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Acute kidney injury (AKI) is a common complication of pediatric cardiac surgery and is asso-
ciated with increased morbidity and mortality. Literature of AKI after pediatric cardiac sur-
gery is comprehensively reviewed in terms of incidence, risk factors, biomarkers, treatment
and prognosis. The novel RIFLE (pediatric RIFLE for pediatrics), Acute Kidney Injury
Network (AKIN) and Kidney Disease Improving Global Outcomes (KDIGO) criteria have
brought about unified diagnostic standards and comparable results for AKI after cardiac sur-
gery. Numerous risk factors, either renal or extrarenal, can be responsible for the develop-
ment of AKI after cardiac surgery, with low cardiac output syndrome being the most
pronounced predictor. Early fluid overload is also crucial for the occurrence of AKI and
prognosis in pediatric patients. Three sensitive biomarkers, neutrophil gelatinase-
associated lipocalin, cystatin C (CysC) and liver fatty acid-binding protein, are regarded
as the earliest (increase at 2e4 h), and another two, kidney injury molecule-1 and
interleukin-18 represent the intermediate respondents (increase at 6e12 h after surgery).
To ameliorate the cardiopulmonary bypass techniques, improve renal perfusion and eradi-
cate the causative risk factors are imperative for the prevention of AKI in pediatric pa-
tients. The early and intermediate biomarkers are helpful for an early judgment of
occurrence of postoperative AKI. Improved survival has been achieved by prevention, renal
support and modifications of hemofiltration techniques. Further development is anticipated
in small children.
Copyright ª 2018, Taiwan Pediatric Association. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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Table 2 Acute Kidney Injury Network (AKIN) criteria.

Stage Serum Creatinine Urine Output

1 Increase �0.3 mg/dL
(�26.4 mmol/L), or
Increase �150e200%
(1.5-w2-fold) from baseline

<0.5 mL/kg/h
for 6 h

2 Increase �200e300%
(2-w3-fold) from baseline

<0.5 mL/kg/h
for 12 h

3a Increase > 300%
(>3-fold) from baseline, or
Serum creatinine
to �4 mg/dL (�354 mmol/L)
with an acute
increase �0.5 mg/dL
(�44 mmol/L)

<0.3 mL/kg/h
for 24 h, or
Anuria for �12 h

a Patients receiving renal replacement therapy are included
in Stage 3.

4 S.-M. Yuan
1. Introduction

Acute kidney injury (AKI) is a common complication of pe-
diatric cardiac surgery, which negatively impacts short- and
long-term outcomes, and carries increased morbidity and
mortality. The incidence of acute kidney injury in children
after cardiac surgery under cardiopulmonary bypass (CPB)
varied from report to report. It was reported to be 9.6e42%
in children,1e3 52% in infants (<90 days),4 and 64% in neo-
nates (aged �6 weeks) with biventricular cardiac repairs.5

In particular, patients younger than 2 years exhibited an
increased risk for AKI.3 AKI is associated with significantly
increased mortality and morbidity. Despite updates of
evaluation criteria for pediatric AKI utilized in clinical
practice, improvements achieved in management and
prognosis are still limited. The influencing factors and
clinical importance of different biomarkers utilized in early
diagnosis of pediatric AKI warrant further elucidation. The
purpose of this article is to provide a comprehensive review
of pediatric AKI after cardiac operations.
2. Classification and staging of acute kidney
injury

In 2002, the Acute Dialysis Quality Initiative (ADQI) pro-
posed evidence-based guidelines for the treatment and
prevention of acute kidney injury (AKI), namely the RIFLE
criteria (Risk for renal dysfunction, Injury to the kidney,
Failure of kidney function, Loss of kidney function, and
End-stage renal disease). This classification was modified
for pediatric patients as the pediatric RIFLE by using esti-
mated creatinine clearance and urine output criteria and
has been validated in pediatric cardiac surgery patients
(Table 1).6 Based on this novel classification, Meersch
et al.2 reported that among AKI patients, 83.3% of the pa-
tients were pediatric RIFLE-R, 16.7% were pediatric RIFLE-I,
and none of the patients developed pediatric RIFLE-F.
Table 1 Pediatric RIFLE Classification for acute kidney
injury.

pRIFLE Classification

Stage GFR Criteria Urine Output
Criteria

Risk eCCr decreased >25% <0.5 mL/kg/h
for 8 h

Injury eCCr decreased >50% <0.5 mL/kg/h
for 16 h

Failure eCCr decreased >75%
or
eCCr <35 mL/min/
1.73 m2

<0.3 mL/kg/h
for 24 h (oliguria)
Or
anuria for 12 h

Loss of
function

Persistent acute renal failure >4 weeks

End-stage
renal
disease

Complete loss of kidney function >3 month

eCCr Z estimated creatinine clearance; GFR Z glomerular
filtration rate.
The second classification system developed by the Acute
Kidney Injury Network (AKIN) classifies AKI into stages IeIII
on the basis of small increases in serum creatinine or de-
creases in urine output (Table 2).7 The third classification of
AKI is the Kidney Disease: Improving Global Outcomes
(KDIGO) criteria (Table 3).8 There are several equations
that are important for the evaluation of AKI: Schwartz
formula9 for the calculation of the estimated creatinine
clearance (eCCr) is,

eCCr Z 0.413 � height (cm)/serum creatinine

It was reported that the eCCr values during the three
days of the intensive care unit (ICU) stay showed a signifi-
cant difference among the three groups of non-AKI, AKI-R
and AKI-I groups.10 according to the updated Schwartz
formula. The creatinine value was measured by enzymatic
method, which is rarely used in Taiwan, where most labs
use the Jaffe method. The constant K should vary with age,

Glomerular filtration rate (mL/min/1.73 m2) Z 0.55
Length (cm)/Plasma creatinine (mg/dL)

The estimated results generated from this formula
showed excellent agreement with glomerular filtration rate
estimated by the renal clearance of endogenous creatinine
or clearance of insulin.11
Table 3 Kidney Disease Improving Global Outcomes
(KDIGO) criteria.

Stage Serum Creatinine Urine Output

1 1.5e1.9 times baseline,
or �0.3 mg/dL increase

<0.5 mL/kg/h for 6 h

2 2e2.9 times baseline <0.5 mL/kg/h for 12 h
3 3 times baseline, or

Increase in serum
creatinine to �4 mg/dL,
or Initiation of renal
replacement therapy

<0.3 mL/kg/h for 24 h,
or anuria for �12 h
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Adjusting serum creatinine (SCr) values for fluid balance
is essential in predicting the subtle early signs of AKI.12

Adjusted SCr Z measured SCr � (1 þ [cumulative net fluid
balance (L)/total body water (kg)])

where total body water was calculated as 0.6 � body
weight.

Percent fluid overload (FO) was calculated as,

FO Z ([volume of fluid in (L) e volume of fluid out (L)]/
weight) � 100

By using this equation, 5% FO is equivalent to a positive
fluid balance of 50 mL/kg, a threshold that was recom-
mended by Basu et al.13 This was served as a cutoff point
for higher AKI risk in “very high-risk patients,” i.e., those
requiring prolonged mechanical ventilation and vasoactive
agents.14 Early postoperative FO, defined as a fluid bal-
ance 5% above body weight by the end of first post-
operative day, occurred in 31% of the patients. As FO
usually develops ahead of AKI, and 8% FO represents
80 mL/kg, this indicator was therefore 90% specific for
subsequent AKI-I or AKI-F.14 Patients with early FO had a
protracted recovery from surgery as evidenced by 3.5
more days in hospital, two more days on inotropes, and
increased prevalence of prolonged mechanical ventila-
tion.14 Pediatric cardiac surgery patients with longer CPB
times (>100 min) and FO had double the risk of prolonged
mechanical ventilation than those with shorter CPB times
(<100 min) and FO. In children following arterial switch
operation, FO is associated with increased postoperative
ICU length of stay.15

3. Literature retrieval

The search terms for literature retrieval were “acute kid-
ney injury” and “cardiac surgical procedures” with filters of
article type (Clinical Study, Clinical Trial, Multicenter
Study, Observational Study and Randomized Controlled
Trial), publication data (From 2000/01/01 to 2017/12/31)
and Human, English language and Child (from birth to 18
years). With the above-mentioned filters, only 25 articles
were retrieved. By excluding unrelated ones, 13 articles
were totally included (Table 4). Bibliographic references
helped the completeness of literature collection.

As indicated by Ricci et al.,26 according to pRIFLE
criteria, the incidence of postoperative AKI was 50% in
those receiving fenoldopam and 72% in those receiving
placebo. Lee et al.29 reported that this incidence was 14.1%
in 19 patients: 17 had AKI Stage Risk (R) and 2 had AKI Injury
(I). However, the incidence increased to 90% in the children
after ECMO initiation.30 According to AKIN criteria, the
incidence of cardiac surgery-associated AKI was 36%, and
most patients had stage II or III disease (72%).32 Tanyildiz
et al.31 compared between the two criteria revealed that
84 (61.3%) patients developed AKI by pRIFLE criteria and 65
(47.4%) of patients developed AKI according to the AKIN
criteria; children younger than 11 months were more likely
to develop AKI. Lex et al.33 reported that AKI was present in
285 (20%), 481 (34%), and 409 (29%) patients according to
the AKIN, pRIFLE and KDIGO systems, respectively. The
pRIFLE system was the most sensitive test in detecting AKI,
which is especially suitable for infants and in the early
identification of AKI in low-risk patients. The AKIN system
was more specific and detected in high-risk patients of all
age groups.
4. Risk factors for acute kidney injury

Risk factors for AKI after cardiac surgery can be classified
into two types: renal and extrarenal. The latter includes
constitutional, hemodynamic, or inflammatory causes
(Table 5). In pediatric patients, younger age, a prolonged
CPB time, a prolonged ventilation time, pump failure,
sepsis and hematological complications predisposed to AKI
after cardiac surgery. Of these, younger age was a stron-
ger predictor of postoperative AKI, a longer ICU stay and
mortality.1 In addition to emphasizing the younger age at
surgery, Morgan et al.5 also described CPB duration
>180 min and deep hypothermic circulatory arrest were
independent risk factors for AKI. However, as Basu et al.37

reported, in pediatric patients undergoing arterial switch
operation a conclusion was also drawn with regard to the
younger age; however, the predictive values of duration of
CPB and crossclamp time for postoperative AKI were
refuted.

It is noteworthy mentioning that in case of severe
coarctation of aorta, the decreased blood flow to the kid-
ney could be caused by the decreased patent ductus arte-
riosus flow and left ventricle dysfunction below the aortic
arch level.10 The decrease in milrinone dose and/or addi-
tion of a pure vasoconstrictor increased mean arterial
pressure while decreasing inotrope score, and thereby
potentially reduce the risk of AKI.38
5. Biomarkers for acute kidney injury
5.1. Traditional biomarkers

SCr is a traditional marker of renal function; however, it
does not rise before a 50% loss of renal function. SCr is also
affected by many extrarenal factors, for example, hemo-
dilution during CPB. SCr is not sensitive for evaluation of
postoperative AKI due to a delayed peak until 1e3 days
after cardiac surgery.39 The pattern of SCr rise in both
magnitude and rate correlated significantly with clinical
outcomes including mortality and long-term kidney func-
tional alteration.40 Urine output, another traditional
marker of renal function, also has a low specificity for AKI
after cardiac surgery, as it is also influenced by several
factors, including renal blood flow or renal perfusion pres-
sure, neurohormonal factors and functional changes.2 Urine
output is not a sensitive biomarker until reaching a cutoff
value of >1.5 mL/kg/h for evaluating patients’ outcomes,
such as mortality and duration of mechanical ventilation
and hospital stay.41 According to a recent investigation,
abrupt postoperative variation of SCr (DSCr) is also a non-
sensitive marker because of its delayed rise and lack of
differential function between survivors and deceased.42



Table 4 Literature retrieval.

Year Author Case number Age Study design AKI criteria Major findings Outcome

2016 Park et al.16 220 10 dayse19
years

Single-center,
retrospective
cohort study

KDIGO 92 patients (41.8%) developed AKI and 18
(8.2%) required renal replacement
therapy within the first postoperative
week

Hemoglobin concentration increase
(>3 g/dL) was an independent risk factor
for AKI. Correction of preoperative
anemia and prevention of
hemoconcentration might ameliorate
postoperative AKI

2016 Axelrod et al.17 72 (randomized
to receive
aminophylline)
& 72 (received
placebo)

All patients
<18 years of
age

Double-
blinded,
randomized,
placebo-
controlled
clinical trial

KDIGO Aminophylline administration was not
associated with mortality, and rates of
adverse events were similar to placebo

Aminophylline did not show effect to
prevent AKI in children

2016 Svarrer et al.18 50 Median age: 0.5
years (0.01
e14.9 years)

Clinical trial KDIGO Apolipoprotein M was excreted into the
urine at 0e4 postoperative hour

Urinary apolipoprotein M might be a
biomarker of AKI in children undergoing
heart surgery

2014 Simpson et al.19 30 2e144 months Single center
prospective
randomized
double blinded
study

AKIN The magnitude of increase in plasma
isofurans was greater than the
magnitude in increase in plasma F2-
isoprostanes during operation
Acetaminophen attenuated the increase
in plasma isofurans compared with
placebo

Acetaminophen attenuated lipid
peroxidation in children undergoing CPB

2014 Hornik et al.20 165 <2 years Three-center,
prospective
study

AKIN Postoperative AKI occurred in 165
children (60%), with 118 cases (43%)
being mild and 47 cases (17%) severe

Preoperative B-type natriuretic peptide
was not associated with increased risk of
mild or severe postoperative AKI, and did
not predict postoperative AKI

2014 Riley et al.21 20 infants <90 days Randomized
controlled trial

Not stated Median biomarker concentrations did not
differ between peritoneal dialysis and
control groups

Renal replacement therapy did not
change the time course of kidney
function recovery

2013 Koyner et al.22 1203 adults and
299 children

1203 adults and
299 children

Prospective
cohort study

AKIN and
RIFLE

Correlation of urinary CysC level in the
early postoperative period with both
mild and severe AKIs in adults was
attenuated for both forms of AKIs in both
cohorts after adjusted for other factors

Urinary CysC values were not associated
significantly with the development of AKI

2012 Cantinotti et al.23 135 Median age 7
(interquartile
range 1e49)
months

Prospective
clinical trial

Defined as
1.5 serum
creatinine
increase

AKI occurred in 39% of patients (65%
neonates and 32% older children)

The peak of uNGAL values occurred at
2 h. The uNGAL values at 2 h had a good
diagnostic accuracy for early diagnosis of
AKI

2012 Ricci et al.24 160 <1 year Single-center
prospective
cross-sectional
study

pRIFLE The patients with abnormal uNGAL did
not significantly correspond to level of
renal damage by pRIFLE

uNGAL might be helpful for renal
replacement therapy prediction
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2012 Pedersen et al.25 105 patients:
remote
ischemic
preconditioning
group,
(n Z 54);
control group,
(n Z 51)

0e15 years Randomized
single-center
study

pRIFLE Remote ischemic preconditioning did not
improve the renal biomarkers and the
secondary end points

Remote ischemic preconditioning did not
provide protection of kidney function

2011 Ricci et al.26 80 patients: 40
received
fenoldopam
during CPB, and
40 received
placebo

<1 year Prospective
single-center
randomized
double-blind
controlled trial

pRIFLE Fenoldopam significantly reduced
dosages of diuretics and vasodilators and
decreased uNGAL and CysC

High-dose fenoldopam during CPB
protected renal function

2011 Zappitelli et al.27 288 3.8 � 4.5 years
(half the cohort
was <2 years
old)

Multicenter,
prospective
study

AKIN The highest tertile of percent change in
CysC independently predicted AKI,
whereas the highest tertile of serum
creatinine predicted Stage I but not
Stage II AKI

Postoperative serum CysC was useful to
risk-stratify patients for AKI

2008 Ricci et al.28 40 Neonates Prospective
controlled
clinical trial

pRIFLE Low dose fenoldopam in neonates
undergoing cardiac surgery with CPB did
not produce effects on urine output,
fluid balance and AKI incidence

Low dose fenoldopam infusion did not
show beneficial effects on renal function

2017 Lee et al.29 135 480 days Retrospective
study

pRIFLE 19 patients (14.1%) developed AKI: 17
had AKI with a severity classified as risk
(R) and 2 had AKI classified as injury (I)

Higher pRIFLE classification positively
correlated with increased incidence of
peritoneal dialysis, increased
postoperative mechanical ventilation
duration, and longer hospital stay

2017 Elella et al.30 59 11 months Retrospective
study

pRIFLE 53 patients (90%) developed AKI after
ECMO initiation

AKI patients had longer ECMO duration
and intensive care unit stay in
comparison to non-AKI patients

2017 Tanyildiz et al.31 137 <18 years Retrospective
study

pRIFLE and
AKIN

84 (61.3%) patients developed AKI by
pRIFLE criteria; 65 (47.4%) of patients
developed AKI according to the AKIN
criteria; children younger than 11
months were more likely to develop AKI

pRIFLE identified AKI more frequently
than AKIN criteria. pRIFLE identified
patients at risk for AKI early and was
more sensitive in pediatric patients.

2017 Blinder et al.32 799 0-36 months Prospective
randomized
study

AKIN Cardiac surgery-associated AKI occurred
in 289 patients (36%), most of whom had
Stage II or III disease (72%)

Cardiac surgery-associated AKI was
associated with longer mechanical
ventilation and intensive care unit and
hospital stays and increased mortality.
Tight glycemic control did not reduce
the cardiac surgery-associated AKI

AKI: acute kidney injury; AKIN: Acute Kidney Injury Network; CPB: cardiopulmonary bypass; CysC: cystatin C; ECMO: extracorporeal membrane oxygenation; KDIGO: Kidney Disease:
Improving Global Outcomes; pRIFLE: Pediatric Risk, Injury, Failure, Loss, End Stage Renal Disease criteria; uNGAL: neutrophil gelatinase-associated lipocalin.
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Table 5 Risk factors for acute renal injury after cardiac
surgery.

Risk factors

Renal

� Reduced renal perfusion
� Decreased glomerular filtration,
� Dysfunctional renal tubule
� Nephrotoxic medications
Extrarenal

Constitutional
� Younger age and smaller body weight at surgery10

� Hypothermia12

Hemodynamic
� Higher risk adjustment for congenital heart surgery
(RACHS-1) scores (3 and above)12,13

� Presence of cyanotic lesions10

� Uncorrected or residual cardiac defects4

� Cardiopulmonary bypass (nonpulsatile flow; inflammatory
cascade)12

� Longer cardiopulmonary bypass time12

� Hypothermic circulatory arrest34

� Requirement of inotropic support10,12

� Low cardiac output syndrome12

� Prolonged ventilator requirement14

� Need for extracorporeal membrane oxygenation (ECMO)35

� Early fluid overload14

Inflammatory
� General systemic inflammatory response syndrome
(SIRS)36

� Sepsis and septic shock4
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5.2. Proximal tubules biomarkers

Neutrophil gelatinase-associated lipocalin (NGAL), liver
fatty acid-binding protein (L-FABP) and cystatin C (CysC)
are biomarkers depending directly or indirectly on the
proximal tubule functions. Research revealed that urine
NGAL increased in AKI patients 4 h after surgery with a
sharp decrease thereafter.2 Urine NGAL levels at 4 h were
significantly higher in patients with a CPB time >150 min
than in those with a CPB time <150 min.43 The NGAL at 6 h
after cardiac operation best predicted severe AKI with an
AUC of 0.88.44 Among adults and children immediately after
CPB surgery, plasma but not urine NGAL was predictive of
AKI in adults, while urine but not plasma NGAL was pre-
dictive in pediatric patients. As Peco et al.45 reported,
serum CysC, urine NGAL and urine L-FABP increased 2 h
after cardiac surgery and 24e48 h before SCr increased.
Urine L-FABP level at 4 h was an independent risk factor for
the development of AKI, with an AUC of 0.81.46 Urine L-
FABP showed the best cost-effectiveness among investi-
gated biomarkers including serum CysC, urine NGAL and
urine L-FABP.

Human kidney injury molecule-1 (KIM-1) is a type 1
transmembrane protein that is not detectable in normal
kidney tissue or urine but is expressed highly in the prox-
imal tubule epithelial cells after ischemic or toxic insult.
KIM-1 is a sensitive urinary biomarker for AKI. It increased in
the urine at 6e12 h after CPB and remained high up to 48 h
after CPB. It was significantly higher in AKI than in non-AKI
patients at 12 h, 24 h and 36 h. The AUC for KIM-1 was
0.90.47

5.3. G1 cell cycle arrest biomarkers

Both urine tissue inhibitor of metalloproteinases-2 (TIMP-2)
and insulin-like growth factor-binding protein 7 (IGFBP7)
are inducers of G1 cell cycle arrest, and they are early
markers of AKI. TIMP-2 and IGFBP7 are elevated 24e48 h in
patients with AKI secondary to cardiac surgery.2 [TIMP-
2] � [IGFBP7], an early predictive biomarker of AKI after
pediatric congenital heart disease repair, increased at 4 h
after CPB in children with later AKI, followed by a strong
decrease at 24 h.2 In the pediatric patients, the higher
baseline urine [TIMP-2] � [IGFBP7] concentrations could
not be interpreted by renal immaturity or venous conges-
tion as a result of congenital heart disease in the younger
population.2

5.4. Inflammatory biomarkers

IL-6 is a 26 kDa glycoprotein, secreted by lymphocytes T
and B, macrophages, fibroblasts, endothelium cells,
mesangium and by renal tubule cells, and it increases
rapidly in the serum of AKI patients.48 Liu et al.49 observed
that serum IL-6 level increased at 2 h after cardiac sur-
gery, and its concentration at 2 h and 12 h correlated with
the subsequent AKI. Dennen et al.48 found that urine IL-6
levels could predict AKI, whereas other inflammatory cy-
tokines, such as IL-8, IL-10 and IL-1a, could not. On the
other hand, Morgan et al.50 interpreted that upregulation
of IL-6, IL-8, TNF-a and C-reactive protein seemed to be a
inflammatory response to CPB, but unrelated to AKI.
Moreover, IL-18 is a pro-inflammatory cytokine that is
induced and cleaved in the proximal tubule, and easily
detected in the urine after ischemic AKI. In children un-
dergoing cardiac surgery and developing AKI, urine IL-18
levels increased around 6 h and peaked at over 25-fold
at 12 h after CPB with an AUC of 0.75. In addition, urine
microalbumin (MA) levels must be at least 5e6 times of
a1-microglobulin (a1-MG) to indicate glomerular injury.43

In general, NGAL and L-FABP are the earliest re-
spondents at 2e4 h after the start of CPB, and KIM-1 and IL-
18 represent the intermediate respondents, which are
increased 6e12 h after cardiac surgery. All these bio-
markers are more sensitive than serum creatinine.
6. Treatment and outcomes

Renal support regimens of AKI include use of balanced
crystalloid solution, avoidance of potentially nephrotoxic
agents, institution of continuous venousevenous renal
replacement, strict glycaemic control and enteral/paren-
teral nutrition.51

Potential therapies for AKI include diuretics, dopamine,
fenoldopam, theophylline/aminophylline and rasburicase.
Of these, furosemide may increase urine output, but it is
less effective in preventing AKI progression. Dopamine and
fenoldopam are feasible in the prevention and treatment of



Acute kidney injury after pediatric cardiac surgery 9
AKI owing to their vasodilatory effects on the renal
vasculature.52

Investigational therapies have shown success in the pre-
vention of AKI.53 Fenoldopam, a highly selective dopamine-1
agonist, significantly reduced the need of continuous renal
replacement therapy (CRRT) after cardiac surgery with a
dose of 0.03e0.1 mg/kg/min given at 2e72 h post-
operatively. It was more effective than low-dose dopamine
in reversing renal hypoperfusion. Natriuretic peptides
are systemic and renal dilators, and the synthetic ana-
logues have shown promise for AKI treatment in experi-
ments. N-Acetylcysteine, a thiol-containing antioxidant,
also improved ischemic renal dysfunction in laboratory
settings. Erythropoietin (EPO) has tissue-protective effects
by preventing tissue ischemia and inflammation, and it has
been used in the prevention of AKI after cardiac surgery.

A variety of renal replacement therapy modalities may
be used including peritoneal dialysis, intermittent hemo-
dialysis, and CRRT. Peritoneal dialysis is preferred in ne-
onates due to simple devices and ease of implementation.
Peritoneal dialysis has been a primary form of CRRT
after cardiac operations. Patients undergoing peritoneal
dialysis had decreased levels of IL-6 and IL-8, suggesting
removal of inflammatory cytokines by peritoneal dial-
ysis.12 Intermittent hemodialysis is suitable for children
with intoxications. CRRT serves as controlled fluid removal
in critically ill children.52 The hemofiltration techniques
are capable of controlling fluid balance. However, to
perform CRRT is sometimes difficult because of the
complexity of canalization, the smaller caliber of the
vascular access and catheters, and the greater hemody-
namic response. Pediatric patients receiving CRRT after
cardiac surgery had a higher mortality than those
receiving CRRT after non-cardiac surgery.54 Böök et al.55

reported on a group of 15 patients who were managed
with early institution of high-volume rapidly cycled peri-
toneal dialysis and had a mortality rate of 33%. Zobel
et al.56 reported improvement of mortality rate for 11
patients treated with the early institution of continuous
arteriovenous hemofiltration or slow continuous ultrafil-
tration. Greenberg et al.57 demonstrated that 18% of the
children with perioperative AKI after pediatric cardiac
surgery had chronic kidney disease at 5-year follow-up.
For children with AKI after cardiac surgery, both contin-
uous arteriovenous hemofiltration (CAVH) and continuous
venovenous hemofiltration (CVVH) were reported to be
associated with high mortality rates; however, an early
initiation of renal replacement therapy could lead to a
better prognosis.58

Age, single ventricle status and pRIFLE stage F were
significantly associated with mortality. As age increases
from 3 months to 3.5 years, mortality risk decreases. The
mortality risk for patients with a single ventricle was
greater than those with two ventricles.59 Seguin et al.60

noted a close correlation between fluid overload and
more severe AKI. Fluid overload has been regarded as risk
factor of morbidity, especially in small children following
heart operation, and therefore management of fluid over-
load would improve patients’ outcomes.58 Pediatric pa-
tients undergoing heart operations receiving CRRT early
displayed significantly decreased mortality.
7. Conclusions

AKI is a common complication of pediatric cardiac surgery
and is associated with increased morbidity and mortality.
To ameliorate the cardiopulmonary bypass techniques,
improve renal perfusion and eradicate the causative risk
factors are imperative for prevention of AKI in pediatric
patients. Early and intermediate biomarkers are helpful for
an early judgment of occurrence of postoperative AKI.
Improved survival has been achieved by modification of
hemofiltration techniques. Further development of AKI
management strategies is anticipated in small children.
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