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KEYWORDS  Acute kidney injury  Neonate  Critical illness  Biomarkers  Chronic kidney disease  Acute renal failure KEY POINTS  Acute kidney injury (AKI) is common in neonatal intensive care units and seems to affect patient outcomes.  AKI is a heterogeneous disorder with many mechanisms and management strategies. Current AKI biomarkers are limited and often late indicators that injury has occurred. Development of new, more precise biomarkers is a major focus of current research.  Care of the neonate with AKI remains supportive. Maintenance of adequate renal perfusion, prevention of fluid overload, avoidance of nephrotoxic medications, and consideration for early initiation of renal supportive therapy are strategies which should improve outcomes.



INTRODUCTION



Neonates who are critically ill are at high risk for acute kidney injury (AKI) as the result of several potential exposures (eg, nephrotoxic medications, sepsis, hypotension, adverse perinatal events such as asphyxia). Recent data suggest an association between AKI and morbidity and mortality in these patients,1–6 such that AKI can no longer be viewed as an incidental finding; it is an independent risk factor for poor outcomes. Close attention to at-risk patients and early recognition of changes in kidney function are keys to ameliorating this process.
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AKI INCIDENCE AND AT-RISK POPULATIONS IN THE NEONATAL INTENSIVE CARE UNIT



The reported incidence of AKI in the neonatal intensive care unit (NICU) varies widely depending on the patient sample and AKI definition used (see Askenazi and colleagues7 and Jetton and Askenazi8 for epidemiology overviews). Groups of newborns recognized as being at increased risk for AKI include infants with perinatal hypoxia;9–12 premature and very low birth weight (VLBW) infants;1,4 infants with congenital heart disease, especially those requiring cardiopulmonary bypass;3,5,13–16 infants requiring extracorporeal membrane oxygenation;17–23 sick near-term/term infants;24 and infants with sepsis.25 In addition, neonates with congenital anomalies of the kidney and urinary tract are at high risk for AKI overlying their underlying chronic kidney disease (CKD). All of these infants should be identified as at risk and undergo close monitoring of kidney function with attention to modifiable risk factors during their NICU stay. AKI DEFINITIONS AND DIAGNOSIS



AKI is a sudden impairment in kidney function that results in the inability to maintain adequate fluid, electrolyte, and waste product homeostasis. It is a complex and clinically heterogeneous disorder with multiple causes, pathophysiologic pathways, and clinical manifestations. Moreover, there are graded levels of severity that portend different outcomes. To highlight the dynamic and evolving nature of this syndrome, the old description acute renal failure has now been supplanted by the new term AKI. This change in terminology emphasizes the importance of early recognition and intervention at the time of injury rather than waiting until complete organ failure has occurred.26 At the bedside, AKI traditionally has been defined as either an increase in serum creatinine (SCr) or decrease in urine output (oliguria; ie, 
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24 to 27 weeks, 1.1 mg/dL at 28 to 29 weeks, and 1 mg/dL at 30 to 32 weeks. Further validation of the ability of this and other proposed definitions to predict hard clinical short-term and long-term outcomes is critical for developing a reliable definition of neonatal AKI (Box 1). Other important limitations of SCr-based AKI definitions not unique to the neonatal population have been described in detail elsewhere.7 Most importantly, SCr is a surrogate for kidney function, not injury. SCr increases late, as much as 24 to 48 hours after the initial injury and not until at least 25% to 50% of renal function is lost. In addition, SCr does not differentiate the nature (eg, prerenal, nephrotoxic medication exposure, or ischemic acute tubular necrosis [ATN]) or timing of the kidney insult (eg, 2 hours, 6 hours, or 24 hours ago). SCr is also readily cleared by dialysis and can no longer be used as a marker for either renal injury or recovery once a patient is receiving renal replacement therapy. Until recently, the lack of standardized AKI definitions hampered progress in AKI research. Several standardized, categorical definitions of AKI have been proposed to allow consensus across research studies, stratification of levels of severity, and earlier recognition of AKI in clinical practice. The first such definition, the RIFLE (risk, injury, failure, loss, and end-stage renal disease) classification,38 was adapted for children as the pRIFLE (pediatric RIFLE) definition.39 These definitions evolved into the AKIN (Acute Kidney Injury Network) definition.26 In 2013, the Kidney Diseases: Improving Global Outcomes (KDIGO) clinical practice guidelines workgroup published a definition that combines aspects of both RIFLE and AKIN to provide a single tool for use in both research and clinical practice.40 All of these definitions are based on changes in SCr and/or urine output, with particular emphasis on the way even small changes in SCr (eg, >0.3 mg/dL increase) are significant41 and that different levels of severity may portend different outcomes. Although there has been great progress in the diagnosis and classification systems for AKI in the adult and older pediatric populations, the utility of the KDIGO or any of the other AKI definitions for the neonatal population remains uncertain because of factors unique to neonatal renal physiology, as described earlier. At this time, there is general acceptance that an SCr increase of 0.3 mg/dL or more (KDIGO AKI stage 1) is sufficient to trigger concern for AKI in neonatal patients in the appropriate clinical context.42 Thus, modifications to the KDIGO definition have been made in a proposed neonatal AKI definition as follows.8 Because SCr normally declines over the first week of life,43 each SCr is compared with the lowest previous value. In addition, because



Box 1 Proposed neonatal AKI classification Stage



SCr



Urine Output



0 1



No change in SCr or increase 


0.5 mL/kg/h 


2 3






a Baseline SCr is defined as the lowest previous SCr value. Modified from Jetton JG, Askenazi DJ. Update on acute kidney injury in the neonate. Curr Opin Pediatr 2012;24(2):191–6.



489



490



Jetton & Askenazi



SCr of 2.5 mg/dL represents glomerular filtration rate of less than 10 mL/min/1.73 m2, this SCr cutoff defines AKI stage 3. Although this definition has not been tested in large cohorts to determine its ability to predict hard clinical outcomes, members of the National Institutes of Health Neonatal Workshop in April 2013 (including both neonatologists and nephrologists) agreed that this was currently the best definition and encouraged its use until further studies are conducted. IDENTIFYING THE CAUSE OF AKI IN THE CRITICALLY ILL NEONATE



The traditional anatomic classification of AKI causes as prerenal, intrinsic AKI, and postrenal/obstruction is simple and widely used. Although useful for bedside evaluation, it is important to remember that this system is imprecise in terms of clarifying the underlying pathophysiology and appropriate therapeutic interventions.27 In addition, AKI in a critically ill neonate is often multifactorial (eg, hypotension, nephrotoxic medication exposure), and the risk of AKI increases as the number of prevalent risk factors increases.9,44,45 Renal Hypoperfusion (Prerenal Injury)



An increase in blood urea nitrogen (BUN) concentration with little or no change in SCr may represent an appropriate physiologic response to decreased renal blood flow. Renal hypoperfusion leads to increased sodium and water reabsorption (along with active BUN reabsorption) in the renal tubules, stimulated by both angiotensin II and aldosterone.46 Newborns, especially premature infants, have immature tubular function and are not able to conserve sodium and water to the same extent as older children and adults, so they may not manifest the expected degree of oliguria.36 Common causes of renal hypoperfusion in the NICU include increased insensible losses (radiant warmers, phototherapy, and fever), fluid losses from other sources (chest tubes, ventricular drains, nasogastric suction, abdominal drains), excessive diuretic use, congenital kidney disease with inability to concentrate urine appropriately (eg, dysplasia or polyuria following relief of urinary tract obstruction), congestive heart failure, high mean airway pressures from ventilator requirements in patients with severe lung disease, blood loss for any reason (including perinatal events such placental abruption, twin-twin transfusion), and medications such as angiotensin-converting enzyme inhibitors and nonsteroidal inflammatory drugs that cause reduction in renal blood flow via inhibition of prostaglandin-dependent renal perfusion.47 Correction of the underlying problem with restoration of adequate renal blood flow is critical for normalization of renal function and improvement in urine output, but this does not always mean correction with fluid rehydration because patients with congestive heart failure may require improved cardiac contractility, and some patients with hypotension may benefit from blood pressure support with dopamine. If renal hypoperfusion is severe or prolonged, kidney parenchymal damage may ensue, which delays the time to recovery. Parenchymal (Intrinsic) Kidney Injury



Neonates are at risk for parenchymal injury from a variety of exposures. Many of these have distinct mechanisms of injury and clinical courses. Infants, more than older children and adults, are prone to renal vein and artery thrombosis. Newborns are also more susceptible to cortical necrosis and irreversible kidney injury, which may in the most severe cases result in end-stage renal disease. The most common causes of parenchymal kidney injury are described in Table 1.
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Table 1 Parenchymal (intrinsic) kidney injury Ischemic injury/ATN



Any of the prerenal causes if prolonged Patient is at risk for further kidney injury throughout the injury and recovery phases, so avoid additional insults as much as possible Perinatal asphyxia/hypoxic-ischemic injury Endothelial and tubular cell damage may trigger a systemic inflammatory response that causes distant organ dysfunction14,48,49



Nephrotoxic medications Direct tubular injury



Aminoglycosides, amphotericin, intravenous contrast Aminoglycosides: primarily proximal tubular cell damage;50 use with caution in any patient with preexisting AKI, concomitant nephrotoxic medication use, or poor renal perfusion. Usually nonoliguric AKI Amphotericin B: causes renal tubular acidosis and increased urinary potassium excretion. Reported levels of toxicity vary widely51,52



Decreased renal perfusion



ACE inhibitors, NSAIDs (indomethacin), diuretics Indomethacin: commonly associated with increased SCr concentrations, decreased urine output, hyponatremia. Usually reversible47,53



Tubular obstruction



Acyclovir



Sepsis and other infections



Decreased renal blood flow and subsequent ATN from shock/hypotension Sepsis-associated AKI Microvascular dysfunction associated with normal or increased renal blood flow that manifests with decreased GFR and tubular dysfunction; histologically distinct from ATN54 Pyelonephritis Congenital infections



Vascular lesions



Renal vein and artery thrombosis Perinatal event; risk factors include perinatal asphyxia, dehydration, infection, prematurity, maternal diabetes, and underlying hypercoagulable state55



Abbreviations: ACE, angiotensin-converting enzyme; NSAIDs, nonsteroidal antiinflammatory drugs.



The issue of nephrotoxic medications deserves special mention here. Several recent studies have highlighted the risk of AKI associated with nephrotoxic medications in critically ill, non–critically ill, and oupatient pediatric patients.56–60 Rhone and colleagues61 retrospectively reviewed nephrotoxic medication exposure among 107 VLBW infants. Exposure was nearly universal, with 87% of infants receiving at least one nephrotoxic medication during their NICU stay and most receiving gentamicin (86% of infants). Infants with lower gestational age and birth weight received more nephrotoxic medications. Infants exposed to nephrotoxic medications had higher rates of AKI. This degree of potentially harmful medication exposure is of particular concern in preterm infants, because the harmful effects of nephrotoxic medications may disrupt the ongoing nephrogenesis that occurs after birth. Injury during this time may lead to reduced nephron mass and long-term CKD.62
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Urinary Tract Obstruction (Postrenal)



Urinary tract obstruction requires prompt recognition and restoration of urinary flow in order to reverse AKI. Interventions may include a urinary catheter or a percutaneous nephrostomy tube, depending on the nature of the obstruction. Obstruction that occurs early in fetal development (eg, posterior urethral valves) may not completely reverse because of prenatal renal injury. Possible causes of obstruction include congenital malformations (posterior urethral valves, neurogenic bladder, urethral stricture); occluded or malpositioned urinary catheter; medication-related urinary retention (eg, morphine); and, very rarely, fungal balls or kidney stones. DIAGNOSTIC EVALUATION History and Risk Factors



The maternal, birth, and clinical histories should be reviewed for any of the events described earlier. Review the prenatal history for abnormalities of the urinary tract on prenatal ultrasonography, oligohydramnios, and maternal medication use (angiotensin-converting enzyme inhibitors, nonsteroidal antiinflammatory drugs, illicit drugs). Renal hypoperfusion may occur during resuscitation; it is important to review the need for chest compression or vasoactive medications. Nephrotoxic medication exposure, including blood levels of aminoglycosides, should be ascertained. Physical Examination



A primary focus of the physical examination is assessment of volume status so that the appropriate fluid management strategies may be used. Signs of dehydration include tachycardia, hypotension, sunken fontanel, sunken eyes, or dry mucous membrane. Signs of fluid overload may include tachypnea, worsening oxygenation status and escalation of ventilatory support, and clinical edema (chest wall; dependent areas such as the posterior scalp, scrotum, and labia). The cumulative fluid balance should be estimated and compared with the daily weight trend. Ensure that all inputs are recorded (flushes, intermittently dosed medications) and that all losses (including chest tubes and drains) are noted. Infants may have large insensible losses (eg, with phototherapy) that cannot be accounted for in daily totals. In addition, it is important to monitor the total quantity of urine output relative to total inputs as well as the urine output trend. There may be relative oliguria with urine output of 2 mL/kg/h if the patient is receiving large quantities of fluids for resuscitation, nutrition, medications, and blood products. Laboratory and Radiology Findings



Laboratory values to be monitored in the infant with AKI include serum sodium, potassium, chloride, bicarbonate, calcium, phosphorus, magnesium, BUN, creatinine, glucose, albumin, blood gases, hemoglobin and platelets, urinalysis, and urine culture. These values should be obtained as soon as an AKI event is recognized. Frequency of monitoring going forward depends on the degree of derangements at baseline as well as the severity of the AKI episode and quantity of urine output. Random urine sodium and urine creatinine for calculation of the fractional excretion of sodium (FENa) may help in the evaluation if there is uncertainty about whether a prerenal state exists. If renal perfusion is low and tubular function is intact, sodium will be avidly retained, making the FENa low. In the context of an increasing SCr, a FENa in a term newborn is less than 2% in prerenal states and greater than 3% with ATN or intrinsic kidney dysfunction. Normal FENa in preterm infants born at less than 32 weeks of gestation is usually higher than 3%,63 although varying degrees of tubular



Neonatal AKI



immaturity may make FENa difficult to interpret. FENa is not valid when an infant is receiving diuretics. Renal and bladder ultrasonography should be performed to evaluate for underlying congenital kidney abnormalities and urinary tract obstruction. Doppler ultrasonography of the renal vessels should be performed to evaluate for renal vascular lesions if suspected. A chest radiograph should be reviewed to help assess for pulmonary edema or congestive heart failure in patients with clear signs of fluid overload.



MEDICAL MANAGEMENT OF AKI IN THE NEONATE



There are currently no specific therapies for the treatment or prevention of AKI. Thus, management of AKI in neonates remains supportive. Keys to managing the infant with AKI include identifying and correcting any modifiable risk factors and minimizing additional kidney insults. Determination of the AKI cause is based on clinical interpretation of history, physical examination, and laboratory and radiology findings. Urinary tract obstruction should be corrected as quickly as possible, either via the urethra with a urinary catheter or via the renal pelvis with percutaneous nephrostomy tubes. Polyuria with electrolyte losses may occur following the relief of the obstruction. Close monitoring of serum electrolytes (especially sodium, potassium, and bicarbonate) is necessary, every 2 to 4 hours in some cases, with replacement of electrolytes as needed. If there is suspicion for renal hypoperfusion, the patient should be challenged with a 10-mL/kg bolus of an isotonic fluid. Large chest tube and gastrointestinal tract losses may need to be replaced using an appropriate fluid determined by the electrolyte composition of the losses. Infants with congestive heart failure or a prior urinary outlet obstruction may not tolerate multiple fluid boluses. Frequent reassessment of the patient following each intervention enables appropriate restoration of intravascular volume but avoids excessive fluid administration that may lead to volume overload. Fluid management in the critically ill neonate with AKI can be difficult, especially when the infant is oliguric. These infants may require large volumes of intravenous nutrition, blood products, and medications. An oliguric or anuric child may develop volume overload. Severe fluid restriction, such as limiting intake to insensible, urine output, and extrarenal losses, may severely limit nutritional intake or may not be adequate to avoid volume overload. At this point, renal replacement therapy should be considered. Electrolyte and Mineral Homeostasis



Electrolyte abnormalities vary depending on the cause of AKI. For example, severe oliguric/anuric AKI may lead to marked hyponatremia, hyperkalemia, and hyperphosphatemia, whereas nonoliguric AKI and proximal tubular dysfunction, as occurs with aminoglycoside toxicity, may result in hypokalemia and hypomagnesemia. Patients require careful assessment and reassessment of the electrolyte composition of enteral and parenteral fluids. Hyponatremia may occur during the course of AKI and is typically the result of total body volume overload rather than total body sodium depletion. Attention to fluid status is critical when determining the cause and proper treatment of hyponatremia. Hypervolemic hyponatremia (serum sodium concentrations usually between 120 and 130 mEq/L) often requires restriction of free water intake. Symptomatic (lethargy or seizures) or severe hyponatremia (serum Na 
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Severe hyperkalemia is a life-threatening medical emergency. Frequent review of the electrolyte composition of all fluids is critical for prevention. Potassium should be removed from all intravenous fluids if the infant becomes anuric or if the serum potassium is increasing rapidly. Enteral formulas with lower potassium contents include breast milk, Similac PM 60/40, and Nestle Good Start. Breast milk, if available, is also an excellent option as it’s content of potassium and phosphorous are similar to these “renal” formulas. Formulas may be pretreated with sodium polystyrene to decrease the potassium content before the formula is given to the patient.64 Pretreatment with sodium polystyrene also decreases the calcium content and increases the sodium content of the formula. Loop diuretics may be used to enhance urinary potassium excretion if the patient is not anuric. Treatment options to address hyperkalemia emergently include maneuvers to shift potassium from the extracellular to the intracellular compartments (eg, albuterol inhalation, sodium bicarbonate, and insulin plus glucose). If medical management fails, then renal replacement therapy may be required. Hyperphosphatemia is common in AKI caused by impaired renal excretion of phosphorus. Enteral feeding options that are low in phosphorus are the same as those that are low in potassium. Calcium carbonate may be used as an enteral phosphatebinding agent. Formula or breast milk may also be pretreated with phosphatebinding agents such as sevelamer hydrochloride.65 Ongoing collaboration with an NICU or renal dietician is an important part of care for these patients. Acid-Base Homeostasis



Non–anion gap metabolic acidosis is common in infants with AKI, because normal acid/base homeostasis depends on the kidneys’ ability to excrete acid and reabsorb filtered bicarbonate. Preterm infants also have immature renal tubules that do not reabsorb bicarbonate appropriately.36 Base supplementation with either bicarbonate or acetate is indicated in those with AKI and metabolic acidosis. In infants with severe respiratory failure, large doses of bicarbonate should be avoided because they can cause carbon dioxide retention. Therapeutics



At present, there are insufficient data to determine whether specific therapies improve outcomes in neonates with AKI. Several therapies, including dopamine, diuretics, theophyline, and fenoldopam, have been studied but none can have enough evidence to justify widespread use (Table 2). Other Medications



Consultation with pharmacists and nephrologists familiar with drug dosing in renal failure is recommended to avoid side effects of drug accumulation as well as additional nephrotoxicity. Medication lists should be reviewed frequently to ensure correct dosing based on the level of renal failure. Renal Supportive Therapy



Absolute indications for the initiation of renal supportive therapy are the same as for other patients (eg, severe hyperkalemia). However, waiting for late indicators of severe renal dysfunction to occur is likely not appropriate for the infant with AKI, and consideration for renal replacement therapy should occur earlier in the course of illness than for patients with end-stage renal disease who are initiating chronic dialysis.80 Data on fluid overload in pediatric and adult patients show that those with higher fluid overload at the time of dialysis initiation have worse survival, even when controlling for severity
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Table 2 Therapeutics Dopamine



Widely used for support of systemic blood pressure in preterm and term infants,66–68 although no survival benefit or decreased length of hospital stay has been shown in adult patients69–72



Diuretics



Used to augment urine output in oliguric patients; useful in small patients for whom placing dialysis access presents technical challenges. No evidence to suggest that diuretics prevent or reverse AKI once it has occurred.69,73 Long-term furosemide therapy has several potential side effects: ototoxicity, interstitial nephritis, osteopenia, nephrocalcinosis, hypotension, and persistence of patent ductus arteriosus74



Fenoldopam



Selective dopamine-1 receptor agonist; causes vasodilation of renal and splanchnic vasculature, increased renal blood flow, and increased GFR. Not clinically approved for the treatment of AKI. Use in augmenting urine output in neonates with AKI has been explored in several single-center analyses.75,76 Used in 2 prospective studies of infants undergoing cardiopulmonary bypass; some modest benefit seen with high-dose fenoldopam (1 mg/kg/min)77,78



Theophylline



Recent meta-analysis including 4 randomized trials on full-term asphyxiated infants suggests that prophylactic theophylline significantly reduces the incidence of severe renal dysfunction.79 However, there is little evidence on the long-term renal and neurodevelopmental outcomes or adverse effects at various measured levels, so prudence with clinical use of prophylactic theophylline is required. In addition, the trials were before the therapeutic hypothermia era



of illness.81–84 There are now some limited data in neonates85 that show the same association. These data suggest that prevention of fluid overload and early initiation of renal support therapy could improve outcomes in patients with AKI. In practical terms, marked edema creates technical challenges for dialysis access placement and makes fluid management and general support much more difficult. NOVEL BIOMARKERS



As discussed previously, SCr-based AKI definitions have multiple shortcomings, especially in the neonatal population. Most importantly, SCr estimates glomerular function, not damage, and takes days to increase after an injury has occurred. Studies in VLBW infants,86,87 infants who undergo cardiopulmonary bypass surgery,3,88–93 and other sick newborns admitted to the NICU94 suggest that a variety of biomarkers can detect infants who will later have an increase in SCr. However, before these biomarkers are available at the bedside, large studies are needed to determine whether they can predict important clinical outcomes such as mortality and CKD. In premature infants, it is important to recognize that normal levels of urine biomarkers differ by gestational age, probably because of different degrees of tubular immaturity. At present, bedside tests for serum and urine NGAL and kidney injury biomarker-1 are available in Europe and are undergoing testing and review by the US Food and Drug Administration. LONG-TERM OUTCOMES



Carmody and Charlton62 reviewed the relationship between prematurity and low birth weight and CKD in adulthood. Preterm delivery disrupts nephrogenesis, which is normally not complete until around 34 to 36 weeks’ gestation. A small number of autopsy
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studies suggest that nephrogenesis after premature birth continues for only a short time.95–97 The remaining nephrons hypertrophy to compensate for decreased nephron mass, but this response (hyperfiltration) eventually becomes deleterious and leads to glomerulosclerosis with sodium retention, systemic hypertension, proteinuria, and progressive CKD (Brenner hypothesis98). Thus, these infants are already primed for kidney injury and CKD based on their premature birth. The impact of superimposed AKI in the NICU on long-term kidney outcomes is unknown. It used to be assumed that patients who survived an episode of AKI would recover kidney function without long-term sequelae; however, recent data from animals,99 critically ill children,100,101 and adults102–114 with AKI suggest that survivors are at risk for development of CKD. A meta-analysis showed that adults with AKI have higher risk of developing incident CKD (pooled adjusted hazard ratio [HR], 8.8; 95% confidence interval [CI], 3.1–25.5), end-stage kidney disease (pooled adjusted HR, 3.1; 95% CI, 1.9–5.0), and mortality (pooled adjusted HR, 2.0; 95% CI, 1.3–3.1) compared with patients without AKI.115 Several case reports document that CKD occurs in infants who sustain AKI; however, these studies are small single-center retrospective reports.46,116 Human autopsy and animal studies suggest that AKI affects postnatal nephron development. In an autopsy study, Rodriguez and colleagues96 showed that premature infants with AKI have fewer nephrons than term neonates. Sutherland and colleagues117 showed that premature baboons exposed to ibuprofen had decreased nephrogenic zone width. Studies designed to determine which factors are associated with long-term CKD are needed to define the most appropriate surveillance protocols to identify patients at most risk. FUTURE DIRECTIONS



There has been an increase in neonatal AKI research that has led to greater recognition about the potential impact of AKI on patient outcomes. In order to reduce morbidity and mortality and improve outcomes for these patients, neonatologists and nephrologists must work together to develop better AKI definitions using newer, more precise biomarkers in conjunction with SCr and urine output criteria. Any new biomarkers require testing against hard clinical end points (eg, need for renal replacement therapy, mortality, hospital length of stay). Therapies designed to reduce the incidence and severity of AKI should be assessed using these biomarkers and hard clinical outcomes. In addition, there needs to be ongoing emphasis on the development of renal support technology designed specifically for the smallest patients. At present, a continuous renal replacement therapy (CRRT) machine designed specifically for neonates,118 and smaller filters for current CRRT machines, are being tested. Extensive progress is anticipated in neonatal AKI in the coming years that will ultimately improve outcomes. REFERENCES
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