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Abstract

Purpose of Review Acute kidney injury (AKI) is common among the infants admitted in the NICU, particularly the preterm
infants. Very little is known about this disease in this vulnerable population.

Recent Findings AWAKEN (Assessment of Worldwide Acute Kidney injury Epidemiology in Neonates) study conducted
by Neonatal Kidney Consortium (NKC) and other recent studies during the last decade have added to the knowledge of AKI
in preterm infants regarding its definition, epidemiology, risk factors, association, and outcomes.

Summary The lack of uniform definitions of AKI has been one of the biggest hurdles in knowing the true incidence of
the disease and its risk factors. This, in turn, is related to delayed recognition and prevention of AKI. Furthermore, with
the advances in technology, there has been an increase in renal replacement therapy (RRT) for the management of AKI in
preterm infants. In this review, we will detail the development of kidney function in the preterm infant, definition of AKI,
newly reported risk factors, association with dysfunction of other organs, recurrent AKI, and possible progression to chronic
kidney disease. We will also discuss the increasing role of omics in early identification and effects of management of AKI
in preterm infants.
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Introduction infant, definition of AKI, newly reported risk factors, asso-
ciation with dysfunction of other organs, recurrent AKI, and
possible progression to chronic kidney disease. We will also

discuss the increasing role of omics in early identification of

Acute kidney Injury (AKI) is common among the infants
admitted in the NICU, particularly the preterm infants. The

lack of uniform definitions of AKI has been one of the big-
gest hurdles in knowing the true incidence of the disease and
its risk factors. This, in turn, is related to delayed recogni-
tion and overall prevention of AKI. In the last decade, there
has been a tremendous increase in the knowledge of AKI in
infants, especially preterm infants. This has led to improved
disease definition and related prevention. Furthermore, with
the advances in technology, there has been an increase in
renal replacement therapy (RRT). In this review, we will
detail the development of kidney function in the preterm
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AKI and recent technological advancements related to RRT.
Many of these advancements are related to the AWAKEN
(Assessment of Worldwide Acute Kidney injury Epidemi-
ology in Neonates) study conducted by Neonatal Kidney
Consortium (NKC) [1ee].

Development of Kidney Function in Preterm
Infants

Nephrogenesis is complete in term infants at birth, but in
preterm infants, it continues in the extrauterine life until
36 weeks. This development may be influenced by the
extrauterine environment leading to a decreased number of
nephrons [2]. The number of nephrons in an infant varies
due to genetic, intrauterine, and extrauterine life influences
and is in the range of 0.5 to 3.5 million in both kidneys
[3]. Both glomerular and tubular functions start at about
10 weeks of intrauterine life and continue to mature until
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2 years of age. Glomerular filtration rate (GFR) increases
from 5 to 40 ml/kg/1.73 m? at birth in a term infant, to
an adult level of 120 ml/kg/1.73 m? at 2 years of life and
so does renal blood flow, from 3 to 5% at birth to 20% in
adults by 2 years of life [4]. This increase is related to the
delicate balance of vasoactive forces such as angiotensin
2, prostaglandins, nitric oxide, and catecholamines [5ee].
Urine output also increases in the fetal life from 6 ml/h
at 20 weeks to 60 ml/h at 40 weeks but it is hypotonic
at 700 mOsm and gradually increases to adult levels of
1400 mOsm by 1 year of life [6]. This is related to changes
in the tubular insensitivity to ADH, low number of aqua-
porin channels, and decreased osmolality in the medullary
interstitium. Other contributing changes include tubular
immaturity, which is more pronounced in preterm infants
and is associated with decreased serum sodium due to
increased sodium loss from the tubules, increased serum
potassium related to intracellular to extracellular shift and
increase peritubular leak from the tubules to the interstit-
ium, and low serum bicarbonate levels due to decreased
threshold of tubular reabsorption [See, 6].

Definition and Staging of AKl in Preterm
Infants

Different definitions of AKI have been used in the past.
Some are based on clinical criteria and others from adult
or pediatric patients. There is no specific consideration to
maturing kidney function and the effect of the extrauterine
environment that may prevent the kidneys from reaching its
full potential. Most use the clinical definition of AKI based
on serum creatinine levels (SCr) and urine output (UO). SCr
value of > 1.5 mg/dl was used to define AKI, but a sudden
increase in the concentration of SCr is often cited as AKI,
such as a daily increase of SCr on day 1 of > 0.5 mg/dl in
preterm infants [7]. Similarly, UO of < 1 ml/kg/h was defined
as oliguria. Clinical definitions have included one or both
SCr and UO.

The definition and staging of AKI in neonates, per the
Acute Kidney Injury in Neonates (AKIN) and Neonatal
Risk, Injury, Failure, Loss of function and End stage kidney

disease (nRIFLE) studies, have been modified from the adult
and pediatric population [8]. These definitions, however, are
arbitrary and have not been extensively studied to validation
[8]. More recently, a multicenter, multinational consortium
studied the incidence and the outcomes of neonatal acute
kidney injury (AWAKEN study) using the Kidney Disease:
Improving Global Outcome (KDIGO) definition, which has
also been modified and widely used as the accepted defini-
tion in adult and pediatric populations [9ee]. Table 1 shows
the KDIGO definition of AKI in neonates. This has been
used among preterm infants based on the National Institute
of Health — National Institute of Diabetes, Digestive and
Kidney Diseases (NIH-NIDDK) Neonatal AKI definition
working group. This definition, now widely used, has simi-
lar issues faced by other definitions that are related to the
postnatal changes in SCr and normal level cutoffs of SCr,
especially in preterm infants. Though the definition and its
staging have been related to mortality and length of stay, as
in pediatric and adult populations [9ee], it was optimized
by comparing the modified KDIGO definition to outcomes
based on SCr concentrations and rate of rise of SCr [10].
This enhanced definition showed slight improvements by
correlating the absolute and highest SCr increase with out-
comes. Nevertheless, this optimization added little clinical
value and made the definition more complex.

Epidemiology of AKI in Preterm Infants

Until recently, there have been few case series that have
reported the incidence of AKI in preterm neonates, and it
varied based on the definition, level of care of the neonatal
intensive care unit, and the population selection. It varied
from 8 to 24% [See]. In retrospective data, the incidence of
AKI may be spuriously low due to decreased recognition
of AKI by the clinician despite high SCr levels. AWAKEN
reported the incidence of AKI in <29-week preterm infants
to be 48% and 18% in infants 29 to 35 6/7 weeks gesta-
tional age [9ee]. This might be the true representation of
the incidence of AKI among preterm infants as the inclusion
criteria for the study were all the preterm infants admitted
in the NICU over a 3-month period. It excluded all with

Table 1 Modified kidney

. . . Neonatal KDIGO stage
disease improving global

Serum creatinine in mg/dl

Urine output

- ml/kg/h in

outcomes (KDIGO) definition 24 h
and staging for AKI in neonates

0 No change in Scr or rise < 0.3 >1

1 Scr rise X >1.5-1.9 of baseline* within 7 d or > 0.3 increase >0.5t0<1

within 48 h
SCr rise X >2-2.9 of baseline within 7 d >0.3t0<0.5
3 SCrx >3 of baseline or>2.5 increase or dialysis <0.3

“baseline is the lowest recorded SCr
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chromosomal aberrations, congenital anomalies of the kid-
ney and those with congenital heart disease that required
surgery as these populations are known to be related to a
high incidence of AKI.

Another clinical issue that confounds the use of UO for
defining AKI in preterm infants is the occurrence of non-
oliguric renal failure. Non-oliguric renal failure is defined
as per rising SCr concentrations but without decreasing
UO as it is> 1 ml/kg/h. The absence of oliguria is related
to increased total body water content and decreased tubu-
lar functions, leading to less tubular reabsorption and/or a
higher glomerular filtration rate. For non-oliguric renal fail-
ure, SCr is used to guide for the diagnosis and management
of AKI [11].

Risk Factors for AKI in Preterm Infants

Due to the reduced number of nephrons, a less mature renal
tubular function, and prolonged stay in the hospital, pre-
term infants face increased risks for acute kidney injury
with evolving risk factors over time. Risk factors of AKI
in preterm infants can be further stratified by time. Early
AKI occurs within the first 7 days after birth and late neo-
natal AKI typically occurs after 7 days of life [12e, 13e, 14].
The risk factors classified as those linked to early AKI are
typically associated with maternal and perinatal conditions
while those in late AKI are associated with events linked to
the preterm neonates’ stay in the NICU, specifically events
such as sepsis and/or use of nephrotoxic medications. In
neonates, the risk of AKI is bimodal, higher in those preterm
less than 28 weeks and those near term and at term as com-
pared to gestational ages between 28 and 34 weeks [6, Oee].
In preterm neonates between 28 and 34 weeks, the risk of
AKI is low as they have reached a near full complement of
nephrons and modern neonatal care prevents major compli-
cations associated with this level of prematurity as compared
to those born extremely premature before 28 weeks of GA.

Early Risk and Protective Factors in Preterm
Infants [12e]

From the largest study on risk factors in preterm infants, sev-
eral maternal factors such as oligohydroamnios, meconium-
stained amniotic fluid, and vaginal mode of delivery were
found to have increased risk of early AKI with odds ratios
ranging from 1 to 2, though they were not statistically sig-
nificant after correction for different epidemioloical factors.
Moreover, maternal diabetes could influence AKI with asso-
ciated hypercoagulable state and need for umbilical cath-
eterization. Of the neonatal factors, there is increased risk of
early AKI being outborn, large for gestational age, receiving

epinephrine and normal saline bolus during resuscitation,
having encephalopathy, hyperbilirubinemia, and inborn
errors of metabolism. AKI is associated with congenital
heart disease (CHD), necrotizing enterocolitis (NEC), kid-
ney abnormalities, and any surgery by an increased odds
ratio of 2- to threefold. It is more often diagnosed when
admitted to a children’s hospital and when more frequent
serum creatinine levels are measured. Maternal hypertensive
disease [15] and antenatal steroids have a protective effect
against early onset AKI. In this epidemiological study, fac-
tors that were associated with decrease AKI risk were use of
methylxanthines, antimicrobials, diuretics, and vasopressors
[12e]. These associations maybe the reflection of improve-
ment of the patient’s general health because of these medica-
tions and hence by improving oxygenation and perfusion to
the kidneys rather than the direct effect of the medications
themselves.

Late AKI Risk and Protective Factors
in Preterm Infants [13e]

Late AKI risk factors were similar to those of early and
also included different diagnoses and medication use. The
diagnosis associated with increased incidence of late onset
AKI on admission were CHD, NEC, and need for surgery
while those at discharge were patent ductus arteriosus
(PDA), NEC, and sepsis with odds ratios ranging from 1.7
to 4 [13e]. Detailed association of renal injury in the pres-
ence NEC [16] and PDA [14] has been described from this
cohort. The association is related to the direct effect on the
kidneys related to the effect of cytokines, poor oxygenation,
and perfusion secondary to the primary disease process. The
medicines associated with late onset AKI were diuretics,
vasopressors, and NSAIDS, which increase the odds of hav-
ing AKI by 2- to threefold.

More recently, it was reported that those preterm infants
who had early AKI were at higher risk of developing repeat
AKI, particularly if the initial AKI was stage 2 or 3 and was
within the first few weeks of life [17ee].

Associations of AKI with Other Organ
Dysfunction

There are significant associations between AKI and chronic
lung disease (CLD), intraventricular hemorrhage (IVH), and
hypertension (Fig. 1). These associations are stronger with
increasing severity of AKI. A possible common mechanism
shared among these diseases is increased hypoxia, infec-
tion, inflammation, and decreased perfusion which all play a
role in the increased morbidity associated with these organs.
This dysfunction maybe further affected by decreased kidney
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Fig.1 Continuum of kidney disease from normal kidneys to death.
Increased risk factors can lead to AKI which can further deteriorate
to failure and death. If managed, there can be a complete recovery.
On the contrary, if poorly or not managed at all, chronic renal fail-
ure may develop, requiring renal replacement therapy or can lead to
death. (Modified from the NKC’s AWAKEN study.) All the stages, at

function and its associated fluid and electrolyte imbalance
which can further worsen CLD, IVH, and hypertension of
both systemic and pulmonary circulations. Dependence of
kidney function on adequate perfusion and oxygenation
make it likely to be directly affected by worsening CLD,
IVH, and hypertension.

Recurrent AKI

Recurrent AKI has been previously described as occurring
in about one fifth of all AKI cases but no studies have elabo-
rated on the definition of AKI until recently [17ee]. The new
definition differentiates it from a continuation of initial AKI
with recurrent episodes. Since poor outcomes are associ-
ated with recurrent AKI, its early recognition may prevent
it from becoming worse and prevent increased morbidity
and mortality. The incidence among preterm infants with
GA <28 weeks was 24% (40% of the 60% of infants who
developed AKI). This was more among those who had early
AKI and had a more severe KDIGO staging of AKI. It was
also associated with higher mortality and increased length
of stay as compared to those with single episode of AKI.

Clinical Presentation in AKI Preterm Infants

The presentation of AKI in preterm infants is similar to term
infants but more often, there is no oliguria which makes
early recognition difficult and requires a high index of sus-
picion and frequent serum creatinine measurements [11, 18].
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risk, AKI and ARF are associated with different complications such
as fluid and electrolyte imbalance, IVH, BPD, and PDA complica-
tions, anemia, and recurrent episodes of AKI which can complicate
the management of AKI and may be related to increased mortality
and morbidities

Associated newer early diagnostic markers (see below) and
imaging, such as the measurement of renal size and quantifi-
cation of nephrons, need to be studied in greater detail before
a definitive diagnostic criterion can be used to identify early
AKI. It is important as there are increasing complications
and an increased mortality associated with higher stages of
AKI than with lower ones. A recent study showed use of
near infrared spectroscopy (NIRS) to assess renal perfusion
maybe helpful in early recognition of AKI among preterm
infants with renal hypoperfusion [19]. This has been dem-
onstrated in term infants during cardiac postoperative care
and in infants being treated with neonatal hypothermia [19].

OMICS in Study of Neonatal AKI

Omics are collective technologies (proteomics, metabo-
lomics, transcriptomics, genomics, and epigenomics) used
to study the roles of different molecules that determine
phenotype. The interactions of these molecules to form net-
work models are known as systems biology [20, 21]. These
approaches may provide an important method for early
detection, response to management, and prognosis of AKI in
the preterm infant. One of the limitations in the definition of
AKI based on the changes in the Scr and UQ, is the time lag
between SCr increase and renal injury, difficulty in study-
ing the progress of the injury as Cr is also secreted from
the renal tubules, inability to differentiate the site of injury
in the tubule, and the effect of management on SCr makes
it difficult to be used for prognosis [11, 22]. To overcome
these issues, proteomics and metabolomics have been used
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to study novel markers that may be helpful in early diagno-
sis. Several markers such as kidney injury molecule-1 (KIM-
1) [23], neutrophil gelatinase-associated lipocalin (NGAL)
[24], and N-acetyl-p-D glucoseaminidase (NAG) [25] have
been studied in adult and pediatric populations but data in
neonates and specifically in preterm infants have not been
established. The advantage of using these molecules as a
single marker or as a group [26] is that they are produced in
the kidneys and have a baseline value which increases with
a specific site of injury and returns to normal when recovery
occurs. Injury by specific medications has been related to a
very specific urinary metabolic profile, which might help
in early recognition and adjustment of the dose to prevent
further renal injury [22].

Progression of AKI to CKD

Though firmly established in adult patients and with increas-
ing evidence among the pediatric population, some with AKI
develop chronic kidney disease (CKD), this has not been stud-
ied in neonates, particularly preterm neonates [27]. Physio-
logical and developmental aspects such as increasing nephron
numbers and maturity, disordered repair mechanism, and high
risk for AKI make preterm neonates even more susceptible to
developing CKD [28e]. Despite the biological plausibility of
developing CKD in neonates, especially in preterm neonates,
the clinical evidence is equivocal and is dependent on retro-
spective studies. The association of AKI and CKD requires
a planned long-term follow-up study with better predefined
starting points of AKI and end points for abnormalities in kid-
ney function. More recently, the quantification of nephrons
using cationic ferritin-enhanced MRI would help in identifying
those preterm infants with and without AKI who would have
a higher risk of developing CKD [29].

Prevention of AKI Among Preterm Infants

Preventing preterm births is the primary prevention of
AKI but on a secondary level, early recognition, and cor-
rection of factors, both maternal and neonatal that may
be associated with AKI is necessary. Tertiary prevention
can be achieved by early treatment of the associated co-
morbidities as these correlate well with the occurrence and
the severity of the AKI. Methylxanthines such as theophyl-
line have been observed to decrease AKI and have been
endorsed for use within the first 6 h of hypoxic ischemic
encephalopathic infants who are undergoing therapeutic
hypothermia [30]. More recently, the early use of caffeine
has been associated with a decrease incidence of AKI
in preterm infants [31]. These effects can be associated
with adenosine receptor antagonism, hence preventing

adenosine-induced renal vasoconstriction. Other meth-
ods that have been used in adults include remote ischemic
reconditioning [32] and use of steroids and erythropoietin
[33].

Treatment

Detailed maternal and birth history is needed to identify
risk factors in the preterm neonate. Physical examination for
neonatal risk factors and strict fluid balance would also help
provide clues to the presence and severity of AKI as classi-
fied by KDIGO. Though there are no specific markers, SCr
can be helpful in defining AKI. Newer markers, as discussed
above, and fractional excretion of sodium may also be help-
ful in the diagnosis, cause, and severity of the disease.

Treatment consists of maintaining careful fluid bal-
ance as positive fluid balance is associated with increased
morbidities and mortality [34]. Maintaining optimal renal
perfusion and eliminating or minimizing risk factors are
also treatment goals of AKI. One of the most common risk
factors of AKI is continued use of nephrotoxic medication.
A recent study revealed that using proactive nephrotoxic
injury negated by just-in-time action (NINJA) prevents
and/or improves ongoing AKI [35e].

Renal Replacement Therapy

Renal replacement therapy (RRT) remains the primary
therapy for the treatment of severe AKI and its compli-
cations [36]. Commonly used RRT is peritoneal dialy-
sis (PD), as it does not require a complex procedure to
place the catheters and can be performed in small patients
(~ 1000 g) depending on the size of the catheter used.
Continuous renal replacement therapy (CRRT) is techni-
cally more difficult to perform and is limited by the size
of the circuit. It is indicated when there are abdominal
pathologies associated with AKI or those where the neo-
nate is hemodynamically unstable, especially when there
is a fluid imbalance [37]. Recently, some of the machines
used for many years in Europe have been approved by the
Federal Drug Administration (FDA) for the use in neo-
nates but still are limited weight of 1500 g. Some of these
machines are Cardio-Renal Pediatric Dialysis Emergency
Machine (Medtronic, Minneapolis MN) [38], Aquadex
(CHF solutions, Eden Prairie, MN) [39e], and Newcastle
Infant Dialysis and Ultrafiltration System (Newcastle NHS
Foundation Trust, Newcastle, UK) [40].
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Conclusion

AKI in the preterm infant is a complex disease process that
affects and is affected by multiple organs, gestation, and
chronological age and is influenced by the intrauterine and
extrauterine environment. What is known about AKI in pre-
term infants is extrapolated from adults and children. Treat-
ment of AKI continues to focus on prevention first followed
by fluid balance management, eliminating the offending
agent, and lastly resorting to dialysis if the infant’s weight
permits. Despite the advancements in the last decade in the
knowledge of AKI among preterm infants, more research is
required to better define the disease which would allow for
early diagnosis, removal/ mitigation of risk factors, manage-
ment of established disease, and prevention of progression
to chronic kidney disease.
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