance by optimizing dif-
fusion and convection. Dialysate flow rate is also a
determinant of solute clearance [94]. Dialysate
flow rate should be at least 1.5 times greater than
the blood flow rate to maximize diffusion gradi-
ents of solutes. In pediatric patients, HD equip-
ment and prescription require modifications for
smaller children (i.e., infants less than 3 kg).

When initiating acute HD for AKI, dialysis
dose delivered may change frequently with a
need for greater renal support during initial ther-
apy for AKI, as compared to the relatively stable
initial dialysis doses provided in initiating
chronic HD for end-stage renal disease [95].
Similarly, in patients receiving chronic HD, urea
kinetic modeling (Kt/V) is utilized as a measure
of dialysis adequacy; however, due to the rapidity
of fluid shifts with therapy and frequently chang-
ing renal function, Kt/V may not be as reliable in
the patient with AKI receiving HD [96]. A review
of dialysis dosage in adults concluded that in AKI
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a Kt/Vurea greater than 1.2 from thrice weekly
intermittent HD is associated with improved sur-
vival in patients with intermediate severity of ill-
ness but does not influence outcomes in more
severely ill patients [97]. Increased acute HD
treatment frequency may be required despite
reaching “adequate” Kt/V to achieve daily fluid
removal goals. Although Kt/V recommendations
exist, dialysis dosage must be individualized and
higher doses of therapy for various metabolic
derangements may be required in AKI [97].

The total volume of the extracorporeal circuit
includes the volume of the tubing and the dia-
lyzer and should not exceed more than 10% of
the patient’s blood volume, calculated as 75 mL/
kg for older children and 80 mL/kg for infants. If
the extracorporeal blood volume exceeds 10-15%
of the patient’s total blood volume, or the patient
has a low hematocrit and/or hemodynamic insta-
bility, a blood prime is recommended [98]. When
initiating a blood prime, using buffered packed
red blood cells (PRBC) or transfusing the PRBC
post-membrane in conjunction with a saline
prime have been shown to reduce risk of “brady-
kinin release syndrome” (BRS) [99]. BRS, char-
acterized by a precipitous decline in blood
pressure 5—10 min after initiating both acute HD
and continuous RRT, has been associated with
the use of the AN-69 polyacrylonitrile membrane
[99, 100]. Exposure of the primed blood to the
negatively charged AN-69 membrane co-
activates pre-kallikrein and Hageman factor,
resulting in the release of bradykinin, a potent
vasodilator. The reaction is potentiated by expo-
sure to blood with an acid pH, which is typical of
banked blood used for blood priming the circuit.
Thus, the use of a blood prime with an AN-69
membrane can result in profound hypotension.
PRBCs to be used in a blood prime should be
diluted with normal saline to produce a hemato-
crit of approximately 35-40%. Buffering the
banked blood for priming to physiologic pH prior
to priming the circuit or infusing the blood post-
filter at the same rate as a saline prime have been
shown to be effective in minimizing the BRS, as
has avoidance of the AN69 membrane [101, 102].

Dialyzer selection considers the type of mem-
brane desired, the need for a blood prime, the dia-

lyzer membrane surface area, and the
ultrafiltration coefficient [103]. The membrane
properties of the dialyzer, such as membrane
thickness, pore size, and pore density affect dial-
ysis efficiency, with varying clearances for small
and middle molecular weight solutes. Dialyzer
membrane biocompatibility should be consid-
ered when initiating acute HD. See Chap. 66 for
additional information on this topic. The use of
biocompatible synthetic membranes does not
appear to confer any significant clinical advan-
tage either in terms of mortality or AKI recovery
when compared to substituted cellulosic mem-
branes [104, 105]. High-flux membranes have
larger pores resulting in greater clearances of
higher molecular weight solutes but have the risk
of back transport from the dialysate of water-
borne solute contaminants. In a systematic review
comparing the use of high-flux and low-flux
membranes in AKI in adults, there was no differ-
ence in the risk of mortality or dialysis depen-
dence in survivors [105]. However, in another
meta-analysis, there appeared to be a signifi-
cantly improved renal function recovery with the
use of high-flux membranes [104]. High-cut-oft-
point membranes made from polyamide/
polyarylethersulfone, polysulfone, or cellulose
triacetate, have greater cytokine clearance and
enhanced adsorption properties than conven-
tional high-flux dialyzers [106], and have been
developed for use in septic patients with AKI
[107, 108]. Treatment using high-cut-off-point
membranes has been shown in animal models of
sepsis to have beneficial effects on immune cell
function and survival [109]. Preliminary clinical
studies show that use of these membranes in
adult patients with AKI was associated with
decreased need for vasopressor therapy, with no
reports of serious adverse effects [108].

The smaller blood volumes in infants and
young children place them at risk for blood loss
due to clotting of the dialyzer; thus, anticoagula-
tion is required with acute intermittent HD for
pediatric AKI. Heparin is the most commonly
used anticoagulant for intermittent HD. A load-
ing dose of heparin may be given at the start of
dialysis followed by intermittent bolus heparin
doses. To monitor therapy, the activated partial
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thromboplastin time (aPTT) or activated clotting
time (ACT) may be used. The aPTT should be
kept at 1.2—1.5 times the baseline, and the ACT
between 120 and 180 s. When heparin is utilized,
platelet count should be monitored frequently to
assess for development of heparin-induced
thrombocytopenia [110]. In coagulopathic
patients, heparin-free dialysis can be performed
by intermittently flushing the circuit with 0.9%
saline; unfortunately, this method increases the
ultrafiltration target and decreases dialysis effi-
ciency [111-113]. When using saline anticoagu-
lation, the filter pressure should be monitored,
and dialyzer inspected for early clot formation.
Regional citrate anticoagulation is also an alter-
native to systemic heparin anticoagulation in the
coagulopathic patient [114] requiring HD for
AKIL

Complications

HD in young children can be challenging due to
the smaller patient blood volume. This problem is
accentuated in the critically ill child, where pres-
sor infusion may be required to support the sys-
temic blood pressure. Moreover, these children
may have acute respiratory distress syndrome
with hypoxemia or other associated clinical prob-
lems such as congestive heart failure or cerebral
edema. Therefore, maintenance of an adequate
blood pressure in these children is critical to alle-
viate tissue hypoxia.

Rapid HD using dialyzers with larger surface
areas in patients with very high plasma blood
urea nitrogen (BUN) concentrations may result
in the dialysis disequilibrium syndrome, charac-
terized by neurological symptoms such as fatigue,
headache, nausea, vomiting, altered conscious-
ness, convulsions, and coma [115]. Patients with
AKI may be at increased risk due to catabolism
(high BUN) and pre-existing neurological com-
promise related to the acute illness. Measures to
prevent the disequilibrium syndrome include
decreasing the initial dialysis dose, increasing
dialysate  sodium  concentration  (143-
146 mmol/L), and administration of osmotically
active substances such as IV mannitol (0.5-1 g/
kg) to prevent rapid osmolar shifts that can cause
cerebral edema [116].

Hypotension is one of the most common com-
plications with acute intermittent HD and occurs
in part due to rapid fluid and solute removal.
Technical advances in the delivery of HD have
dramatically reduced the propensity for intradia-
lytic hypotension. The use of volume-controlled
dialysis machines and biocompatible synthetic
dialysis membranes helped decrease the inci-
dence of intradialytic hypotension. In adult stud-
ies, it has been demonstrated that priming the
circuit with isotonic saline, discontinuing vasodi-
lator therapy, keeping the dialysate sodium
greater than 145 mmol/L and setting the dialysate
temperature to below 37 °C result in lesser hemo-
dynamic instability and better outcomes [117].
See Table 52.3 for a summary of recommenda-
tions to minimize hemodynamic instability with
acute HD. Additionally, use of in-line noninva-
sive blood volume monitoring to minimize abrupt
changes in extracellular volume is useful in
young children with hemodynamic instability
where large acute changes in extracellular vol-
ume are not well tolerated [118]. This method of
performing intradialytic noninvasive blood vol-
ume monitoring indicates intravascular blood
volume change during the dialysis session
(Fig. 52.3).

Catheter site complications are possible in
acute HD and include infection at the catheter
exit site, catheter malfunction, and risk of

Table 52.3 Techniques to improve hemodynamic toler-
ance of intermittent hemodialysis

All patients:

Use only synthetic or modified cellulose membrane
Connect both lines of the circuit filled with 0.9% saline
simultaneously to the central venous catheter

Set dialysate sodium concentration >145 mmol/L
Limit maximal blood flow to 150 mL/min with a
minimal 4 h session

Set dialysate temperature at <37 °C

Advice for hemodynamically unstable patients:

Cool dialysate to 35 °C

Start session with dialysis and continue with
ultrafiltration alone

Additional recommendations:

Stop vasodilator therapy
Used with permission of the American Thoracic Society
from Schortgen et al. [117]
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Fig.52.3 Intradialytic
noninvasive blood
volume monitoring:
Profile 1: overhydration.
Profile 2: euvolemia

Profile 1: Overhydration

Profile 2: Euvolemia

TIME (HOURS)

hematologic disturbance (e.g. bleeding, clot).
In the event of signs of infection such as fever,
line blood cultures should be obtained, and
empiric antibiotics started. There is also risk for
clotting of the extracorporeal system in acute
HD; this can place patients at risk for acute
blood loss if the blood is unable to be returned
to the patient.

Continuous Renal Replacement
Therapies

CRRT is now widely available in pediatric cen-
ters throughout the world, and in some has
become the preferred method of RRT. CRRT in
AKI offers several advantages over traditional
dialysis methods when used in critically ill,
unstable patients. Because CRRT is continuous,
removal of solutes and modification of the vol-
ume and composition of the extracellular fluid
occur gradually. Unstable patients, who are often
intolerant of the abrupt fluid volume and solute
concentration changes that accompany standard
HD treatments, can be successfully treated with
CRRT. The precision and stability with which
fluid and electrolyte balance can be maintained
using CRRT is unmatched by any currently avail-
able dialysis therapies, except perhaps the
extended HD techniques mentioned in the fol-
lowing section.

The basic principles of CRRT are similar for
adults and children. However, the application of
these modalities in children requires attention to
several important details unique to therapy in
pediatric patients. For example, extracorporeal
blood volume may be large compared to the
patient blood volume, necessitating blood circuit
priming in the very small child as described in
the section on acute HD (see “acute intermittent
hemodialysis,” above). The most demanding
considerations arising in pediatric CRRT are
related to the need to adapt equipment and pre-
scriptions designed for adult-size patients in
order to meet the special needs of the smallest of
pediatric patients requiring renal support.

Initiation

The indications for initiating CRRT in children
and adults are similar and most often involve the
treatment of AKI and fluid overload in a critically
ill patient [20, 119]. CRRT may be combined
with extracorporeal membrane oxygenation
(ECMO) and plasmapheresis circuits.

CRRT refers to a variety of modalities that use
one or both solute clearance mechanisms. In con-
tinuous venovenous hemofiltration (CVVH),
blood flows through the hemofilter, generating
large volumes of ultrafiltrate, which is replaced
by a physiologic “replacement fluid,” either
before (pre-dilution) or after (post-dilution) the
hemofilter (Fig. 52.4a). Clearance is thus exclu-
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sively convective. If a dialysate is infused into the
hemofilter, clearance is primarily diffusive, as in
HD. Hence, this CRRT modality is called con-
tinuous venovenous HD (CVVHD, Fig. 52.4b).
When both replacement fluid and dialysate are

used, permitting convective and diffusive clear-
ance, the therapy is known as continuous venove-
nous hemodiafiltration (CVVHDF, Fig. 52.4c).
Initiation of CRRT also requires adequate vascu-
lar access, as discussed previously and in Chap. 65.

Fig.52.4 (a) Diagram
of a convective based
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Blood Flow Rates

With a well-functioning vascular access, it is pos-
sible to adjust Qb based on to the size of the child
and the clinical setting. Higher Qb may support
longer filter life by reducing the likelihood of filter
fiber clotting. Higher Qb also facilitates increased
patient fluid removal by providing greater filter
plasma flow rates and reduces the loss of clearance
efficiency from pre-dilution mode CVVH or
CVVHDE. However, not all patients will tolerate a
higher Qb, especially at initiation of CRRT. Hence,
we suggest initiating CRRT with lower Qb and
advance to the targeted rate over the first 30 min of
therapy as tolerated. In contrast to pediatric HD
where initial Qb can be readily extrapolated from
patient body weight, there are no true “body-
weight” recommendations for Qb in any form of
pediatric CRRT. The Qb chosen should provide
adequate clearance for the size of the patient, with
consideration of access limitations and device
requirements. Recommendations for Qb range
from 4 to 10 mL/kg/min; consequently, Qb may
vary widely in CRRT. Depending on the patency of
the access, the Qb may need to be higher to main-
tain flow. For example, 10-12 mL/kg/min may be
necessary to accommodate technical requirements
(access) and clearance in extremely low birth-
weight neonates while 2-4 mL/kg/min may be
appropriate in larger adolescents.

Solutions

The tolerability of CRRT has been greatly
improved with the introduction of bicarbonate-
based CRRT solutions. In the past, with lactate
as the buffer, worsening lactic acidosis was com-
mon, leading to hypotension and depression of
cardiac function [120]. A series of comparative
clinical trials of lactate- and bicarbonate-based
CRRT fluids in adults [121, 122] and children
[123] have demonstrated the superiority of bicar-
bonate as a buffer; consequently, bicarbonate-
based CRRT solutions are now the standard of
care, although trace amounts of lactate may be
used in solutions to maintain stability.

CRRT solutions also contain sodium, potas-
sium, chloride, glucose, calcium, phosphate, and
magnesium. Bicarbonate-based CRRT solutions
are available from several manufacturers in a

wide array of electrolyte formulations. Most
hospital pharmacies stock only a single brand
and in only a few formulations. A feature of
CRRT, especially in small patients, is the ten-
dency over time for the composition of the CRRT
fluids to determine the electrolyte composition
of the patient. A fluid low in potassium, phos-
phorous and magnesium may be appropriate at
initiation of CRRT when concentrations of these
electrolytes in AKI patients are often elevated.
However, depending on the CRRT prescription,
within a short time the patient may become defi-
cient in these electrolytes, which can complicate
management. Thus, while a “starter” fluid with
reduced potassium, phosphorous and magne-
sium is needed, a fluid that includes these elec-
trolytes in physiologic concentrations should
follow. Rather than stocking multiple formula-
tions, some pharmacies may prefer to add potas-
sium, phosphorous, magnesium and even
additional bicarbonate to the “starter” solutions
as needed, a practice that may add the risk of
pharmacy errors and increase costs. Calcium is
always left out of solutions when phosphate is
present to avoid precipitation. Calcium has usu-
ally, but not always, been left out of CRRT solu-
tions used with citrate anticoagulation, as will be
discussed below.

Prescription

The optimal “dose” of RRT is not known. Adult
AKI studies by Ronco and colleagues using
CVVH established a total convective clearance
(replacement fluid plus patient fluid removal)
target of 35 mL/kg/h as a threshold below which
survival was significantly worse [124]. In a sub-
set of these patients with sepsis, there was a
trend in favor of improved survival with total
convective clearance >45 mL/kg/h. Despite the-
oretical considerations that seemed to favor
high clearance targets in cytokine-driven ill-
nesses like sepsis [125] and preliminary results
in septic adults treated with very high flow
CRRT [126], available evidence does not sup-
port the wuse of clearance targets above
20-35 mL/kg/h. For pediatric patients, this
translates to 2-3 L/1.73 m?%h, rates that are rea-
sonably easy to achieve.
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Anticoagulation

Effective CRRT requires optimal anticoagulation.
Activation of the clotting cascade occurs in CRRT
circuits due to contact of the circulating blood
with artificial surfaces. Low blood flow rates, tur-
bulent flow, small catheters and high hematocrits
hasten clotting. Anticoagulation regimens using
mixed molecular weight heparin or sodium citrate
are the most commonly used in pediatric CRRT,
and either can be effective. An early comparison
in pediatric centers showed equal filter life span
with heparin and citrate, but more hemorrhagic
events in the heparin group [127].

Heparin has been the mainstay of HD antico-
agulation for decades. Many pediatric CRRT pro-
grams continue to rely on heparin. Heparin is
infused in the CRRT circuit pre-filter and titrated
to achieve a targeted post-filter activated aPTT
1.5-2 times normal, or an ACT between 180 and
220 s. This is usually accomplished by giving an
initial heparin bolus of 20-30 units/kg, followed
by a continuous infusion of 10-20 units/kg/h.
Alternatively, the circuit may be rinsed and
primed with 1-2 L of normal saline to which has
been added 2500-5000 units/L of heparin, fol-
lowed by the pre-filter heparin infusion.

Sodium citrate anticoagulation is widely used
in pediatric CRRT programs due to its ease of
administration and decreased bleeding risk [128].
By infusing citrate into the arterial limb of the
CRRT tubing as it leaves the catheter, calcium
ions are bound to the citrate, reducing available
calcium and thereby inhibiting coagulation within
the circuit, since normal coagulation is calcium-
dependent. Systemic hypocalcemia is prevented
by infusion of either calcium gluconate or cal-
cium chloride into the patient at a central site.
Thus, citrate anticoagulation achieves regional
anticoagulation by affecting only the circuit,
thereby eliminating the increased risk of bleeding
with heparin. Since the original citrate protocol
employing 4% trisodium citrate (440 mEq/L
sodium), newer modifications utilize anticoagu-
lant citrate dextrose “A” (ACD-A), a less-concen-
trated formulation, which is also commonly used
as the anticoagulant in apheresis procedures.

Adverse effects of citrate anticoagulation
include acid-base disturbances, citrate excess and

hyperglycemia in infants when ACD-A is used.
Patients receiving citrate anticoagulation may
develop metabolic alkalosis; fortunately, citrate
is readily cleared by dialysis [129]. Citrate excess
may be diagnosed by monitoring the ratio of the
total calcium to the ionized calcium levels [130].
If hepatic metabolism of citrate is insufficient,
citrate accumulates; thus, patients with dimin-
ished liver function are at increased risk for
citrate excess. Citrate excess can occur when
citrate clearance is less than citrate delivery.
Citrate is not inherently toxic, but citrate excess
causes systemic hypocalcemia. Total calcium
levels rise and the ratio of total calcium to sys-
temic ionized calcium levels rises precipitously.
As citrate accumulation progresses, it becomes
more difficult to maintain the declining systemic
ionized calcium levels within normal ranges.
Monitoring of ionized calcium is the most sensi-
tive way to detect citrate accumulation [131].
Treatment often requires increasing the removal
of citrate by increasing clearance within the cir-
cuit (i.e., increased dialysate and/or replacement
fluid rate); this assures ongoing anticoagulation
while balancing the build-up of citrate in the
patient. An initial citrate infusion rate of 50-70%
of the usual rate is also recommended in patients
with hepatic insufficiency who are at increased
risk for citrate toxicity. A pediatric citrate antico-
agulation protocol using bicarbonate dialysate
has been published [132].

It is also possible in certain situations to use
no anticoagulation, relying on periodic saline
flushes of the circuit. This approach is typically
considered in larger patients with evidence of a
sustained coagulopathy due to disseminated
intravascular coagulopathy or hepatic failure.
However, many of these patients are receiving
periodic fresh frozen plasma and platelet infu-
sions to correct the underlying coagulopathy;
these infusions will clot a CRRT system when no
anticoagulation is used. Moreover, patients with
hepatic failure may have a paradoxical hyperco-
agulable state. An uncontrolled study demon-
strated that the no coagulation/saline flushes
approach was associated with an inferior circuit
life span compared to heparin or citrate antico-
agulation [127].
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CRRT Use in Combination Therapies

Extra-corporeal Membrane Oxygenation
The widespread use of ECMO in neonatal and
pediatric critical care units along with the com-
mon occurrence of AKI in these patients with
multi-organ dysfunction has led to the need to
incorporate CRRT into the ECMO circuit. Fluid
overload at CRRT initiation has been shown to be
a consistent factor associated negatively with sur-
vival in ECMO and preventing the development
of significant fluid overload at the outset of
ECMO may be more clinically effective than
attempting fluid removal later in therapy [133].
The ECMO circuit is fully heparinized, elimi-
nating the need for anticoagulation of the CRRT
circuit. Blood flow in the ECMO circuit is often
20-30 times that required for optimal
CRRT. Newer ECMO circuits with multiple
access phalanges allow the insertion of the CRRT
circuit in an entirely pre-oxygenator location,
avoiding shunt of oxygenated blood from the
patient when the CRRT circuit is placed in a post-
to pre-oxygenator position. Close collaboration
between CRRT and ECMO teams is required to
find the best location for the CRRT circuit and to
coordinate therapy goals [134].

Plasma Therapy

Patients with AKI secondary to immune com-
plex—mediated disease and sepsis-associated
thrombotic microangiopathy may require both
CRRT and plasma therapies (i.e., plasmaphere-
sis, plasma exchange) [135]. CRRT is readily
combined concurrently with plasma therapy pro-
cedures without interrupting the CRRT circuit.
The placement of a three-way stopcock at both
arterial and venous limbs of the CRRT circuit at
the connection to the double lumen catheter
allows diversion of blood through the centrifuga-
tion plasmapheresis machine [136].

Plasma exchange removes inflammatory
mediators and replaces the volume with fresh fro-
zen plasma in attempt to correct underlying
homeostatic abnormalities; conversely, plasma-
pheresis removes plasma with inflammatory
mediators, but replaces the volume with a non-
plasma solution (usually albumin) [137].

Additionally, CRRT is believed to have an immu-
nomodulatory effect on inflammatory cytokines
in sepsis; however, the impact on patient outcome
in sepsis remains unclear and the primary role
remains management of fluid overload [138].
CRRT may downregulate the inflammatory
response through nonselective extracorporeal
removal, mainly by absorption, of cytokines and
other mediators, restoring hemodynamic and
immunologic homeostasis [139]. One retrospec-
tive study demonstrated benefit of isovolemic
hemofiltration followed by conventional continu-
ous venovenous hemofiltration in patients with
septic shock and oliguric AKI with subsequent
improvement in oxygenation and mean arterial
pressure as well as significant improvement in
survival at 28 days versus those receiving con-
ventional supportive therapy [140].

Complications

CRRT requires the patient to remain relatively
immobilized while connected to the CRRT cir-
cuit for prolonged periods. As a result, small chil-
dren typically require sedation and occasionally
even pharmacological paralysis to prevent small
movements that may disrupt flow in the CRRT
circuit. Additionally, a relatively large fraction of
total circulating blood volume is in the extracor-
poreal circuit, placing the child at substantial risk
for hypothermia during CRRT. Careful tempera-
ture monitoring is required during RRT, particu-
larly when combination therapies are utilized.
In-line fluid warmers can be used but increase
priming volume. Line warmers that can be
applied to the return line offer the best results.

Outcome

The Prospective Pediatric CRRT (ppCRRT)
Registry reports an overall pediatric CRRT sur-
vival rate of 58% [80]. Survival of pediatric
patients treated with CRRT has been reported in
single center studies to vary widely by disease
and modality [20, 141, 142]. A single center
study initially demonstrated that the degree of
fluid overload was an independent determinant of
outcome in pediatric patients treated with CRRT
[20], and that was confirmed by a large multi-
center study from the ppCRRT Registry [80].
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Patient survival was inversely correlated with
percentage fluid overload at initiation of CRRT:
survivors had a mean fluid overload of 14.2%
while in non-survivors had a mean fluid overload
of 25.4%, a difference that was highly significant
and independent of diagnosis or severity of ill-
ness [20]. Further analysis of the ppCRRT
Registry data demonstrated that 20% fluid over-
load was associated with four times the mortality
of pediatric patients receiving CRRT when com-
pared to patients with less than 10% fluid over-
load at initiation of CRRT [80]. These data
suggest that earlier initiation of measures to con-
trol fluid accumulation, including CRRT, may
improve survival.

dence of circuit clotting without anticoagulation
is 24-26% using single pass machines and lower
using batch systems [149]. Hybrid therapies,
with the high diffusive capacity for solutes, are
able to correct alkalosis or hypernatremia, while
at the same time removing the calcium chelated
citrate complexes in citrate anticoagulation, an
advantage in patients with liver failure [150].
With hybrid therapies, phosphate removal can be
very extensive. Hypophosphatemia and meta-
bolic alkalosis is easily induced in a critically ill
patient, especially those on prolonged parenteral
nutrition; therefore, preemptive fluid correction
with phosphorous and reduction in dialysate
bicarbonate are often warranted.

Extended Hemodialysis Techniques

Extended hemodialysis techniques, also known
as hybrid therapies, utilize intermittent hemodi-
alysis machine technology while providing the
slower solute and fluid removal associated with
continuous RRT for use in less stable patients
with AKI [143, 144]. The terms for these modali-
ties include sustained low-efficiency daily dialy-
sis (SLEDD) or extended daily dialysis (EDD) or
slow continuous dialysis (SCD) [145].

SLEDD is a dialytic modality that allows for
flexible options in treatment duration, prolonged
or even continuous treatments, using conven-
tional dialysis machines with varying pump
speeds for 6-18 h daily [146]. Variants such as
sustained low-efficiency daily diafiltration
(SLEDD-f), aimed at improving clearance of
middle molecular inflammatory mediators of the
systemic inflammatory response associated with
sepsis, have been developed for clinical use [92,
147]. Advantages of SLEDD-f over CVVHDF
include faster clearance of small solutes and fluid
removal yet maintaining hemodynamic stability
[148]. It allows flexible therapeutic schedules so
that patients are accessible and can be mobilized
for other medical treatments.

Hybrid therapies also have lower heparin
requirement than CRRT, but less frequent clot-
ting. The reported incidence of clotting is
17-26% with heparin, while the reported inci-

Conclusion

AKI is common in hospitalized children and
associated with high risk of mortality and long-
term morbidity. Recent advances in the under-
standing of the pathophysiology of AKI have
pointed to newer diagnostic and therapeutic strat-
egies that focus on early recognition and treat-
ment. Exciting developments in technology have
made RRT more accessible and more easily
applied in the pediatric setting. Yet, despite these
advances, mortality rates among children with
AKI remain disturbingly high. Hopefully, future
developments will improve outcomes for chil-
dren with AKI.
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