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Abstract

Neonatal acute kidney injury (AKI) is common. Critically ill neonates are at risk for AKI for many reasons including the severity
of their underlying illnesses, prematurity, and nephrotoxic medications. In this educational review, we highlight four clinical
scenarios in which both the illness itself and the medications indicated for their treatment are risk factors for AKI: sepsis, perinatal
asphyxia, patent ductus arteriosus, and necrotizing enterocolitis. We review the available evidence regarding medications com-
monly used in the neonatal period with known nephrotoxic potential, including gentamicin, acyclovir, indomethacin, vancomy-
cin, piperacillin—tazobactam, and amphotericin. We aim to illustrate the complexity of decision-making involved for both
neonatologists and pediatric nephrologists when managing infants with these conditions and advocate for ongoing multidisci-
plinary collaboration in the development of better AKI surveillance protocols and AKI mitigation strategies to improve care for
these vulnerable patients.

Keywords Nonsteroidal anti-inflammatory drugs - Antibiotics - Hypoxic ischemic encephalopathy - Patent ductus arteriosus -
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Introduction

Critically ill neonates represent a high-risk population with
morbidity and mortality resulting from a number of underly-
ing conditions such as prematurity, sepsis, perinatal asphyxia,
patent ductus arteriosus (PDA), and necrotizing enterocolitis
(NEC). Unfortunately, acute kidney injury (AKI) also occurs
commonly in these patients, increasing their morbidity and
mortality [1-5]. Many of the medications commonly used to
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treat these underlying conditions have nephrotoxic potential.
Two recent studies have shown that > 80% of premature in-
fants receive at least one nephrotoxic medication during their
hospital stay [6, 7]. Whether or not risk of AKI is related to the
underlying condition itself, nephrotoxic medications, or a
combination of both, is unclear; how to balance the risks and
benefits of nephrotoxic medications and non-nephrotoxic al-
ternatives continues to be a significant challenge for the teams
caring for these fragile patients. Given the widespread use of
nephrotoxic medications and the fact that we have no treat-
ment for AKI once it has occurred, understanding the mecha-
nism of injury from both the underlying condition and the
medications is critical for developing better AKI monitoring
and mitigation strategies.

Here we present four clinical vignettes highlighting situa-
tions where infants are at particularly high risk for AKI and in
which potentially nephrotoxic medications are indicated. We
will aim to describe the risk of AKI from both the underlying
condition and the associated nephrotoxic exposures, while
also exploring the risk and benefits of using non-nephrotoxic
alternatives. Finally, we will discuss AKI mitigation strategies
and opportunities for multidisciplinary collaboration.
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Neonatal early-onset sepsis: nephrotoxic
antimicrobials

Baby A is a 5-day-old term infant presenting to the emergency
department (ED) with fever at 102 °F. The infant was born via
spontaneous vaginal delivery and discharged on postnatal day
2. Initially, the infant ate well but in the past day has had
progressively poor oral intake with no wet diapers in the last
12 h. The patient’s mother’s prenatal labs were all within
normal limits. Notably, a group B Streptococcus (GBS) screen
was negative. There was a remote history of herpes simplex
virus (HSV); however, the infant’s mother was compliant with
prophylactic acyclovir, and there were no concerns for active
infection or genital lesions at that time of delivery. In the ED, a
sepsis evaluation is begun. Blood, urine, and cerebral spinal
fluid (CSF) are collected for culture and HSV polymerase
chain reaction testing. The infant is started on ampicillin, gen-
tamicin, and acyclovir before admission to the neonatal inten-
sive care unit (NICU).

The prevalence of bacteremia and meningitis among febrile
infants 28 days of age or less is high, with observational stud-
ies showing a rate of meningitis of 0.3-3%, bacteremia or
sepsis of 1-5%, and urinary tract infection (UTI) of 16-28%
[8]. With such a high risk of infection, the standard of care
includes aggressive treatment with empiric antibiotics, antivi-
ral therapy when indicated, and admission to the hospital [9].
The recommended antimicrobial regimen for febrile neonates
is ampicillin and gentamicin to provide coverage against the
organisms most commonly responsible for early-onset neona-
tal sepsis (GBS, Escherichia coli, Listeria monocytogenes)
with the addition of coverage for HSV when appropriate.

Ampicillin and gentamicin are the two most commonly pre-
scribed medications in the NICU [10].

Gentamicin, an aminoglycoside, works synergistically with
ampicillin, binding the 30S ribosomal subunit and augment-
ing ampicillin binding of penicillin-binding proteins to inhibit
bacterial cell wall synthesis (Table 1). Gentamicin is a well-
recognized nephrotoxin. Because aminoglycosides (including
gentamicin) are excreted nearly exclusively in the urine, high
concentrations can occur in the renal cortex leading to proxi-
mal tubular damage [11]. This tubular damage is attributed to
the binding affinity of aminoglycosides for the proximal tubu-
lar brush border membrane via the megalin complex. Through
this binding, there is an accumulation of lipid within the prox-
imal tubular cell lysosomes leading to renal damage.
Gentamicin-associated AKI thus manifests as a tubulopathy
with electrolyte wasting but often little change in urine output,
making it a challenge to diagnose in neonates, especially if
electrolytes and creatinine are not being regularly monitored.

Alternative, less nephrotoxic antibiotic regimens for empir-
ic coverage of newborns, particularly those with kidney dis-
ease or at high risk for AKI, have been suggested.
Cephalosporins are less nephrotoxic and have been utilized
in some centers individually or in combination with other
antibiotics, particularly when meningitis is a consideration.
Cephalosporins often have improved CSF penetration com-
pared to gentamicin. However, cephalosporins do not provide
the most appropriate coverage. In a study comparing empiric
antibiotic regimens in infants 60 days of age and younger with
culture-positive infections, third generation cephalosporin use
was unnecessarily broad (i.e., antimicrobial coverage for or-
ganisms not typically implicated in neonatal sepsis) for ~ 84%

Table 1 Nephrotoxic medications, mechanisms of action, and mechanisms of renal injury

Medication Mechanism of action

Mechanism of renal injury

Acyclovir

Amphotericin B deoxycholate
(conventional)

Gentamicin

Indomethacin

Piperacillin—tazobactam

Vancomycin

Antiviral that works by inhibiting virus DNA
polymerase, which stops the spread of HSV in
the body. Acyclovir has activity against HSV,
varicella-zoster, and EBV

Disrupts fungal cell wall synthesis by binding to
ergosterol, leading to formation of pores that
leak cellular components

Interferes with bacterial protein synthesis by
binding to 30S ribosomal subunit resulting in a
defective bacterial cell membrane

Nonselective COX inhibitor decreasing synthesis
of prostaglandins which causes vasoconstriction
and subsequent closing of PDA

Inhibits bacterial cell wall synthesis, eventually
leading bacteria lysis

Bactericidal glycol-peptide that disrupts cell wall
synthesis of gram-positive bacteria

Tubular damage through crystallization and
obstruction especially with low urinary flow.
More likely to occur in existing impaired
renal function

Direct distal tubular toxicity and vasoconstriction

Accumulation of aminoglycoside confined
primarily to S1 and S2 segments of proximal
tubule. After renal ischemia, S3 can be a site for
intracellular aminoglycoside concentration

Causes afferent arteriole vasoconstriction and
reduced GFR

Piperacillin inhibits tubular secretion and clearance.
Piperacillin and vancomycin combined may
cause direct toxicity of proximal tubule cells

Unclear, piperacillin and vancomycin combined
may cause direct toxicity of proximal tubule cells
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of patients and less effective than ampicillin and gentamicin or
the combination of ampicillin and third generation cephalo-
sporin [12, 13]. Furthermore, in a study of nearly 130,000
infants, empiric use of ampicillin and cefotaxime was associ-
ated with increased mortality (aOR 1.5,95% CI 1.4-1.7) [14].
Across all gestational ages, infants who received empiric am-
picillin with cefotaxime were more likely to die and less likely
to be discharged than those who received empiric ampicillin
and gentamicin. As a result, ampicillin and gentamicin remain
standard of care for empiric antibiotic coverage for early sep-
sis evaluations in neonates in the USA and in many parts of
the world [15, 16]. Since these patients are already at high risk
for AKI due to their underlying sepsis, close kidney function
and gentamicin level monitoring are critical for mitigating
additional medication nephrotoxicity. Data regarding the
long-term risks of the use of gentamicin, particularly in pre-
mature infants, is needed to guide both short-term clinical
decision-making and long-term follow-up assessments.

The addition of acyclovir is indicated in this age group
if there is clinical concern for HSV (history, ill-appearance,
mucocutaneous vesicles, seizures or other focal neurologic
signs, thrombocytopenia, elevated liver transaminases or
liver failure, or CSF pleocytosis) [17]. Acyclovir is a spe-
cific inhibitor of herpesvirus DNA polymerase (Table 1).
Nephrotoxicity occurs as the result of crystallization of the
drug in the renal tubules causing obstruction and tubular
damage and is more likely to occur in patients with im-
paired renal function, concurrent nephrotoxic exposures,
or reduced intravascular volume [18]. To reduce or prevent
nephrotoxicity, clinicians should ensure adequate hydra-
tion and even consider aggressive hydration regimens with
close monitoring for signs of fluid overload (daily weights,
intake/output). Additional measures to prevent nephrotox-
icity include the following: adjust dosage for estimated
glomerular filtration rate (GFR), decrease acyclovir admin-
istration rate to 1-2 h, and closely monitor renal function.
Additionally, when possible, antimicrobial therapy should
be narrowed as soon as an organism is isolated to decrease
concurrent nephrotoxic medication exposure.

Perinatal asphyxia and hypoxic ischemic
encephalopathy: inherent risk for AKI compounded
by therapies

Baby A is a 24-h-old full-term female delivered via urgent
Cesarean section for decreased fetal movement and persis-
tent fetal bradycardia. At delivery, the baby was limp and
pale with a heart rate of 72 beats per minute and no spon-
taneous respirations or movement. Despite positive pres-
sure ventilation, she remained apneic at 4 min of life and
was intubated. Apgar scores were 1, 4, and 5 at 1, 5, and
10 min, respectively. Physical examination revealed gross-
ly abnormal neurologic findings. An umbilical cord arterial

blood gas read 6.89/70/80/9/— 16. Perinatal asphyxia and
hypoxic ischemic encephalopathy (HIE) was suspected
and therapeutic hypothermia initiated.

Neonatal HIE results from in utero or perinatal asphyxia, a
period of inadequate fetal and/or neonatal cerebral blood flow
and oxygen delivery. HIE occurs in 1-8/1000 live births in
developed countries but is substantially more common in un-
derdeveloped parts of the world [19]. Long-term, significant
neurodevelopmental impairment or even death can occur in
the setting of neonatal HIE [20]. Therapeutic hypothermia, the
standard of care in developed countries, has resulted in modest
neuroprotection leading to improvements in survival and
neurodevelopmental outcomes [21-23].

Neonates with HIE are predisposed to multi-organ dys-
function, including a predisposition to AKI, with an incidence
ranging from 30 to 70% [1, 24-30]. With the initial insult, the
kidneys may be deprived of adequate blood flow and/or oxy-
gen delivery. The renal parenchyma has limited capacity for
anaerobic metabolism, and injury can result from this initial
offense [24, 31]. The kidneys, like the brain and other organ
systems, are also at risk for reperfusion injury when a more
normal circulatory pattern is established [31]. AKI in the set-
ting of HIE is associated with adverse outcomes including
increased mortality rates, length of stay, and length of mechan-
ical ventilation, as well as poor neurologic outcomes [1, 25,
32-34]. In a retrospective review of 96 infants with HIE treat-
ed with therapeutic hypothermia, Selewski et al. noted AKI in
38% of affected infants [1]. While the rates of AKI in this
group were high, they were lower than previously reported
AKI rates in infants with HIE who did not undergo cooling,
suggesting therapeutic hypothermia may be protective not on-
ly to the brain but possibly the kidneys as well. In the largest
neonatal AKI cohort to date, 113 patients were noted to have
HIE, and 42% of those developed AKI [33].

The etiology of the hypoxic/ischemic insult is not always
apparent at delivery, but sepsis must always be considered in
the differential diagnosis as sepsis can co-exist with HIE.
Antibiotic administration is common, occurring in up to
100% of cases, with rates of gentamicin exposure greater than
90% in some series [1]. The decision to utilize antibiotics as a
consistent practice in newborns with HIE varies from center to
center with little supporting evidence for regular utilization.
As with other neonates receiving antibiotics during early-
onset sepsis evaluations, the standard antibiotic regimen in
newborns with HIE is ampicillin and gentamicin. This neph-
rotoxic gentamicin exposure can compound the risk for AKI
in infants with HIE. Careful consideration must be taken for
these infants, weighing the risks of untreated sepsis against the
risk for further renal injury in a high-risk newborn.

There are several important considerations for providers
when prescribing gentamicin to infants with HIE.
Gentamicin kinetics are altered in specific neonatal popula-
tions, including those with HIE [1, 35-38]. In a retrospective
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review of neonates with HIE treated with gentamicin, 56% of
those treated and 72% of those with AKI had elevated genta-
micin levels [1]. Extending the gentamicin dosing interval
from multiple doses per day to doses every 24 or even every
36 h in infants with HIE is a consideration [36, 39]. These
pharmacokinetic changes can be further complicated by ther-
apeutic hypothermia, as those treated with therapeutic hypo-
thermia have decreased gentamicin clearance [35, 37, 40].
Careful monitoring of gentamicin levels and kidney function
with standardized protocols and clinical pharmacist involve-
ment is paramount in such high-risk populations. Studies of
alternative, less nephrotoxic antibiotic strategies for infants
with HIE have not been conducted but are needed.

The use of newer technologies and biomarkers to evaluate
for evidence of AKI earlier in the course would help with the
risk—benefit assessment of nephrotoxin use in high-risk pop-
ulations, such as neonates with HIE. Our current kidney func-
tion biomarker, serum creatinine (SCr), may be difficult to
interpret in the first 48—72 h of life when decisions about
HIE management need to be made. Detecting AKI in patients
with HIE may be aided by the use of renal near-infrared spec-
troscopy or novel biomarkers. When renal oxygen saturation
measures increase, this may reflect lower oxygen extraction
by an injured kidney and help lead to the early diagnosis of
AKI. In a small study of 38 infants undergoing therapeutic
hypothermia for HIE, renal saturations were higher in neo-
nates with AKI compared to those without AKI after 24 h of
life [41]. Biomarkers such as neutrophil gelatinase-associated
lipocalin and kidney injury molecule-1 have shown promise
in detecting AKI and may have a role in HIE as well [42].

Patent ductus arteriosus: nonsteroidal
anti-inflammatories

Case A

Baby A is a 36-h-old ex-26 weeks of gestation male born with
a birthweight of 925 g following preterm induction of labor
for severe maternal pre-eclampsia. He remains on continuous
positive airway pressure following a single dose of surfactant
in the delivery room. Per institutional policy, he is receiving
caffeine therapy for apnea of prematurity and is scheduled to
receive indomethacin for PDA prophylaxis (three doses).
However, following the second indomethacin dose, the infant
produces < 0.5 ml/kg/h of urine for 6 h, and his SCr rises from
0.6 to 1.1 mg/dl. The third indomethacin dose is held.

Case B
Baby B is a 12-day-old ex-28 weeks of gestation male who,
despite attempts at extubation, continues to require mechani-

cal ventilation. Serial chest radiographs demonstrate worsen-
ing pulmonary edema, and a loud, machinery-style murmur is
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noted on cardiac auscultation. Echocardiography demon-
strates a large PDA with left to right shunting, a dilated left
atrium, and reversal of flow in the renal arteries. The medical
team decides to attempt medical PDA closure.

The ductus arteriosus represents a critical component to
fetal circulation in utero. It serves to connect the main pulmo-
nary artery to the descending aorta, which allows blood from
the right ventricle to bypass the fetal lungs. In utero, the pa-
tency of the ductus arteriosus is maintained through a variety
of mechanisms including high circulating levels of prostaglan-
din E, (PGE,) [43]. PGE, promotes smooth muscle relaxa-
tion, which in turn promotes ductal patency in the newborn.
Under normal physiologic conditions, the PDA closes soon
after birth as a result of rapidly increasing arterial oxygen
tension and decreasing PGE, concentrations [43]. Medical
management strategies for the PDA are predicated on strate-
gies that lower levels of PGE, (nonsteroidal anti-
inflammatory drugs, NSAIDs).

The optimal management of the PDA remains a source of
practice variation and a contentious issue in neonatology [44].
The PDA has been associated with adverse outcomes includ-
ing bronchopulmonary dysplasia, pulmonary hemorrhage,
NEC, intraventricular hemorrhage (IVH), poor
neurodevelopmental outcomes, and AKI [43]. Despite this,
studies evaluating the impact of PDA closure fail to demon-
strate long-term improvements in many of these associated
outcomes [45]. Nevertheless, medical and surgical PDA clo-
sure are common in many neonatal populations [46].
Currently, strategies to medically manage PDAs in premature
infants include either PDA prevention (i.e., prophylaxis) or
medical treatment of persistent PDA with NSAIDs. Surgical
interventions include either PDA ligation or device closure.

Unfortunately, though moderately effective in achieving
PDA closure, NSAIDs are known to cause nephrotoxicity
(Table 1) [47]. NSAID administration causes inhibition of
the enzyme cyclooxygenase (COX; also known as prostaglan-
din (PG) H synthase), suppressing production of homeostatic
PGs (including PGI,, PGE,, and PGD,) which under normal
circumstances lower vascular resistance and dilate renal vas-
cular beds. With suppressed PG levels, renal vascular tone is
altered leading to a redistribution of blood flow away from the
nephrons and, in some circumstances, medullary ischemia
and/or AKI. This process can be exacerbated by activation
of renin—angiotensin—aldosterone axis and subsequent in-
creased vasoconstriction through elevated angiotensin II
levels and sympathetic stimulation, particularly in at-risk pa-
tients with baseline decreased renal function. In clinical situ-
ations where decreased renal blood flow already exists, such
as in newborns, NSAID-related COX inhibition leads to a
blunting of the PG-mediated associated renal vasodilation.
In case A, the newborn premature infant has experienced typ-
ical postnatal renal adaptation, which includes the slow in-
crease in renal blood flow and subsequent increase in GFR.
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This state of relative low blood flow to the kidneys increases
the risk of AKI secondary to administration of indomethacin.

PDA prophylaxis, or early treatment to close the PDA soon
after birth, provides the potential benefit of decreased symp-
tomatic PDA, need for surgical ligation, and decreased inci-
dence of comorbidities. Despite this, the long-term benefits
have not been established. Chief among these concerns
around the use of prophylaxis is that a protocolized PDA
prophylaxis strategy will result in a large number of neonates
being exposed to an unnecessary nephrotoxic medication; in
the largest randomized controlled trial of indomethacin PDA
prophylaxis, ~50% of neonates (n =300/601) in the placebo
arm never developed a PDA [48]. In a study of infants <
30 weeks of gestation who received indomethacin to close
the PDA, 24% had acute renal failure (defined in this study
by a rise in creatinine of >25%) [49]. Additionally, the pre-
mature infants who typically receive PDA prophylaxis (often,
very low birth weight (VLBW) infants) are some of the most
vulnerable to neonatal AKI. In a study of neonates with PDA
receiving gentamicin, NSAID therapy (indomethacin or ibu-
profen) was shown to increase the risk of AKI by ~6% [50].
These competing risks have to be weighed against the fact that
a hemodynamically significant PDA itself predisposes pa-
tients to AKI. In a study of infants <28 weeks of gestation,
the moderate-to-large PDA itself was strongly associated with
all stages of AKI [51]. Currently, indomethacin (typical pro-
phylactic dose 0.1 mg/kg every 24 h for three doses) is the
drug of choice for PDA prophylaxis [45].

The utility of medical PDA treatment with NSAIDs, like
that of prophylaxis, is a topic of much debate in the neonatal
literature. Medical management is an attractive option to avoid
surgical PDA closure which was, at one time, common; how-
ever, again some argue this approach may be unnecessary.
Proponents of early medical therapy to close the PDA argue
this strategy may prevent the PDA from becoming potentially
hemodynamically significant later in the course. Others argue
that targeted treatment of PDA or treatment of only the PDAs
that providers anticipate may become hemodynamically sig-
nificant in the future is best; scoring systems using clinical
signs and symptoms and/or echocardiographic features of
the PDA (i.e., PDA diameter, maximum flow velocity across
PDA) to predict future hemodynamic significance, the occur-
rence of chronic lung disease, or death can be found in the
literature [52, 53]. Yet conservative management strategies
with a “watch and wait” approach are also regularly applied.
In the recent PDA TOLERATE study, the authors found that
early, targeted treatment of the moderate-to-large PDA in very
preterm infants in the first 2 weeks of life did not reduce PDA
ligations or presence of PDA at discharge, but did delay
achievement of full feedings and increased the risk of late-
onset sepsis and death [54].

In considering case B, this infant has developed signs of a
hemodynamically significant PDA (hs-PDA). In cases such as

this, providers must decide between attempting medical man-
agement (indomethacin, ibuprofen, or more recently acet-
aminophen) or careful monitoring. Indomethacin is the oldest
and most studied PDA treatment. In a study of 421 premature
infants with hs-PDAs, Gersony et al. found that administering
indomethacin to infants with hs-PDAs results in a closure rate
that is two times higher than patients without indomethacin
treatment (p < 0.001) [S5]. More recently, ibuprofen and acet-
aminophen have demonstrated similar efficacy to indometha-
cin with reduced risk of gastrointestinal and renal complica-
tions; acetaminophen appears to be the least nephrotoxic [56,
57]. Despite these benefits, ibuprofen and acetaminophen are
not associated with the same reduction in severe IVH attrib-
utable to indomethacin [58, 59]. However, it must be ac-
knowledged that at the time studies examining indomethacin
and subsequent IVH were performed, interventions that are
now common place and known to be associated with de-
creased rates of [IVH, such as antenatal steroid exposure, were
not yet widely established and further study is greatly needed
[48]. An important consideration in treatment strategies is that
NSAIDs appear to be less effective in achieving PDA closure
as infants move beyond the newborn period [60].

Other therapeutics for PDA, including changes in fluid
management and diuresis, dopaminergic agents, and surgical
correction, have been utilized. Increased fluid volumes have
been shown to be associated with increased incidence of PDA
in premature infants [61]. Thus, restriction of fluid volumes or
diuretic medication administration has been hypothesized to
alter the incidence of PDA. Through activation of dopaminer-
gic receptors in the renal vasculature, dopamine has been hy-
pothesized to counteract the renal vasoconstriction associated
with NSAIDs. In Cochrane reviews, none of these strategies
in indomethacin-treated preterm infants have been shown to
prevent AKI [62—-64].

Surgical options, including device closure or PDA ligation,
can be considered, particularly in older infants who have
failed medical PDA management, but little is known about
the associated renal impacts, and significant concern for death
or neurodevelopmental impairment remains.

Regardless of the method used, few long-term benefits
have been attributed to closure of the PDA. The American
Academy of Pediatrics Committee on Fetus and Newborn
Clinical Report does not support early, routine treatment to
induce PDA closure in premature infants in the first 2 weeks
of life [65]. Instead, this report suggests that there may be a
role for more selective use of medical methods for induction
of ductal closure for defined high-risk infants in the first
2 weeks of life or older infants with persistent PDAs, but this
area requires further study. Questions remain about the best
strategies to address the PDA in the premature infant. Studies
to determine how AKI contributes to mortality rates among
preterm infants exposed to differing PDA treatment regimens
are needed.
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Necrotizing enterocolitis: nephrotoxic antimicrobials
used in combination

Baby A is a 20-day-old ex-24 weeks of gestational age infant
who is receiving vancomycin, gentamicin, and piperacillin/
tazobactam (PTZ, day 7 of a planned 14-day course) for
NEC with intestinal perforation; the infant has required per-
cutaneous abdominal drain placement. The infant acutely de-
compensates on day 7 of antibiotic treatment, requiring in-
creased respiratory support with worsening hyperglycemia
and new thrombocytopenia. Repeat blood and urine cultures
are obtained, and due to concern for possible development of
fungemia, the infant is started on amphotericin.

The above scenario illustrates an infant at significant risk to
develop AKI as the result of multiple concomitant risk factors
including extreme prematurity (incomplete nephrogenesis), sep-
sis, hypotension, and multiple nephrotoxic medications. AKI
occurs in greater than 50% of neonates studied with NEC and
is associated with significantly increased mortality [3].

In many clinical scenarios such as this one, infants receive
concurrent nephrotoxic medications such as gentamicin, vanco-
mycin, and PTZ for broad-spectrum antibiotic coverage for late-
onset sepsis, especially when there is concern for NEC. In the
neonatal population, the mortality rate attributable to NEC ranges
from 20 to 30% and accounts for 10% of deaths in NICUs [66].
Additionally, 20-30% of neonates with NEC have concomitant
bacteremia [67]. Empiric antimicrobial regimens must be broad
to provide coverage for common pathogens that cause late-onset
bacteremia as well as anaerobic coverage for intestinal perfora-
tion [68]. However, though broad-spectrum antimicrobial cover-
age is common in the setting of NEC, there is no consensus
regarding the appropriate regimen. The choice of antimicrobials
is typically guided by local pathogen identification and suscepti-
bility patterns. Additionally, although 70-80% of neonates with
NEC have negative blood cultures, the consensus guidelines
support broad-spectrum antibiotic receipt for a total of 10—
14 days [69].

The nephrotoxic burden in the above scenario is not only
limited to drug choice. The risk also lies in the combination of
drugs prescribed. The combination of vancomycin and PTZ is
indicated when coverage for both methicillin-resistant
Staphylococcus aureus and Pseudomonas aeruginosa is need-
ed. Nephrotoxicity from vancomycin alone has been docu-
mented in the literature (Table 1). In a study by McKamy
et al.,, 14% of 167 pediatric patients receiving vancomycin
developed nephrotoxicity, with higher risk noted when vanco-
mycin was given in conjunction with other nephrotoxins and
diuretics [70]. Moreover, the combination of vancomycin and
PTZ has been associated with higher rates of AKI in adult
patients [71]. The mechanism of nephrotoxicity-related to
PTZ combined with vancomycin is not understood.
Piperacillin inhibits tubular secretion and clearance
(Table 1). It is hypothesized that an interaction between
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piperacillin and vancomycin may contribute to toxicity in
the proximal tubule cells. In children aged 6 months to
18 years old, Downes et al. found that the incidence of AKI
was > 10% in the group of patients who received the combi-
nation of vancomycin and PTZ [72]. This is an area where
greater study is needed, particularly in neonates. In the mean-
time, a plan for daily monitoring of kidney function, careful
dosage adjustment for GFR in these patients when AKI oc-
curs, and measurement of vancomycin troughs should be
agreed upon by the neonatologist, nephrologist, and pharma-
cist, in order to mitigate renal injury.

The risk of fungal infections and their association with
significant morbidity and mortality further complicates this
scenario. The risk is particularly high for VLBW infants
who may be more vulnerable due to their immature immune
systems and poorly developed epithelial and mucosal barriers.
Invasive procedures such as abdominal drain placement, cen-
tral venous catheter placement, and intubation, all of which
compromise skin integrity and therefore host defenses, add
additional risk factors in this population [73]. Moreover, the
prolonged use of broad-spectrum antibiotics is an important
risk factor for invasive Candida infection.

Amphotericin B is used as empiric therapy for neonatal fun-
gal infections (Table 1) [18, 74, 75]. The nephrotoxicity from
amphotericin B is due to a combination of direct distal tubular
toxicity and vasoconstriction [18, 76]. Nephrotoxicity results in
hypokalemia, hyponatremia, acidosis, and hypomagnesemia
and may be associated with significant morbidity. Because of
this adverse side-effect profile, fluconazole is often considered a
reasonable alternative to amphotericin B as long as it was not
previously used for fungal prophylaxis [77]. Benefits of flucon-
azole include its less nephrotoxic profile as well as good oral
bioavailability. Similarly, liposomal formulations of
amphotericin may be preferred because of the less nephrotoxic
side-effect profile. However, some studies suggest that survival
rates are better when amphotericin B compared to liposomal
formulations is used [78]. When considering liposomal formu-
lations, consider current renal function and concern for system-
ic infections versus UTI. Liposomal formulations may be less
effective for UTI because of decreased penetration of the drug
in the kidneys [77]. Decreased kidney penetrance allows for the
decreased rate of nephrotoxicity of liposomal formulations of
amphotericin, though nephrotoxicity may still occur at varying
rates 0-20% [79-82]. The risk factors for nephrotoxicity are
similar to those in other drugs, including longer treatment du-
ration, concurrent nephrotoxic medication exposure, and sever-
ity of illness [83].

Potential nephroprotective agents: caffeine
and theophylline

Two medications, theophylline and caffeine, show promise in
their ability to prevent or ameliorate AKI in certain neonatal



Pediatr Nephrol (2020) 35:2077-2088

2083

populations (Table 2). Caffeine is frequently utilized prophy-
lactically in premature neonates to prevent apnea of prematu-
rity. Caffeine is an adenosine receptor antagonist that inhibits
the preglomerular vasoconstrictive effects of adenosine and is
theorized to be nephroprotective. Recent work has shown that
caffeine exposure in the first week of life is associated with
less AKI in VLBW infants. In a study of 140 VLBW infants,
AKI occurred less frequently in neonates exposed to caffeine
than those who did not receive caffeine (all patients 17.8 vs
43.6%, p = 0.002; patients requiring prolonged invasive respi-
ratory support 29.2 vs 75%, p=0.002) [84]. These findings
were replicated by Harer et al. in a secondary analysis of 675
neonates, <33 weeks of gestation in the Assessment of
Worldwide Acute Kidney Injury Epidemiology in Neonates
(AWAKEN) study [85]. In this study, neonates exposed to
caffeine within the first week of life were less likely to develop
AKI (11.2 vs 31.6%, p < 0.01; aOR 0.20, 95% C10.11-0.34).
Furthermore, among those neonates who developed early
AKI, those who received caffeine were less likely to develop
more severe stage 2 or 3 AKI (aOR 0.20, 95% CI1 0.12-0.34).

Four randomized controlled trials of neonates with perina-
tal asphyxia have shown benefit from a single dose of theoph-
ylline [26-29, 86]. Theophylline, like caffeine, is a nonselec-
tive adenosine receptor antagonist. Theophylline inhibits
adenosine-induced vasoconstriction preventing the develop-
ment of AKI and oliguria following perinatal asphyxia. In a
systematic review and meta-analysis (4 trials, n =197 pa-
tients), prophylactic theophylline receipt was associated with
less severe renal dysfunction compared to placebo (pooled
relative risk 0.38, 95% C10.25-0.57; p < 0.001) [87]. Of note,
the current studies are limited in that they did not include any
populations that received therapeutic hypothermia, which has
become the standard of care where available and, as men-
tioned above, may be renal-protective. The Kidney Disease:
Improving Global Outcomes (KDIGO) guidelines currently
recommend a single dose of theophylline in “neonates with
severe perinatal asphyxia who are at high risk of AKI” [88].
However, there remain concerns about the side-effect profile
of theophylline (convulsions, gastrointestinal complications,
arrhythmia), which limits broad adoption. Larger randomized
trials to assess the long-term neurodevelopmental and renal
outcomes as well as the effect of theophylline in conjunction
with therapeutic hypothermia are needed before widespread
adoption of this therapy to prevent AKI in this population,

particularly given that studies of aminophylline, a drug with
a similar mechanism of action, have failed to prevent postsur-
gical renal dysfunction in pediatric patients with cardiac dis-
ease [89]. To our knowledge, there are no studies of caffeine
use to prevent AKI in neonates with HIE.

Surveillance and prevention: strategies for improving
the care of neonates at risk for AKI

Despite major advances in our understanding of the epidemi-
ology and short-term outcomes associated with neonatal AKI,
we still have no medical intervention for established AKI nor
do we have information on the long-term impact of neonatal
AKI on kidney function. Such information is needed and
would aid clinical decision-making in challenging cases, such
as the ones described above. Until we have better interven-
tions or more data to guide risk—benefit analyses in manage-
ment, the cornerstone of our current AKI mitigation strategies
includes early recognition, surveillance, prevention of AKI
where feasible, and accurate identification of at-risk infants
for long-term follow-up. Nephrotoxic medication stewardship
and targeted AKI surveillance in the highest risk populations
thus represent two important opportunities to improve the care
and outcomes of neonates at risk for AKI.

The monitoring of SCr is key to the reliable diagnosis
and recognition of AKI. Despite this, there remains large
practice variation in SCr monitoring in critically ill neo-
nates across centers. The AWAKEN study found that a
quarter of centers checked a median of only two SCrs dur-
ing the entirety of a NICU admission [2]. The incidence of
AKI was also significantly higher in centers that measured
SCr often (median SCr > 5/infant) compared to centers that
measured SCr less often (median SCr < 5/infant; 347/840
(41.3%) vs 258/182 (21.8%), p <0.0001) suggesting AKI
is being missed in some centers because SCr is not being
measured. Regular monitoring of SCr in hospitalized in-
fants is paramount, particularly those known to be at in-
creased for AKI because of underlying disease and/or
nephrotoxic exposure. Accurate identification of AKI epi-
sodes in the medical record will also facilitate appropriate
long-term follow-up and our ability to determine what im-
pact neonatal AKI may have on chronic kidney disease in
older children and adults.

Table 2 Nephroprotective

Mechanism of renal protection

medications, mechanisms of Medication Mechanism of action
action, and mechanisms of renal
protection Caffeine Adenosine receptor antagonist and
phosphodiesterase inhibition
Theophylline ~ Nonselective adenosine

receptor antagonist and

Inhibits preglomerular vasoconstrictive effects of
adenosine; thought to be nephroprotective

Inhibits adenosine-induced vasoconstriction;
thought to be nephroprotective

phosphodiesterase inhibition
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The contribution of urine output to the diagnosis of AKI in
critically ill neonates warrants special discussion. Until recent-
ly, the contribution of urine output to the staged definitions of
AKI in children and neonates has not been systematically
studied. This has stemmed at least in part from the difficulty
involved in measuring urine output with precision in neonates
and the difficulty of obtaining this data from the electronic
medical record. The AWAKEN study was the first multicenter
study to study systematically the independent contribution of
AKI defined by urine output [2]. This study clearly showed
that urine output-based AKI definitions identify clinically rel-
evant kidney injury that is associated with poor outcomes.
While this study represents a critical first step, important ques-
tions remain about how best to use this biomarker, including
the optimal urine output thresholds, duration of oliguria, and
optimal urine surveillance protocols.

A recent survey of neonatologists and nephrologists
highlighted differences between specialties regarding
awareness of systematic AKI definitions and recognition
of AKI when it occurs [90]. Neonatologists were less like-
ly to use a categorical definition of neonatal AKI
(p<0.00001) than pediatric nephrologists and less likely
to recognize and diagnose stage 1 AKI (p <00001). This
survey also identified differences across centers in the im-
plementation of guidelines for SCr monitoring for neo-
nates exposed to two of the most well-recognized
nephrotoxins, gentamicin and indomethacin. Guidelines
for SCr monitoring in patients receiving these medications
were reported by only 34% (aminoglycosides) and 62%
(indomethacin) of respondents [90]. These practice varia-
tions highlight an opportunity to improve our care of these
infants: interdisciplinary teams of neonatologists, nephrol-
ogists, pharmacists, and nursing staff could develop kid-
ney function monitoring protocols for patients receiving
specific nephrotoxic medications, especially for those in-
fants with clinical conditions that put them at highest risk
for AKI (such as those described in the vignettes). These
protocols could include identification of at-risk infants
through documentation in the daily progress note, daily
SCr monitoring, assessment of urine output, and daily
monitoring of drug levels when possible. Such protocols
would allow for better surveillance of the most at-risk
populations without increasing the lab burden on the gen-
eral NICU population, with the ultimate goal being miti-
gation of nephrotoxic medication-induced AKI. These in-
fants could also be identified as those who would benefit
from long-term follow-up.

Once protocols are developed, they should be regularly
assessed for efficacy as well as consistency in implementation.
Several systematic, quality improvement strategies for AKI
surveillance have been developed for use in older children
and adults. In 2013, Goldstein et al. published a report on an
electronic medical record (EMR) surveillance system that

@ Springer

identified patients at risk for nephrotoxic medication-
induced AKI in the Nephrotoxic Injury Negated by Just-in-
time Action (NINJA) study [91]. This system works by send-
ing an EMR alert to the pharmacists to order daily SCr for any
noncritically ill, hospitalized child receiving IV aminoglyco-
side for >3 days or >3 nephrotoxins simultaneously. This
EMR-centric intervention to increase SCr surveillance re-
duced AKI intensity by 42%. This study showed that the rates
of AKI could be improved simply by identifying patients at
risk for nephrotoxic medication-induced AKI and led to the
development of a sustainable quality improvement project that
has decreased the rates of nephrotoxic medication-induced
AKI. This system has been used in pediatric patients but has
not yet been implemented in neonatal cohorts. More broadly,
new consensus recommendations for improving the care of
adult patients with or at risk for AKI through quality improve-
ment programs have been published by the 22nd Acute
Disease Quality conference group [92]. These guidelines de-
scribe AKI-related care processes with measurable quality in-
dicators that can be implemented then assessed for efficacy.
These indicators include the identification of at-risk popula-
tions at the time of hospital admission, early identification of
AKI, “nephrotoxin stewardship,” and appropriate long-term
follow-up. While these frameworks are written for adult pop-
ulations, the concepts could easily be applied to neonatal co-
horts. Neonates represent a high-risk population with serious
conditions for which withholding potentially beneficial
nephrotoxins may not be justified; thus, improving our sur-
veillance represents a more attainable short-term strategy.

Conclusion

This review highlights the complexity of neonatal care with
regard to nephrotoxic medication exposure: the high potential
for AKI in commonly occurring clinical scenarios, the com-
plication of need for nephrotoxic medication as part of the
therapeutic plan, and the fact that non-nephrotoxic alternatives
do not always offer more benefit than risk. However, in cases
where a less nephrotoxic alternative exists and is equally ef-
fective, such as the case of ibuprofen and indomethacin for
PDA closure, the less nephrotoxic medication should be
strongly considered. There is ample opportunity for the neo-
natology, the pediatric nephrology, and the pharmacist com-
munities to share current knowledge and develop research
pathways and clinical protocols to improve the identification
of risk factors for and, ultimately, prevention of AKI in criti-
cally ill neonates. Establishing AKI surveillance and mitiga-
tion protocols could help both the subspecialty teams as they
weigh the risks and benefits of necessary nephrotoxic medi-
cation use and work in collaboration to improve outcomes for
these patients.
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Key summary points

1. Critically ill neonates are at risk for neonatal acute kidney
injury due to underlying illnesses such as sepsis, hypoxic
ischemic encephalopathy, patent ductus arteriosus, and
necrotizing enterocolitis, and often nephrotoxic medica-
tions are indicated for the treatment of these illnesses.

2. Nephrotoxic medications are prevalent in the neonatal
intensive care unit and often necessary as non-nephrotox-
ic alternatives do not always offer more benefit than risk.

3. Multidisciplinary teams are necessary to monitor and care
for infants at high risk for neonatal acute kidney injury
and to develop protocols to improve the identification of
and ultimately reduce and prevent acute kidney injury.

Multiple-choice study questions

1. Manifestations of amphotericin nephrotoxicity include
the following:

a) Hyperkalemia, hyperphosphatemia, and acidosis
b) Hypokalemia, hypomagnesemia, and acidosis

¢) Hypernatremia, hyperkalemia, and alkalosis

d) Hyponatremia, hyperphosphatemia, and alkalosis

2. All of the following organisms are common causes of
carly-onset neonatal sepsis except:

a) Pseudomanas aeruginosa
b) Listeria monocytogenes
¢) Group B Streptococcus
d) Escherichia coli

3. Strategies to minimize the potential nephrotoxic effects of
acyclovir include (select all that apply):

a) Ensure adequate hydration

b) Monitor serum drug levels

¢) Discontinuation of the medication once the culture
and sensitivity results identify an organism that re-
quires treatment with a different agent

d) Regular monitoring of serum creatinine levels

4. In patients with hypoxic ischemic encephalopathy (HIE),
theophylline may be nephron-protective through what
mechanism?

a) Nonselective adenosine receptor antagonism
b) Nonselective adenosine receptor activation

c) Afferent arteriole vasoconstriction
d) Increased cardiac output

5. Treatment of patent ductus arteriosus (PDA) with indo-
methacin or ibuprofen may achieve closure of the PDA
through what mechanism?

a) Efferent arteriole vasoconstriction

b) Reduction in prostaglandin (PGE,) concentrations
¢) Increases in prostaglandin (PGE,) concentrations
d) Nonselective adenosine receptor antagonism
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