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Abstract

Acute kidney injury (AKI) is increasingly recognized as a common problem in children
undergoing cardiac surgery, with well documented increases in morbidity and mortality in both the
short and the long term. Traditional approaches to the identification of AKI such as changes in
serum creatinine have revealed a large incidence in this population with significant negative
impact on clinical outcomes. However, the traditional diagnostic approaches to AKI diagnosis
have inherent limitations that may lead to under-diagnosis of this pathologic process. There is a
dearth of randomized controlled trials for the prevention and treatment of AKI associated with
cardiac surgery, at least in part due to the paucity of early predictive biomarkers. Novel non-
invasive biomarkers have ushered in a new era that allows for earlier detection of AKI. With these
new diagnostic tools, a more consistent approach can be employed across centers that may
facilitate a more accurate representation of the actual prevalence of AKI and more importantly,
clinical investigation that may minimize the occurrence of AKI following pediatric cardiac
surgery. A thoughtful management approach is necessary to mitigate the effects of AKI after
cardiac surgery, which is best accomplished in close collaboration with pediatric nephrologists.
Long-term surveillance for improvement in kidney function and potential development of chronic
kidney disease should also be a part of the comprehensive management strategy.
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1. Introduction

Acute kidney injury (AKI) is common following pediatric cardiac surgery and occurs in
~40-50% of cases [1]. This is likely an underestimate and offers an important target for
improved clinical care. The occurrence of AKI has been consistently reported as a risk factor
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for morbidity and mortality in this vulnerable population and is related to prolonged length
of stay, post-operative ventilator duration, fluid disturbances, electrolyte derangements, and
abnormal drug metabolism [1-3]. AKI in adults undergoing cardiac surgery has been more
extensively studied and is associated with increased hospital cost and in-hospital mortality,
increased need for hemodialysis after discharge, increased incidence of chronic kidney
disease (CKD), and decreased survival [4—7]. However, many patients regardless of age fail
to be diagnosed with AKI. There are many potential reasons that AKI is underappreciated,
including a lack of awareness by clinicians and limitations in the current diagnostic
approach to AKI. Herein, we report the current definitions, epidemiology, mechanisms,
clinical approach, and the development of novel diagnostic strategies for AKI after pediatric
cardiac surgery.

2. Definition of AKI

Prior to the development of the RIFLE (Risk, Injury, Failure, Loss, and End-Stage) criteria
in 2004, the reported incidence of AKI varied widely and resulted in many patients with
AKI not being recognized [8]. The RIFLE criteria consists of three graded levels of injury
(Risk, Injury, and Failure) based upon either the fold increase in serum creatinine (1.5-, 2-,
or 3-fold respectively) or reduction in urine output. A modification termed as the Acute
Kidney Injury Network (AKIN) criteria was developed which defined AKI as a =0.3 mg/dl
increase in serum creatinine within a restrictive 48-hour period. However, the AKIN criteria
have not been adequately validated for use in children, and the restricted diagnostic
timeframe of 48 h for a rise in serum creatinine may limit its utility. Recently, the criteria for
diagnosis of AKI have been further refined by the Kidney Disease Improving Global
Outcomes (KDIGO) group and are now widely accepted for children and adults (Table 1)
[9]. These criteria still rely heavily on a rise in serum creatinine (SCr) and changes in urine
output. The degree of SCr increase is also still used to define AKI severity using a 3-level
staging system with stage 1 being the least severe and stage 3 being most severe. However,
the use of SCr in the diagnosis and staging of AKI has many inherent limitations. Even
normal SCr can vary widely with age, gender, diet, muscle mass, nutrition status,
medications, and hydration status. An increase in SCr does not differentiate the nature, type
and timing of the renal insult. Dialysis readily clears serum creatinine, rendering this marker
useless in the assessment of renal function once dialysis has begun. In the acute setting, it is
estimated that more than 50% of kidney function must be lost before SCr even begins to rise.
Changes in SCr often lag behind changes in renal function due to an acute insult until a
steady state has been reached, which can take several days. This leads to delayed diagnosis
of AKI and greatly limits opportunity for timely clinical intervention. Even with these
recognized limitations, changes in either serum creatinine or urine output do offer powerful
diagnostic and prognostic capacity. If both worsening serum creatinine and decreased urine
output occur, the severity of disease is worse with associated higher mortality. The duration
of AKI also offers important prognostic information and depending on AKI stage, can alter
outcome. Kellum et al. recently evaluated a cohort of over 23,000 patients that developed
AKI as classified by the KDIGO criteria [10]. In patients meeting stage 3 AKI diagnosis by
one criteria, hospital mortality and need for renal replacement therapy (RRT) were < 18%
and < 3.5%, respectively. There was a dramatic change in these outcomes when stage 3 AKI
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was diagnosed by both criteria, with need for RRT increasing to 55% and mortality
increasing to 51%. They also documented that the duration of AKI was a strong predictor of
death or end stage renal disease regardless of AKI stage. Additionally, data from this report
suggest that changes in SCr for those with higher baseline values may be more important
clinically than a change of similar magnitude in patients with low baseline SCr values.

3. Incidence and Etiology of Cardiac Surgery-associated Acute Kidney

Injury

In recent years, improvements in surgical techniques have expanded the complexity of
congenital heart lesions that are correctible, but with an associated increase in the incidence
of cardiac surgery-associated AKI (CS-AKI) [11]. Recent reports of AKI using current
definitions in large pediatric populations undergoing congenital heart disease surgery have
revealed an incidence of 40-50% [1,3,12—14], with an even higher incidence of 64% among
neonates [15]. More importantly, pediatric CS-AKI has been consistently associated with a
number of complications including increased morbidity and mortality in this population. In
the short term, after adjustment for covariates, pediatric CS-AKI is independently associated
with longer duration of ventilation, longer intensive care unit and hospital stay, increased
inotropic support, increased occurrence of low cardiac output syndrome, and increased
mortality [1,3,12-19]. In the long term, severe pediatric CS-AKI is independently associated
with increased mortality [3,15], lower z-score for height [15], as well as evidence for chronic
kidney disease [20]. The short- and long-term implications of AKI in this setting clearly
underscore the importance of a better understanding of the pathogenesis and risk factors, the
significance of making an early diagnosis in the post-operative period, and the need for long-
term follow up.

Historically, it had been thought that AKI in the setting of cardiac disease was secondary to
low cardiac output and/or impaired arterial perfusion of the kidneys. Current data would
suggest that the more pertinent contributory mechanisms include venous congestion along
with an upregulation of inflammatory cytokines [21,22]. The pathogenesis of CS-AKI is
complex, incompletely understood, and based largely on animal models. Primary
mechanisms include ischemia, ischemia—reperfusion injury, mechanical blood trauma,
oxidative stress, nephrotoxins, and activation of inflammatory cascades [11,23,24]. Reduced
mean arterial pressure and non-pulsatile renal blood flow during cardiopulmonary bypass
(CPB) leads to renal ischemia and hypoxia, with resultant activation of apoptotic and
necrotic pathways of tubule and endothelial cell death [25,26]. Direct and convincing
evidence for low renal oxygenation during pediatric CPB has been obtained using near-
infrared spectroscopy [27-29]. Not surprisingly, the duration of CPB has been the single
most consistently identified risk factor for pediatric CS-AKI [1]. It has been directly
demonstrated that human kidneys can safely tolerate 30—60 min of controlled clamp
ischemia with only mild structural changes and no acute functional loss [30]. Reperfusion
following release of aortic cross-clamps results in activation of oxidative pathways that
further exacerbate tubular and microvascular injury [25,26]. Mechanical trauma to red blood
cells in the CPB circuit causes hemolysis and the release of free hemoglobin and iron, which
exacerbate oxidant-mediated injury. Injured tubule and endothelial cells initiate a local
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inflammatory response. In addition, a systemic inflammatory response is induced by CPB,
triggered by contact between blood and the artificial surfaces of the CPB circuit. Activation
of neutrophils, platelets, and other pro-inflammatory cascades further exacerbates the
damage to renal tubule and endothelial cells. While inflammation is prominent in animal
models of AKI, its role in humans undergoing CPB is not fully known. During the post-
operative period, the use of nephrotoxic agents such as non-steroidal anti-inflammatory
agents, antibiotics, and contrast agents can worsen the kidney injury. These multiple
mechanisms of injury are likely to be activated at different time points with varying
intensities and may act synergistically.

Numerous risk factors have been identified for the development of pediatric CS-AKI, in the
pre-operative, intra-operative, and post-operative phases [31,32]. The most consistently
identified independent risk factors for pediatric CS-AKI include younger age, longer
duration of CPB, higher surgical complexity (as reflected by the risk-adjusted classification
for congenital heart surgery [RACHS-1] score), preoperative ventilator support, and lower
preoperative serum creatinine [1,12,15]. Many pre-operative risk factors such as lower age
and genetic predisposition are not modifiable but should be considered in decision making if
known. Other potentially modifiable pre-operative risk factors include diabetes mellitus,
lower preoperative serum creatinine, preoperative ventilator support, history of congestive
heart failure, and hypertension. Although these may not be fully correctible, optimal
management should be targeted. In addition, screening to assess for other preoperative risk
factors such as renal dysfunction or reduced left ventricular ejection fraction (LVEF) should
be completed. Appropriate assessment for causes of these conditions and subsequent
treatment could result in an improvement in kidney and/or systolic function. There are also
recognized intra-operative risk factors, including low blood pressure and low hemoglobin
concentrations, both of which can be optimized to improve oxygen delivery during CPB.
Some intra-operative risks, such as use of deep hypothermic circulatory arrest and longer
duration of bypass, may be modified but often will be dependent on the surgical approach in
particular centers [32]. However, some risks are unavoidable such as need for emergent
surgical intervention or need for thoracic aortic surgery. Post-operative factors that increase
the risk of AKI include volume status, use of renal replacement therapy, kidney perfusion
pressure, kidney function immediately following surgery, prior existing chronic kidney
disease, and use of mechanical circulatory support [32,33]. Appropriate control of blood
pressure and volume status in the post-operative period offers clinicians potential strategies
to mitigate or avoid AKI.

4. Novel Diagnostic Strategies in AKI

There are inherent limitations to relying on changes in SCr and urine output as diagnostic
vehicles for AKI. To assist clinicians in the diagnosis of AKI, novel biomarkers in both the
serum and urine have been developed that may offer additive benefit to the traditional
diagnostic approach in AKI. Specifically in the field of pediatric CS-AKI, the use of
unbiased functional genomic and proteomic technologies has uncovered a number of highly
promising non-invasive biomarkers that are currently being validated [34-37]. There has
been a significant expansion in the investigational resources in this space and these
biomarkers are rapidly becoming part of the framework for research investigation and
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clinical management [38,39]. Many of these have been developed to detect direct damage to
the kidney and offer additional information to commonly used biomarkers such as SCr and
urine output. Novel biomarkers leverage the possibility of detecting damage before obvious
functional changes such as decrease in urine output or rise in SCr develop. These biomarkers
can be divided into three categories based on their characteristics and underlying physiologic
actions and include: 1)markers of glomerular filtration rate (GFR), 2) markers of tubular
injury, 3) markers of cell cycle arrest, and 4) markers of inflammation. Biomarkers of AKI
are a highly targeted area of clinical investigation with over 30 markers being reported in the
recent literature [39]. The following sections will focus on the current status of the most
promising of these biomarkers for the prediction of AKI and its adverse outcomes,
specifically in the setting of pediatric cardiac surgery.

4.1. Markers of GFR

Traditional assessment of glomerular filtration uses SCr which is an imprecise and delayed
marker of changes in GFR, limiting overall utility as a biomarker [40]. Cystatin C has been
reported as an alternative to serum creatinine and is a superior biomarker in the estimation of
GFR [41]. Unlike SCr, cystatin C concentrations are unaffected by gender or muscle mass.
Measurement of cystatin C, which is widely available in most hospitals and laboratories,
also has better diagnostic capability in chronic kidney disease [42,43]. The use of cystatin C
as a diagnostic tool for AKI has recently been explored. Two meta-analyses have revealed
that serum cystatin C outperforms SCr as a predictor of AKI and a marker of AKI severity
[44,45]. A multicenter prospective study of children undergoing cardiac surgery showed that
early measurements of cystatin C (within 6 h of initiating CPB) strongly and independently
predicted the development of SCr-based AKI with an adjusted odds ratio of 17.2 and
adjusted area under the receiver operating characteristic curve (AUC) of 0.89 [46]. The
postoperative cystatin C level also independently predicted longer duration of ventilation and
intensive care unit stay [46]. Other recent reports have provided confirmatory results, albeit
with a slightly reduced AUC of 0.71-0.81 [47-49]. A recent multicenter prospective cohort
study assessed the change in tubular injury biomarkers of AKI with changes in cystatin C in
children undergoing cardiac surgery with CPB [50]. This report found that compared with a
serum creatinine-based definition of AKI, a cystatin C-based definition of AKI was more
strongly associated with changes in tubular injury biomarkers. Finally, in a small prospective
study of infants undergoing CPB, postoperative serum cystatin C outperformed SCr as a
biomarker to predict AKI defined by the tubular injury biomarker NGAL, with an AUC of
0.87 for predicting NGAL-positive AKI [51]. Collectively, the data to date on 913 children
undergoing CPB and 313 AKI events provide preliminary evidence for the utility of early
plasma cystatin C measurements as a promising biomarker for AKI and its adverse
outcomes in pediatric CS-AKI (Table 2), with an average AUC of 0.79. Prior to advocating
for its routine clinical use, further confirmation in larger multi-center prospective studies is
required.

4.2. Markers of Tubular Injury

Non-invasive biomarkers of tubular injury in the urine and blood have been widely
investigated in diagnosing AKI in children undergoing cardiac surgery. Some of the most
frequently reported include neutrophil gelatinase-associated protein (NGAL), interleukin-18
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(IL-18), liver-type fatty acid-binding protein (L-FABP), and kidney injury molecule-1
(KIM-1).

The most extensively studied biomarker in pediatric CS-AKI is NGAL. Unbiased preclinical
transcriptome profiling studies have consistently identified Ajga/(also known as lipocalin 2
or /cn2) to be one of the most upregulated genes in the kidney very early after acute injury in
animal models [34,52,53]. Downstream proteomic analyses also revealed NGAL to be one
of the most highly induced proteins in the kidney after ischemic or nephrotoxic AKI in
animal models [54-56]. Studies utilizing the NGAL reporter mouse model have
unequivocally demonstrated that NGAL derives specifically from the kidney, where it is
rapidly induced in the injured distal nephron segments in response to intrinsic AKI (and not
in prerenal AKI induced by volume depletion) [57]. The resultant secretion of NGAL into
the urine comprises the major fraction of urinary NGAL protein. Plasma NGAL also derives
largely from the injured kidney, with additional systemic contributions from activated
neutrophils and macrophages. The consistent finding that NGAL protein is easily detected in
the urine and plasma soon after AKI in animal studies has inspired a large number of
translational studies to evaluate NGAL as a non-invasive biomarker in human AKI. Several
investigators have focused on establishing the reference ranges for NGAL in normal healthy
children as well as mature and premature infants [58-62]. These studies have highlighted
small but significant age and gender differences in normal infants and children that need to
be accounted for when interpreting NGAL values.

Well over 300 publications have now reported on NGAL in human AKI, to the point that
several systematic reviews and meta-analyses of its diagnostic utility have now appeared
[63-65]. The diagnostic accuracy of NGAL for the prediction of AKI has remained high.
This is particularly applicable to the pediatric cardiac surgery setting, and the pertinent
studies are reviewed herein. In several prospective single center as well as multicenter
studies of infants and children who underwent elective cardiac surgery with CPB, AKI
(usually defined as a 50% increase in SCr) occurred 1-3 days after surgery. In contrast,
serial NGAL measurements revealed a 10-fold or greater increase in the urine and plasma,
within 2—6 h of initiating CPB, in children who subsequently developed AKI [66-77]. The
diagnostic performance of urine NGAL for the prediction of pediatric CS-AKI is
summarized in Table 3, and that of plasma NGAL in Table 4. Collectively, the data to date
on nearly 3000 children undergoing CPB and nearly 900 AKI events provide strong
evidence for the utility of early NGAL measurements to predict AKI after pediatric cardiac
surgery, with an average AUC of 0.83 for urine NGAL and 0.86 for plasma NGAL. The
addition of NGAL significantly improved AKI risk prediction over clinical models alone, as
measured by net reclassification improvement and integrated discrimination improvement,
thereby clearly providing added value to the clinician [69,70]. In addition, early NGAL
measurements in the setting of pediatric CPB are strongly correlated with and predictive of
graded AKI severity as well as AKI duration [67-70,76]. In children who develop CS-AKI
based on an increase in SCr, urinary NGAL reliably discriminates between transient
azotemia and true intrinsic AKI with structural damage with 100% specificity and 100%
positive predictive value [78]. Early NGAL measurements also provide graduated
relationships with, and moderate to strong prediction of, adverse outcomes in pediatric CS-
AKI, including length of hospital stay, duration of mechanical ventilation, dialysis
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requirement, and mortality [67-74,76,79,80]. A recent economic impact analysis confirmed
the cost-effectiveness of urinary NGAL in the early diagnosis of AKI after cardiac surgery
[81]. Because of its strong predictive properties for CS-AKI, NGAL is also emerging as an
early biomarker for monitoring interventional trials. In a recent prospective randomized
double-blind controlled trial of infants undergoing cardiac surgery with CPB, the group that
received intra-operative fenoldopam demonstrated a renoprotective effect by a dramatic
reduction in post-operative urine NGAL levels compared to the placebo group [82]. The
fenoldopam group also showed a significant reduction in the need for diuretics and
vasodilators.

The widespread availability of standardized clinical analytical platforms (outside USA) has
contributed to the explosion of NGAL studies and the emergence of NGAL as an excellent
stand-alone troponin-like structural kidney damage biomarker in the urine and plasma
globally [64,83-85]. This has resulted in the concept of “sub-clinical AKI” in patients who
are “NGAL-positive but creatinine-negative”. Two large studies enrolled about 4000 adult
and pediatric cardiac surgical and critically ill subjects and grouped them according to their
NGAL and SCr status [86,87]. Both studies confirmed the hypothesis that NGAL levels
complemented the information obtained from SCr measurements in predicting AKI and its
prognosis. A substantial proportion of subjects (about 20%) had increased NGAL
concentrations even in the absence of a rise in SCr concentration. This previously
undetectable condition of damage biomarker-positive but SCr-negative “subclinical AKI”
was associated with a 2—-3 fold increased risk of death or dialysis requirement compared to
patients with normal NGAL concentrations. In patients with loss of kidney function,
measurement of NGAL still added prognostic value, since patients who were both NGAL-
and SCr-positive displayed by far the worst prognosis.

However, in anticipation of the widespread use of NGAL in routine practice, the clinician
should be familiar with its potential limitations. First, the majority of pediatric studies
reported to date have been single center studies that have excluded patients with chronic
kidney disease, which is a well-known contributor to the development of AKI [88]. The
available data suggest that patients with stable chronic kidney disease display low
concentrations of NGAL similar to normal controls, but those with progressive chronic
kidney disease may exhibit higher concentrations that may approach those in milder forms
of AKI. Indeed, three meta-analyses have shown that the performance of NGAL in older
adults is inferior to that in children, likely related to the comorbidities (such as chronic
kidney disease, chronic heart failure, atherosclerosis, diabetes, medications) that can hinder
NGAL's predictive ability [63-65]. Second, there are no uniformly accepted cut-offs,
although the literature would suggest that an NGAL cut-off value of < 100 ng/ml (measured
on a standardized clinical platform) would rule out AKI in those with normal baseline
function, and a cut-off of > 150 ng/ml can be diagnostic for AKI, leaving a “grey zone”
where NGAL concentrations may be indeterminate [63-65,89]. Cut-offs may be dependent
on age, gender, underlying clinical setting, and the specific assay employed. Third, the
definitions of AKI employed in published NGAL studies have been variable, but always
based on substantial elevations in SCr concentration, which raises the challenge of using a
flawed outcome variable to analyze the performance of a novel biomarker. For example, in
patients with true tubular injury but no significant change in SCr, as is often encountered in
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critically ill subjects, [86,87] an appropriately elevated NGAL concentration would be
deemed as a false positive. Similarly, patients with absence of tubular injury but with
elevation in SCr due to pre-renal causes will display appropriately normal NGAL levels,
which would be labeled as a false negative. Additional prospective multicenter studies that
examine the ability of NGAL to predict pertinent short- and long-term clinical end points
will further verify its diagnostic and prognostic value. Finally, given the multifactorial
mechanisms of AKI, it is likely that a combination of tubular injury biomarkers in addition
to NGAL might improve the diagnostic and prognostic accuracy, a concept that is further
discussed in Section 4.4. However, at the present time, a standardized clinical platform for
measuring other tubular injury biomarkers such as IL-18, L-FABP, and KIM-1 is not
available, and all of these markers are subject to the same limitations as mentioned above for
NGAL. These additional biomarkers have only been examined in a limited number of
pediatric CPB studies, as outlined below.

Interleukin-18 (IL-18) is a pro-inflammatory cytokine that is induced and cleaved in the
proximal tubule, and subsequently easily detected in the urine following ischemic AKI in
animal models [90]. Urinary IL-18 was shown to represent an early, predictive biomarker in
children undergoing cardiac surgery in a small single center study. In patients who
developed an increase in SCr 1-3 days after CPB, urinary IL-18 levels increased at 6 h and
peaked at 12 h post-CPB, with an AUC of 0.75 for predicting AKI [91]. Subsequent
pediatric single center [69,71, 73] and multicenter [70] studies have confirmed the ability of
urine 1L-18 levels obtained during the 6-12 hour post-CPB time window to moderately
predict AKI, with AUCs in the 0.72-0.82 range (Table 5). The addition of urinary IL-18
improved AKI risk prediction over clinical models alone, and correlated with adverse
outcomes including length of hospital stay and duration of mechanical ventilation [70].

Liver-type fatty acid binding protein (L-FABP) is another protein that is induced in the
proximal tubule early after AKI in animal models, and is thought to be nephroprotective due
to its antioxidant properties [92]. Urinary L-FABP represented an early, predictive biomarker
in children undergoing cardiac surgery in a small single center study. In patients who
developed an increase in SCr 2-3 days after CPB, urinary L-FABP levels increased at 4 h,
with a predictive AUC of 0.81 for AKI [93]. Subsequent pediatric single center studies
[48,69] have indicated the utility of urine L-FABP levels obtained 6 h post-CPB to
moderately predict AKI, with AUCs in the 0.75-0.78 range.

Kidney injury molecule-1 (KIM-1) was first identified by subtractive hybridization
screening as a gene that is markedly upregulated in the proximal tubule cells of ischemic rat
kidneys [94], a finding that has been confirmed in additional transcriptome profiling studies.
KIM-1 is one of the most highly induced proteins in the kidney after experimental AKI,
where it mediates phagocytosis of damaged cells and thereby limits injury [95]. A
proteolytically processed extra-cellular domain of KIM-1 can be detected in the urine of
patients with AKI, using experimental laboratory assays. In a small case—control study of 40
children undergoing CPB, urinary KIM-1 levels were markedly increased in the 20 subjects
that developed AKI, with an AUC of 0.83 at 12 h post-CPB for predicting AKI [96].
Subsequent pediatric single center studies have yielded conflicting results, with one
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indicating moderate accuracy for predicting AKI at 12 h (AUC 0.70) [69] and others
indicating a poorer predictive performance [48,73].

4.3. Markers of Cell Cycle Arrest

Tissue inhibitor of metalloproteinases-2 (TIMP-2) and insulin-like growth factor binding
protein 7 (IGFBP7), both markers of cell cycle arrest, are upregulated after kidney injury in
order to limit proliferation of damaged tubule cells. The product of these markers is easily
measured in the urine using a point-of-care kit that has been approved by the FDA [97,98].
In a preliminary case—control study of 51 children undergoing CPB, the product of urinary
TIMP-1 and IGFBP7 levels was increased in the 12 subjects that developed AKI, with an
AUC of 0.85 (CI: 0.72-0.94) at 4 h post-CPB for predicting AKI [99]. The corresponding
AUC for urinary NGAL was reported to be comparably good at 0.87 (Cl: 0.74-0.95).
Additional studies are required in the pediatric CPB population to further extend the
potential role for these cell cycle markers as predictors of AKI.

4.4. Markers of Inflammation

Animal models of AKI are characterized by inflammation, with elevation in serum
interleukin (IL)-6 representing the major pro-inflammatory cytokine response [100]. In
children undergoing CPB, contact between blood and the artificial surfaces of the CPB
circuit activates inflammatory cells to release pro-inflammatory cytokines such as IL-6,
which further exacerbate the damage to renal tubule and endothelial cells. In a small case—
control study of 39 children, serum IL-6 levels at 2 h post-CPB were increased in the 18
subjects that developed AKI, with an AUC of 0.76 for predicting AKI and an AUC of 0.95
to predict prolonged mechanical ventilation [101]. This was confirmed in a subsequent study
of 47 children, in which serum IL-6 levels at 2 h post-CPB moderately predicted AKI in 19
children, with a lower AUC of 0.68 [102]. However, two subsequent larger studies did not
document an association between early IL-6 concentrations and subsequent development of
AKI after pediatric CPB [103,104]. Further studies are required to evaluate serum IL-6, a
central pro-inflammatory cytokine, as an early biomarker of AKI after pediatric CPB.

4.5. Biomarker Combinations

The utility of combining functional markers (cystatin C) and tubular damage markers
(NGAL) for improving prediction of AKI severity and subtype (transient prerenal versus
sustained intrinsic renal) has recently been confirmed in a cohort of children undergoing
cardiac surgery [78]. Furthermore, a combined analysis of the tubular injury biomarkers
NGAL, IL-18, L-FABP and KIM-1 in a cohort of 220 children undergoing CPB showed a
temporal sequence of elevation in the 60 subjects that developed a 50% increase in SCr 1-3
days post-CPB (Fig. 1) [69]. At the 2 hour post-CPB time point, only urine NGAL was
significantly elevated, and improved AKI prediction above a clinical model from an AUC of
0.74t0 0.85. At 6 h, NGAL, IL-18, and L-FABP were all elevated, and provided
improvements in the AUC for AKI prediction from0.72 to 0.91, 0.84, and 0.77 respectively.
A significant increase in urinary KIM-1 was first detected at 12 h post-CPB. At the 6 hour
time point, the combination of NGAL + IL-18 provided the best results in terms of AUC
improvement over any single biomarker, net reclassification improvement, and integrated
discrimination improvement. At the 12 h time point, the combination of NGAL + I1L-18 + L-
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FABP resulted in the best AUC improvement over single biomarkers. Thus, a combination
of tubular injury biomarkers could allow clinicians to pinpoint the timing of kidney insult,
and thereby drive the appropriate therapeutic intervention [69].

5. Therapeutic Strategies

The primary target for treatment in AKI is prevention. This necessitates identification of
high risk patients. Recognized risk factors for the development of AKI have been published
and include comorbidities such as existing chronic kidney disease or sepsis [105]. Based on
knowledge of predisposing factors for the development of AKI, some institutions are
leveraging the electronic medical record (EMR) data to identify at-risk individuals and
notify providers. This offers clinicians a pre-emptive opportunity to be mindful of careful
surveillance for AKI and potentially avoid situations or nephrotoxic therapies that may
increase the likelihood of kidney injury. Current efforts at the development of AKI risk
scores may limit the incidence of AKI in the future. Therapeutic strategies are quite limited
in those patients that develop AKI. Volume resuscitation may be used in appropriate
situations and careful dosing or avoidance of nephrotoxic drugs should be observed. As AKI
is a commonly reported complication of cardiac surgery, therapies have been considered but
with little clinical impact. Past reports have suggested that the heart and the kidneys can be
protected against significant ischemia—reperfusion during cardiac interventions injury by
instituting preceding, brief periods of ischemia—reperfusion to remote organs, which has
been called remote ischemic preconditioning [106, 107]. Recently, the impact of remote
ischemic preconditioning was studied in 1612 adult patients undergoing cardiac surgery
requiring cardiopulmonary bypass on combined cardiovascular endpoints as well as acute
kidney injury [108]. The use of remote ischemic preconditioning did not confer protection
against AKI as assessed by rise in serum creatinine or changes in plasma NGAL levels.

No effective clinical treatments have been developed specifically for AKI but this will likely
be on the horizon. There is increasing interest in the identification of genetic risk factors for
AKI, using genome-wide association studies. The identification of patients that may be
genetically predisposed to AKI prior to surgery would offer additional steps to be taken
regarding monitoring as well as avoidance of things such as hypovolemia. But, perhaps more
importantly, a broader understanding of genetics in AKI may help elucidate biological
pathways that could be targets for other diagnostic tests and potential therapies.

6. Conclusion

Acute kidney injury in pediatric patients following cardiac surgery is an increasingly
recognized clinical concern with important implications with regard to prognosis and
management. However, many children experience AKI in the post-operative setting that are
not diagnosed. Furthermore, many that are diagnosed may not be managed optimally to
mitigate AKI. Often, this management does not include consultation with a pediatric
nephrologist. Although many pediatric patients experiencing AKI following cardiac surgery
recover kidney function, long-term surveillance for development of CKD is not performed.
A greater emphasis on early detection of AKI with appropriate and thoughtful interventions
is needed avoid long term sequelae. Although current diagnostic strategies for AKI are
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widely available, they fail to diagnose injury in a timely manner which may result in delayed
intervention. Newer diagnostic tools are becoming more available internationally that will
facilitate earlier recognition of AKI in a more reliable manner. The combination of
functional biomarkers along with markers of tubular injury offers a greater diagnostic
opportunity in pediatric patients following cardiac surgery. The data collected from the
increased use of these markers will offer clinicians a greater opportunity to consider AKI in
ongoing post-operative care and develop overarching strategies to mitigate untoward long-
term effects. Clinicians managing pediatric patients that have undergone cardiac surgery
should be aware of the long-term implications of AKI. If AKI is diagnosed during the post-
operative period, referral to a pediatric nephrologist is strongly advocated for ongoing
monitoring and institution of medical therapy when indicated. Given the expanding focus on
AKI and the cardio-renal syndrome in cardiac surgery, we are obliged to make this an area
of increased collaboration and clinical investigation to improve outcomes for children with
congenital heart disease across the globe.
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Fig. 1.
Profiles of tubular injury biomarker concentrations at various time points after

cardiopulmonary bypass (CPB) initiation. Data are from Krawczeski et al. [69]. Urinary
biomarker concentrations are shown for NGAL (ng/ml), IL-18 (pg/ml), L-FABP (ng/ml),
and KIM-1 (pg/0.1 ml).
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Table 1
The Kidney Disease Improving Global Outcomes (KDIGO) AKI criteria. Adapted from reference [9].

Stage Serum creatinine Urine output
1 1.5-1.9 times baseline, OR <0.5 ml/kg/h for 6-12 h
>0.3 mg/dl (=26.5 pmol/l) increase
2 1.0-2.9 times baseline <0.5 ml/kg/h for 212 h
3 3.0 times baseline, OR <0.3 ml/kg/h for 224 h, OR
SCr 24.0 mg/dl (=353.6 pmol/l), OR Anuria for 212 h

Initiation of renal replacement therapy, OR
eGFR <35 ml/min per 1.73 m? (<18 years)

SCr, serum creatinine; eGFR, estimated glomerular filtration rate.
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