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Abstract Acute kidney injury is a common and serious com-
plication after congenital heart surgery, particularly among in-
fants. This comorbidity has been independently associated with
adverse outcomes including an increase in mortality.
Postoperative acute kidney injury has a complex pathophysiolo-
gy with many risk factors, and therefore no single medication or
therapy has been demonstrated to be effective for treatment or
prevention. However, it has been established that the associated
fluid overload is one of the major determinants of morbidity,
particularly in infants after cardiac surgery. Therefore, in the ab-
sence of an intervention to prevent acute kidney injury, much of
the effort to improve outcomes has focused on treating and
preventing fluid overload. Early renal replacement therapy, often
in the form of peritoneal dialysis, has been shown to be safe and
beneficial in infants with oliguria after heart surgery. As under-
standing of the pathophysiology of acute kidney injury and the
ability to confidently diagnose it earlier continues to evolve, it is
likely that novel preventative and therapeutic interventions will
be available in the future.
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Introduction

Acute kidney injury (AKI) is a frequent and serious compli-
cation after pediatric cardiovascular surgery affecting up to

30–60% of patients [1–3]. Surgical palliation of congenital
heart disease is the most common cause of AKI among chil-
dren [4]. It is well established that the development of post-
operative AKI is an independent risk factor for worse out-
comes, including mortality [1–3, 5, 6]. Recently, there has
been a great deal of research focused on the earlier diagnosis
of AKI with many promising novel biomarkers; however,
successful therapies lag behind. This review focuses on the
diagnosis and management of AKI and its sequelae, fluid
overload, within patients with congenital heart disease. As
AKI occurs mainly in infants after cardiac surgery with a
cardiopulmonary bypass (CPB), this cohort is the focus of
most published literature and likewise this review highlights
this population.

Definitions of acute kidney injury

Historically, the reported incidence of AKI after congenital
heart surgery has varied, in large part because of the lack of
a consistent definition. For example, a systematic review of 28
studies between 1965 and 1989 of postoperative AKI found
that no two studies used the same diagnostic criteria for AKI
[7]. In an effort at standardization, definitions of kidney injury
have been created for research and clinical utility and have
been modified for pediatric cohorts, most notably the Acute
Kidney Injury Network (AKIN), Risk Injury Failure Loss
End-stage renal disease (RIFLE), and pediatric modified
Risk Injury Failure Loss End-stage renal disease (pRIFLE)
classifications (Table 1) [8–10]. However, the most recent
and agreed upon consensus definition is that described by
the Kidney Disease: Improving Global Outcomes (KDIGO)
group. These criteria have three stages and are defined by
urine output and creatinine criteria (Table 1). A comparison
of AKIN, pRIFLE, and KDIGO classifications in pediatric

* David M. Kwiatkowski
David.kwiatkowski@stanford.edu

1 Division of Pediatric Cardiology, Stanford University School of
Medicine, 750 Welch Road, Suite 321, Palo Alto, CA 94062, USA

Pediatr Nephrol (2017) 32:1509–1517
DOI 10.1007/s00467-017-3643-2

http://crossmark.crossref.org/dialog/?doi=10.1007/s00467-017-3643-2&domain=pdf


patients after heart surgery found that all systems were sensi-
tive for AKI and found associations with mortality; however,
pRIFLE classification was most sensitive at detecting AKI in
the infant group [11]. Because of logistical challenges with the
collection and quantification of urine in the pediatric and par-
ticularly infant populations, urine output criteria have been
infrequently usedwithin research studies and therefore are less
well validated than the serum creatinine criteria. However, it
has been suggested that urine output criteria are more sensitive
for the diagnosis of AKI in pediatric critically ill patients [12].

Diagnosis of AKI

One of the main challenges to the management of AKI after
CPB is the delay in accurate diagnosis. In current clinical
practice, laboratory evidence of AKI continues to rely on

serum creatinine elevation, a functional biomarker that is in-
sensitive to renal tubule injury. Creatinine elevation is not seen
until 50% of kidney function is lost and often takes 24–48 h
after the initial insult to elevate [1, 2, 13]. Waiting for creati-
nine elevation to modify treatment is analogous to waiting for
cardiac output to decrease to begin the management of a myo-
cardial infarction. The use of biomarkers of structural injury
allows the diagnosis to occur before decreased glomerular
filtration causes impairment in urine output, and before the
late finding of creatinine elevation (Fig. 1).

Like creatinine, serum cystatin-C is a functional biomarker
that demonstrates elevation after AKI. It has been demonstrat-
ed that cystatin-C can be used as a functional biomarker of
injury and diagnose AKI sooner than creatinine with im-
proved specificity and sensitivity [14, 15]. Serum cystatin-C
is also used by some centers for the estimation of glomerular
filtration rate, as it has been demonstrated to be a more precise

Table 1 Staging criteria of acute
kidney injury Stage Serum creatinine Urine output

KDIGO [8]

1 1.5 times baseline within 7 days or ≥0.3 mg/dl increase within 48 h <0.5 ml/kg/h for 6 h

2 2.0 times baseline <0.5 ml/kg/h for ≥12 h
3 3.0 times baseline or increase in serum creatinine to ≥4.0 mg/dl or in

those <18 years decrease in eGFR to <35 ml/min/1.73 m2-or
initiation of RRT

<0.3 ml/kg/h for ≥24 h or
anuria for ≥12 h

pRIFLE [9]

R eGFR decrease >25% <0.5 ml/kg/h for 8 h

I eGFR decrease >50% <0.5 ml/kg/h for 16 h

F eGFR decrease >75% or <35 ml/min/1.73 m2 <0.3 ml/kg/h for 24 h or
anuria for ≥12 h

AKIN [10]

1 1.5-fold baseline or ≥0.3 mg/dl increase <0.5 ml/kg/h for 6 h

2 2-fold baseline <0.5 ml/kg/h for ≥12 h
3 3-fold baseline or increase in serum creatinine to ≥4.0 mg/dl with an

acute increase of ≥0.5 mg/dl or initiation of RRT
<0.3 ml/kg/h for ≥24 h or

anuria for ≥12 h

KDIGOKidney Disease: Improving Global Outcomes, pRIFLE pediatric modified Risk Injury Failure Loss End-
stage renal disease, AKIN Acute Kidney Injury Network, eGFR estimated glomerular filtration rate, RTT renal
replacement therapy
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Fig. 1 In the progression from initial renal insult to kidney failure,
biomarkers of renal function only show elevation late after the
development of kidney injury, and the clinical manifestation of oliguria

occurs after glomerular filtration is impaired. Biomarkers of structural
kidney injury diagnose kidney injury early, before glomerular filtration
is affected
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measure of GFR and unlike creatinine is not affected by mus-
cle mass [16].

Unlike myocardial infarction, in pediatrics there are cur-
rently no FDA-approved troponin-like biomarkers for diag-
nosing renal structural injury early enough to direct care.
However, the FDA has recently approved the NephroCheck
test for the prediction of AKI in adults. The NephroCheck test
is a urine-based test measuring insulin-like growth factor-
binding protein 7 (IFGBP-7) and tissue inhibitor of
metalloproteinases-2 (TIMP-2), which are inducers of cell cy-
cle arrest, an important mechanism in the progression of AKI.
The test quantifies the product of these biomarkers to predict
the likelihood of developing AKI. In adults, the NephroCheck
test has been demonstrated to predict AKI as early as 4 h post
bypass and to accurately predict renal recovery [17]. Although
not yet validated in pediatric populations, this biomarker
shows promise of early diagnosis [18].

This review does not address other novel biomarkers that
are being used exclusively in research settings [19–21]. It is
likely that the future of AKI diagnosis will be aided by these
novel biomarkers. Given the complexity of the pathophysiol-
ogy of AKI, diagnosis may be optimized by using panels of
biomarkers that each detects different pathways of injury, of-
ten with different temporality. In addition, the use of biomark-
er panels may help to illustrate the specific pathophysiology of
injury, allowing the modification of management [5]. As a
precursor to this concept, Basu and colleagues demonstrated
that combining the functional biomarker cystatin-C and the
tubular injury biomarker NGAL could increase the sensitivity
and specificity of the diagnosis of AKI in children after CPB
compared with creatinine alone [22].

Pathophysiology of AKI

The mechanism of AKI after CPB is multifactorial, including
renal ischemia and reperfusion injury, a maladaptive inflam-
matory response, oxidative stress, microemboli, and alter-
ations in tubule cell metabolism. Given the complexity of
renal injury pathophysiology and the multi-modal mecha-
nism, the difficulty in developing a single therapeutic modal-
ity becomes more apparent.

All organs, including the kidney, have the ability to main-
tain consistent perfusion during a period of diminished blood
flow through a process called auto-regulation. Neurohormonal
pathways modulate the constriction and vasodilation of affer-
ent and efferent arterioles to titrate vascular resistance to main-
tain a relatively consistent perfusion pressure. The ability of
the kidney to adapt to major hemodynamic changes during the
intraoperative and postoperative periods, such as episodes of
hypotension and/or elevation in central venous pressure, is
unknown, especially in pediatric and neonatal patients.
Furthermore, auto-regulation may be inhibited by the

administration of vasoactive and steroid medications and a
proinflammatory state [23].

Inflammation plays a role in most types of ischemic and
reperfusion renal injury [24]. However, the role is even greater
among cardiac surgical patients owing to direct tissue and
endothelial injury and cellular contact with the artificial sur-
face of the CPB circuit [25]. Inflammatory cascades integral in
the development of injury include the proinflammatory cyto-
kine tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6),
interleukin-1β (IL-1β), and transforming growth factor-β
(TGF-β). The consistent up-regulation of these cytokines
makes them obvious targets for diagnosis and therapies.

Furthermore, CPB exposes blood cells to non-
physiological surfaces and shear forces, leading to cell lysis
and release of plasma-free hemoglobin into the circulation.
Microemboli composed of fibrin, platelets, cellular debris,
fat, and air are formed during cardiac surgery. Although larger
emboli are filtered by the CPB system, smaller emboli may be
circulated to the renal capillary bed and directly cause ische-
mia and injury [26]. Activation of the systemic inflammatory
response further potentiates cell damage via oxidative stress
injury and coagulopathy.

On a cellular level, ischemic injury leads to profound ATP
depletion and induction of nitric oxide synthetase [24]. A
number of oxidative and cell death mechanisms are then in-
duced, including activation of caspase, alteration in intracel-
lular calcium, and generation of reactive oxygen molecules.
These pathways progress, resulting primarily in apoptosis,
alterations in tubule structure, and oxidant injury.

Risk factors for AKI

Although risk factors for the development of AKI have been
identified, few of them are modifiable. Younger age at repair,
higher surgical complexity, longer bypass, preoperative ven-
tilation, and the use of deep hypothermic circulatory arrest
have been shown to be risk factors, but also correlate with a
more critical patient substrate in whom surgery often cannot
be delayed or modified [1, 3, 13]. In the TRIBE-AKI consor-
tium, bypass time was found to be a strong risk factor for the
development of AKI. After controlling for age and surgical
severity, bypass times of 120–180min had an odds ratio of 3.2
and bypass times of >180 min had an odds ratio of 7.6 for the
development of AKI. When looking specifically at modifiable
risk factors, the TRIBE-AKI consortium noted that 87% of
patients with AKI had intraoperative hypotension, 15% were
exposed to gentamicin, 56% were exposed to non-steroidal
anti-inflammatory drugs (NSAIDs), and 6% experienced
low cardiac output syndrome [1]. Lesions with a high postop-
erative central venous pressure have also been demonstrated
to have a high incidence of AKI. These include lesions with
residual right ventricular hypertrophy and diastolic
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dysfunction, such as repair of tetralogy of Fallot, and lesions
with obligate central venous pressure elevation due to surgical
palliation and postoperative physiology, such as Fontan sur-
gery [27].

Given the same set of risk factors and a similar renal insult,
some patients develop kidney injury and others do not.
Although this may be influenced by chance or differences in
surgical or bypass techniques, there is growing evidence that
there may be selected gene variations that either predispose
patients to or protect them from the development of AKI.
Given the common mechanisms of postoperative AKI, genet-
ic polymorphisms that are associated with renal inflammation,
oxidative stress or vasoconstrictor response have been of
greatest interest [28, 29]. A study among adult patients under-
going aortic-coronary surgery found that there were two al-
leles (interleukin 6–572C and angiotensinogen 842C) that
showed a strong association with AKI in Caucasians [28].
The ability to predict AKI increased 4-fold when the use of
genetic polymorphisms was added to clinical risk factors
alone. It is likely that further polymorphisms will be detected
in the future, the discovery of which may aid clinicians in
defining higher risk populations and in developing targeted
therapies.

Outcomes after AKI

Acute kidney injury after CPB is frequently a self-limited
complication, often occurring in the first 24–48 h after sur-
gery. In the TRIBE-AKI consortium almost half of patients
met AKI diagnostic criteria for just 1 day and only 1 out of 9
patients continued to meet the definition by the fourth postop-
erative day [1]. For this reason, the importance of postopera-
tive AKI has historically been minimized. However, recent
research has emphasized the strong association of even minor
degrees of AKI with worse outcomes.

Acute kidney injury is an independent risk factor for
prolonged duration of mechanical ventilation, longer ICU
and hospital stays, and mortality [1–3]. The TRIBE-AKI con-
sortium found that 30% of patients with AKI were mechani-
cally ventilated at 48 h postoperatively, as opposed to 8% of
those without AKI [1]. Blinder and colleagues studied 430
infants after bypass and found that 52% developed AKI. A
doubling of creatinine was associated with an odds ratio of
death of 5.1, and tripling was associated with an odds ratio of
9.5. In this study, AKI was a stronger predictor of death than
having single-ventricle physiology, or needingmechanical cir-
culatory support [2].

Even small increases in creatinine are important. Compared
with those with no change in creatinine, adults after cardiac
surgery with a creatinine increase of just 0.1 to 0.5 mg/dl had a
three-fold increase in the rate of mortality, and this association
worsened with larger creatinine changes [30]. There are data

among pediatric patients after cardiac surgery that even small
changes in creatinine predict later development of more severe
AKI [13].

The long-term impact of an isolated episode of AKI con-
tinues to be evaluated; however, it is likely not as benign as
previously thought. Morgan et al. followed a cohort of neo-
nates after cardiac surgery and found that 2–4 years postoper-
atively, children who developed AKI were at a higher risk of
growth impairment, cardiac-related hospitalization, and in-
creased health care utilization, even when controlling for ges-
tational age, surgical type, preoperative ventilation, lactate
elevation, and use of mechanical circulatory support [3].
Furthermore, although creatinine levels typically normalize
in patients before discharge, there is evidence that those af-
fected by AKI have persistent elevation of kidney injury bio-
markers up to 7 years postoperatively [31]. It is unknown if
these children will later develop clinical evidence for chronic
kidney injury as they get older, but this argues against com-
plete recovery.

Fluid overload

It had previously been hypothesized that AKI is a marker of
poor perioperative condition and hemodynamic instability and
that AKI itself does not lead to morbidity and mortality, but is
just a bystander while poor cardiac output affects outcomes
[32]. This notion has lost favorability as research has stressed
the independent association of AKI with morbidity. The pri-
mary mechanism by which AKI causes worse outcomes is
believed to be the development of fluid overload. Renal tubule
injury leads to a decrease in glomerular filtration, which
causes retention of free water among the other retained filtrate.
CPB induces ischemia, inflammation, and capillary leak, and
can lead to impaired cardiac output. Clinically, this appears as
hypotension and often necessitates fluid resuscitation or ad-
ministration of blood products. Low cardiac output activates a
number of neurohormonal pathways, including the renin–an-
giotensin system, which collectively leads to fluid and salt
retention. Fluid overload in the face of impaired cardiac output
leads to elevated central venous pressure. At the same time,
renal vascular resistance increases. The combination of all
these factors leads to a further decline in the renal perfusion
pressure and progressive kidney injury, which then leads to
more fluid overload and the cycle continues (Fig. 2).

In addition to the swollen appearance of a patient with
fluid overload, edema of various end organs occurs, with
subsequent pulmonary edema, ascites, pleural effusions,
myocardial edema, and gut and body wall edema. These
edematous organs all individually become dysfunctional;
pulmonary gas exchange is impaired and lung compliance
decreases, swollen bowel walls absorb less nutrition and
have impaired motility leading to feeding intolerance, skin
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breakdown leads to pressure ulcers and infection at cath-
eter sites, ascites impairs cardiac preload and causes ab-
dominal tamponade of peritoneal organs, and cardiac
myocardium is less contractile with diastolic dysfunction,
decreased preload, and impaired cardiac output. Among
the other morbid effects, the decline in cardiac output
and renal perfusion causes further renal dysfunction, lead-
ing to even more fluid overload. Without the ability to
break this cycle, AKI may quickly become a major con-
tributor of morbidity and mortality.

The association of fluid overload withmortality in critically
ill children was first described by Sutherland, who compared
the outcomes of patients with various levels of fluid overload
at the time of initiation of dialysis [33]. He found that mortal-
ity increased directly with degree of fluid overload and that
patients with <10% overload had a mortality of approximately
30%, while almost two-thirds of patients with >20% overload
died during that admission. Specifically among neonates and
children after cardiac surgery, those with fluid overload have
longer ICU admissions, increased inotrope use, prolonged re-
spiratory failure, increased rates of mechanical circulatory
support, and cardiac arrest [34, 35].

Management of fluid overload

As there are no validated medications to treat AKI, the focus of
management often shifts to treatment of fluid overload.Without
a doubt, the quintessential management for fluid overload is
restriction of fluid input, but this is often easier said than done.
A common postoperative total fluid allowance for an infant
after surgery is two-thirds of the maintenance dose. However,
the challenge of management can be illustrated in the example
of a critically ill 3-kg patient who is restricted to 8 ml per hour.
This volume is often exceeded by vasoactive infusions,

continuous sedation medications, diuretics, antibiotics, electro-
lyte replacements, and line flushes, even if adequate nutrition is
withheld. Furthermore, if the infant is oliguric, with less than
1 ml of urine per kilogram per hour (a frequent occurrence),
even the most modest fluid inputs will lead to fluid overload.

Pharmacological interventions intended to improve urine
output include diuretics, renal vasodilators, and medications
to improve cardiac output. Renal vasodilators and medications
to improve cardiac output are theorized to improve glomerular
perfusion, therefore improving urine output and potentially
mitigating AKI. Retrospective studies of fenoldopam and am-
inophylline have suggested an improvement in urine output in
neonates after cardiac surgery [36, 37]. However, none of the
investigated renal vasodilators, including aminophylline,
fenoldopam, and nesiritide, have been shown to decrease the
incidence of AKI or augment urine output in randomized con-
trolled trials in pediatric patients after cardiac surgery [38–40].
The use of diuretics in critically ill patients with AKI is ubiq-
uitous; however, they are often ineffective and at worse, may
even be detrimental, associated in some studies with a higher
risk of mortality [41, 42]. Almost all diuretics must reach the
tubular lumen by glomerular filtration or proximal tubular
secretion to exert their action [43]. If AKI causes a decrease
in glomerular filtration, diuretic delivery is impeded and these
medications are thus less effective.

As medical interventions are often ineffective at
preventing and treating fluid overload, early renal replace-
ment therapy is becoming increasingly used in pediatric
patients after cardiac surgery, in many cases to avoid the
onset of fluid overload. The most common form of renal
replacement therapy among patients with postoperative
AKI is peritoneal dialysis (PD). Although some studies
have reported an association with higher rates of mortality
in patients who have received PD [44, 45], other studies
note that historically, PD has often been used too rarely and
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too late [46, 47]. In addition to preventing the edema asso-
ciated with multi-organ dysfunction, the use of PD may
allow increased administration of fluids to provide ade-
quate nutrition, essential blood products, and beneficial
medications. It has also been suggested that PD might help
to clear maladaptive cytokines that may propagate the in-
flammatory process [48]. In critically ill patients without
cardiac disease, it is established that mortality is signifi-
cantly lower if dialysis is commenced before significant
fluid overload [33, 49]. However, it has only recently been
demonstrated that children with fluid overload after cardiac
surgery who go on to require renal replacement therapy
have improved mortality if PD is performed earlier [46].

Reports of the systematic use of PD as an adjunct to postop-
erative fluid overload were published decades ago, and countless
studies have since reported safety of the use [46–48, 50–53].
Among patients with fluid overload, the benefits are clear; how-
ever, the benefit of this invasive procedure to prevent fluid over-
load in infants with oliguria after cardiac surgery has only recent-
ly been established. A case-matched cohort study comparing
patients with a peritoneal dialysis catheter placed at the time of
surgery to others of a similar age and surgical procedure demon-
strated that those with a peritoneal drainage catheter were less
likely to develop fluid overload, had shorter durations ofmechan-
ical ventilation, shorter ICU stay and did not have an increase in
expenditure [47]. A follow-up study of 73 infants with oliguria
after cardiac surgery randomized patients to receive standardized
doses of furosemide or PD [54]. Patients who received furose-
mide were three times more likely to develop fluid overload and
were more likely to have prolonged mechanical ventilation and
electrolyte abnormalities than those randomized to early PD.
Importantly, as with most other studies, those with PD did not
have any significant adverse outcomes, including peritonitis,
bowel injury or significant hemodynamic instability.

To address concerns that the use of PD may adversely affect
kidney function recovery, the Baylor group performed a random-
ized study among 20 patients receiving PD after pediatric cardiac
surgery [55]. At the time of readiness to discontinue PD, patients
were randomized to either stop dialysis or continue for another
24 h. There were no differences in the biomarkers of kidney
injury among the groups, indicating that further tubular injury
from the prolongation of dialysis was unlikely.

In patients who have been initiated on PD, several criteria
for duration have been suggested. Most commonly, PD is
discontinued as urine output increases. Because this is often
difficult to discern, a furosemide challenge has been proposed,
in which a 1-mg/kg dose of intravenous furosemide is given
and urine output greater than 1ml/kg/h for 4 h is considered an
indication for the cessation of PD [55].

Intermittent hemodialysis (HD) and continuous venovenous
hemofiltration (CVVH) are also options for fluid removal after
surgery, and are commonly used when patients have other in-
dications for dialysis, such as azotemia, hyperkalemia, or other

electrolyte imbalances. These methods of dialysis deliver reli-
able and adjustable fluid removal and have several strengths
and challenges compared with PD. Hemodialysis does not re-
quire abdominal installation of fluid and is therefore preferred
in anyone who has had recent abdominal surgery, or cardiac
surgery with peritoneal extension (vascular access device, pace-
maker, etc.). Although the vascular access necessary to provide
adequate hemofiltration has decreased in size, typically a 7-Fr
catheter is the minimum-sized catheter for adequate blood flow.
Larger catheters in larger patients are associated with improved
dialysis performance and should be used as appropriate [8].
Dialysis catheter placement ideally utilizes the internal jugular
vein, and may provide a challenge in infants and small children
who may have a history of vascular access or vascular injury
[8]. Intermittent HD allows patients to have therapy for several
hours a day allowing for time disengaged from the circuit to
provide comfort and mobility for rehabilitation.

Continuous renal replacement therapy, most typically via
CVVH, offers several benefits over intermittent hemodialysis.
The slow filtration afforded by this method avoids the rapid
fluid shifts associated with intermittent HD, which may cause
hemodynamic instability. This is especially important in
smaller children and patients early after surgery. Similarly, a
slower catheter flow rate allows the use of smaller catheters
relative to HD. The CVVH circuit can easily be used in con-
junction with extracorporeal membrane oxygenation [56].
Regardless of the modality of renal replacement therapy, early
initiation of therapy is paramount.

Conclusion

Over the past 20 years, recognition of the importance of AKI
after CPB in children has evolved thought paradigms, chang-
ing AKI from a typical perioperative stage in recovery to an
epidemic that demands intervention. The ability and consis-
tency by which AKI is diagnosed has greatly improved, but
reliance on serum creatinine still hampers early diagnosis.
Currently, there are no medications available to prevent or
treat AKI and much of the management is focused on
preventing and treating fluid overload. It is our hope that dur-
ing the next 20 years we will see the diagnostic ability to
identify the mechanism of injury earlier, allowing tailored
interventions to be delivered in a timely manner. Only then
will we see true improvement in one of the most significant
comorbidities of patients with congenital heart disease.
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Questions (answers are provided following
the reference list)

1. Using KDIGO AKI criteria, what minimum creatinine
change defines AKI?
a) Creatinine increase of 0.3 mg/dl
b) Creatinine increase of 0.5 mg/dl
c) Creatinine increase of 2 times baseline
d) Creatinine increase of 0.3 mg/dl or 1.5 times baseline
e) Creatinine increase of 0.5 mg/dl or 2 times baseline

2. What is the most common timeframe for AKI after CPB
in infants and children?
a) First 24–48 h, lasting for 1–2 days
b) First 24–48 h, lasting for 4 days
c) First 72–96 h, lasting for 1–2 days
d) First 72–96 h, lasting for 4 days
e) Greater than 7 days, lasting for 1 day

3. Which of the following is a biomarker of renal tubule
structural injury?
a) Cystatin-C
b) Creatinine
c) Urine output
d) NephroCheck

4. Which of the following is not associated with fluid
overload?
a) Decreased nutritional absorption
b) Increased rate of infection
c) Decreased myocardial contraction
d) Increased mortality
e) Increased lung compliance

5. In an infant with oliguria after cardiac surgery, which of
the following therapies is shown to be associated with less
fluid overload and a lower rate of prolonged mechanical
ventilation?
a) Dobutamine
b) Peritoneal dialysis
c) Nesiritide
d) Furosemide
e) Aminophylline
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Key summary points

1. AKI is common in infants and children after cardiac surgery with CPB.

2. In this cohort, AKI is associated with worse outcomes, including
mortality.

3. Diagnosis of AKI is impaired by the reliance on serum creatinine.

4. Fluid overload is one of the major determinants of morbidity and
mortality in children with postoperative AKI.

5. Early peritoneal dialysis is a safe and effective method of fluid removal
in patients after congenital heart surgery.

Answers

1. d; 2. a; 3. d; 4. e; 5. b
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