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Neonatal Kidney Dysfunction

David Askenazi, Stefano Picca, and Isabella Guzzo

�Kidney Function in Neonates

At birth, the kidney replaces the placenta as the 
major homeostatic organ, maintaining fluid and 
electrolyte balance and removing harmful waste 
products. In a healthy term neonate, dynamic 
changes to renal blood flow occur which lead to 
alterations in glomerular filtration rate (GFR) 
over the first few months of life. Tubular develop-
ment is intact such that conservation or elimina-
tion of electrolytes and water are efficient and 
adequate. Alternatively, the glomerular, tubular 
and vascular regulation of the kidney in prema-
ture infant are abnormal compared to the healthy 
term counterpart. Describing the “normal” renal 
physiology in preterm neonates is difficult (as 
one can argue they are all abnormal); understand-
ing how a term neonate maintains renal blood 
flow, glomerular filtration and tubular function is 
critical to extrapolation of how the premature 
infant’s underdeveloped/immature kidneys func-

tion. As we describe neonatal homeostasis, we 
will contrast the physiology of the “normal” 
healthy term infant to those of premature infants, 
understanding that the degree of immaturity and 
the neonatal course will affect the ability of pre-
mature infants “normal” homeostasis.

Healthy term infants are ready to maintain 
homeostasis of water, electrolytes, and acid/base. 
In addition, they function to metabolized drugs/
toxins, and eliminate waste products. As the cli-
nician has an integral role in prescribing fluids, 
electrolytes, drugs and nutrition, proper homeo-
stasis in sick term/near term newborns and pre-
mature infants depends on the clinicians’ ability 
to appropriately prescribe fluids, nutrition and 
electrolytes. Infants who lack ability to remove 
uremic toxins and maintain appropriate fluid bal-
ance rely on nephrology teams who can support 
the kidney with dialytic therapies designed to 
maintain homeostasis.

�Renal Blood Flow in Newborns

Starting with delivery and umbilical cord clamp-
ing, major hemodynamic changes occur in renal 
blood flow which drive changes in neonatal glo-
merular filtration rate. The proportion of cardiac 
output distributed to the kidney changes abruptly. 
Fetal kidneys receive approximately 2.5–5 % of 
cardiac output at birth [1], which increases to 6 % 
by 24 h of life [2, 3], steadily escalates to 10 % at 
1 week of life, and attains 15–18 % at 6 weeks of 
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life [4] as it approaches the fractional cardiac out-
put to the kidneys observed in adults (approxi-
mately 20–30 %). These dynamic changes in renal 
blood flow are driven by both increased systemic 
blood pressure and a substantial decrease in renal 
vascular resistance. The abrupt and significant 
drop in renal vascular resistance is due to a redis-
tribution of renal blood flow within the kidney, 
changes in the number of vascular channels and 
changes in glomerular arterial resistance [5]. 
Initially, renal blood flow primary extends to the 
outer cortex which over time distributes to medul-
lary sections over the first few months of life [6].

The auto-regulatory mechanisms which control 
renal blood flow are driven by both the myogenic 
reflex of vascular smooth muscles and the tubule-
glomerular feedback system. These reflexes aim to 
maintain constant renal blood flow by sensing vas-
cular endothelial stretch and distal tubular fluid 
flow respectively. Nitric oxide, angiotensin II, 
adenosine, bradykinins, and endothelin play a cen-
tral role in maintaining adequate blood flow.

The renin angiotensin system is active through-
out fetal development and contributes to normal 
fetal maturation. Congenital abnormalities (i.e., 
defects to angiotensin II receptors) and secondary 
abnormalities (i.e., maternal use of angiotensin 
converting enzyme inhibitor) can significantly 
affect kidney development. Prostaglandins (potent 
vasodilators) also serve to increase renal blood 
flow by active vasodilation of afferent arterioles. 
These agents are increased in times of stress and 
help counteract vaso-constrictive effects of angio-
tensin II and catecholamines. Prostaglandins and 
inhibitors of prostaglandins are commonly pre-
scribed in neonatal medicine to maintain patency, 
or electively close patent ductus arteriosus; respec-
tively. Such dynamic changes in renal blood flow, 
alterations in hemodynamics, and medications to 
promote vasoconstriction/ vasodilation will greatly 
affect glomerular filtration rate in neonates.

�Glomerulogenesis

Renal development commences during the fifth 
week of gestation with partially functional tempo-
rary organs (the pronephros and metanephros). The 

first nephrons are formed by about the eight week of 
gestation and increase over time, such that by 
14 weeks gestation, four glomerular generations are 
presents. By 36 weeks post gestation, about 12–13 
generations of glomeruli are present [7]. The juxta-
medullary nephrons develop initially, with superfi-
cial ones following. Nephrogenesis continues until 
36 weeks of gestation at which time the number of 
nephrons, 1.6–2.4 million, approximates that of an 
adult [8]. Autopsy studies suggest that the extra-
uterine environment is not amenable to neo-
glomerulogenesis leading to low nephron number 
in premature infants [9]. Thus, the premature infant 
may be programmed for low nephron endowment, 
and subsequent chronic kidney disease.

In individuals with a lower number of neph-
rons, single-nephron hyperfiltration can increase 
total GFR to a similar level as attained by those 
with normal numbers of glomeruli. However, the 
impact of low nephron endowment may become 
problematic over time as single nephron hyperfil-
tration may cause dynamic changes leading to 
glomerulosclerosis and ultimately progressive 
loss of kidney function, especially in the context 
of other risk factors for CKD such as acute kid-
ney injury, hypertension, diabetes, and other pri-
mary renal diseases.

�Glomerular Function Rate (GFR)

GFR is the most useful measurement of kidney 
function. GFR is measured indirectly through the 
concept of clearance (the equivalent volume of 
plasma from which a substance would have to be 
totally removed to account for its rate of excretion 
in urine per unit time). Clearance is calculated by 
dividing the excretion rate of a substance by its 
plasma concentration (Cx = Ux × V); where Ux and 
Px are urine and plasma concentrations of sub-
stance x and V is urine flow rate. Cx is expressed 
as milliliters per minute and is usually normalized 
to standard 1.73 m2 idealized adult body surface 
area [10]. GFR is the best clinical test to estimate 
functional renal mass which can assist the clini-
cian in prescribing fluids/electrolytes, determine 
disease progression, and appropriately prescribe 
medications excreted by the kidney.

D. Askenazi et al.



1279

The gold standard method for GFR measure-
ment is inulin clearance. Tables 48.1 and 48.2 
summarize studies conducted to estimate GFR 
(measured by inulin clearance) in healthy term 
and preterm infants, respectively. Dependent on 
degree of prematurity, GFR steadily improves 
from 10 to 20 ml/min/1.73 m2 during the first 
week of life to 30–40  ml/min/1.73  m2 by 
2 weeks after birth concomitant with alterations 
in renal blood flow. Thereafter GFR improves 
steadily over the first few months of life [11, 
12]. Serum creatinine (SCr) is the most com-
mon method to estimate GFR and monitor renal 
function but has significant shortcomings (see 
Chap. 3). There are several specific problems 

with using SCr in neonates: SCr in the first few 
days of life reflects mother’s and not the infant’s 
renal function. Moreover, GFR in term and pre-
term infants is generally very low and there is a 
very wide distribution of normal serum creati-
nine values which vary greatly dependent on 
level of prematurity and age [13] (Fig.  48.1). 
Finally, bilirubin levels in premature infants 
rise in the first several days and return to nor-
mal after a few weeks. If the colorimetric Jaffe 
method of SCr is used this may have tremen-
dous impact on the interpretation of SCr [14].

Attempts to estimate GFR using SCr in neo-
nates have suggested the following formula for 
children less than 1 of age [15]:

Table 48.1  Formal GFR measurements for term neo-
nates during the first 2 years of life

Term infants

Age ml/min/1.3 m2

1–3 days 21 ± 5

4–14 days 37 ± 7

1–3 months 85 + 35

4–6 months 87 ± 22

7–12 months 96 + 2

1–2 years 105 ± 17

Data from Schwartz and Furth [11]

Table 48.2  Formal GFR measurements for preterm neo-
nates during the first 4 months of life

Premature infants

Age ml/min/1.73 m2

1–3 days 14.0 ± 5.0

1–7 days 18.7 ± 5.5

4–8 days 44.3 ± 9.3

3–13 days 47.8 ± 10.7

1.5–4 months 68.4 ± 16.6

Data from Schwartz and Furth [11]
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Fig. 48.1  Serum creatinine values over time by gestations age categories (Used with permission of Springer Science + 
Business Media from Gallini et al. [13])
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k SCr height cm ;* / ( ) 	

where k = 0.33 for low birth weight and 0.45 for 
normal birth weight infants

However, caution should be used when apply-
ing this equation in clinical practice for several 
reasons. At best the formula represents a mean 
estimate and the true GFR may be off in either 
direction by 20 % or more. In addition, the k 
coefficients were derived using the Jaffe calori-
metric method to measure SCr. As most hospitals 
now only use the enzymatic equation, the coeffi-
cients may no longer be applicable.

Cystatin C has been extensively studied as a 
measure of GFR and a marker of acute kidney 
injury. Since Cystatin C is not influenced by the 
maternal serum level and is highest at birth, it 
may be better suited than SCr to monitor renal 
function in infants. Cystatin C concentrations 
significantly decrease during the first 3  days of 
life and are independent of gestational week, 
birth weight and maternal renal function status in 
very low birth weight infants [16]. Cystatin C 
does not differ between males and females and is 
not influenced by gestational age. Thus, cystatin 
C seems to have many properties of an ideal 
marker of renal function in this age group [17]. 
However, as only a few studies on this topic have 
been conducted so far and no studies link cystatin 
C levels with short and long-term outcomes in 
this population, further research is needed before 
adopting Cystatin C as a primary marker of renal 
function in neonates.

�Water, Electrolyte and Acid-Base 
Disorders in Neonates

�Metabolic Acidosis

Neonates typically show a certain degree of aci-
dosis depending on gestational and postnatal age 
[18]. In full-term neonates, after completion of 
nephrogenesis at the 34th week of gestation [19], 
the mechanisms devoted to maintain acid base 
(AB) equilibrium are still immature. This imma-
turity concerns both the capacity of H+ excretion 
and the HCO3

− reabsorption threshold [20, 21]. 

Moreover, the ability of excreting large amounts 
of acid through ammoniagenesis is impaired in 
the newborn baby, due to the decreased presence 
of enzymes necessary for ammoniagenesis, like 
glutaminase [22]. Finally, neonatal nutrition 
involves a two to three times higher protein load 
than older children with consequently higher acid 
production. In premature infants, this unfavor-
able condition is even worsened by the inability 
to efficiently acidify urine with further acid reten-
tion and consequently increased risk of metabolic 
acidosis. In fact, in preterm infants, plasma bicar-
bonate levels are lower than in full term neonates 
for the first 3 weeks of life due to the lower renal 
threshold for bicarbonate (see Chap. 36). This 
predisposes preterm neonates to condition known 
as late metabolic acidosis, which is further pro-
moted by milk formulas containing casein, by 
parenteral nutrition (especially in TPN contain-
ing arginine HCl), and by withdrawal of milk ali-
mentation (and consequently alkali intake), e.g., 
during episodes of diarrhea.

The acid-base disturbances seen in the NICU 
occur in an organism with immature homeostatic 
mechanisms. According to the classic metabolic 
acidosis classification based on the anion gap, we 
can take into account a number of clinical situa-
tions leading to metabolic acidosis. The anion 
gap attests the balance (or unbalance) between 
acid accumulation and loss of base equivalents. It 
is calculated by: Na+  – (Cl− + HCO3

−) in 
mEq/L. Metabolic acidosis with a normal anion 
gap (<16 mEq/L) is seen in neonates with intesti-
nal or renal HCO3

− losses, which can be due to 
either proximal or distal renal tubular acidosis 
(see Chap. 36). Also, the use of the carbonic 
anhydrase inhibitor acetazolamide in pregnancy 
has been associated with metabolic acidosis in 
preterm neonates [23, 24].

The most common conditions causing an 
anion gap >16  mEq/L in neonates are renal 
failure, inborn errors of metabolism (IEM) or lac-
tic acidosis [25]. In renal failure, the impairment 
of acid load elimination increases HCO3

− con-
sumption while in IEM (in particular in organic 
acidurias [26]. HCO3

− stores are depleted by the 
increased production of organic acids. Small 
bowel drainage following surgical procedures 
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may also induce large HCO3
− losses. In necrotiz-

ing enterocolitis (NEC) acidosis is associated 
with progressive systemic shock and lactic acido-
sis [27]. In VLBW infants, metabolic acidosis on 
the first day of illness is more common in infants 
with perforated NEC compared to infants with-
out perforation [23].

The treatment of metabolic acidosis in neo-
nates firstly relies on the diagnosis and treatment 
of the underlying cause. The treatment of renal 
tubular acidosis with NaHCO3 in critical children 
is controversial [28]. Only one randomized trial 
study examining potential benefits of NaHCO3 in 
asphyxiated newborn infants is available showing 
no influence on the outcome [29], while no 
advantage of this treatment has been found in 
adult patients. Potential hazards of NaHCO3 sup-
plementation in infants include risk of sodium 
overload and hypernatremia, hypokalemia and 
hypocalcemia. Moreover, the use of NaHCO3 in 
infants has been associated with a number of 
adverse events like intracranial hemorrhage, 
deterioration of cardiac function and myocardial 
injury [30, 31]. A recent survey in Canadian 
NICUs showed that NaHCO3 is most frequently 
administered in septic shock whereas its use is 
much less frequent in cardiac arrest [32]. In neo-
nates NaHCO3 should be given only after estab-
lishment of adequate ventilation and circulation 
and should be restricted to severe acidosis with 
life-threatening hyperkalemia. In neonatal resus-
citation, a dose of 1–2 mEq/kg of a 0.5 mEq/mL 
solution may be given by slow intravenous push 
(over at least 2  min) after adequate ventilation 
and perfusion have been established [33]. In 
infants with renal failure, titration of acid/base 
balance using sodium citrate is necessary to 
maintain appropriate metabolic control and 
growth.

�Metabolic Alkalosis

Metabolic alkalosis is almost invariably accom-
panied by hypokalemia and can be classified on 
the base of chloride urine concentration. In criti-
cal infants, low urinary Cl− concentration 
(expressed as Cl− <10 mEq/L or, more precisely, 

as Cl−/Creatinine ratio <10 in mol/mol) suggests 
that the kidneys are avidly holding on to chloride, 
thus, ruling out chloride loss from the kidneys as 
the etiology. Low urine chloride metabolic alka-
losis may be present as a consequence of loss of 
gastric secretions (vomiting, nasogastric suc-
tion), secretory diarrhea or after rapid correction 
of hypercapnia, and chronic diuretic which cause 
low total body chloride). In contrast, metabolic 
alkalosis with high urine chloride suggests inap-
propriate losses of chloride from the kidney from 
primary chloride losing tubulopathies (Bartter 
syndrome, Gitelman syndrome) and, more fre-
quently, the use of diuretics. If metabolic hypo-
chloruric alkalosis is present in context of 
systemic hypertension, defects in regulation of 
aldosterone and renin should be sought 
(Fig. 48.2).

A peculiar low-chloride associated clinical 
situation is that of infants after cardiopulmonary 
bypass surgery. In these patients, metabolic alka-
losis is associated with younger age, preoperative 
ductal dependency and hemodilution [34]. 
Volume and chloride depletion have been advo-
cated as possible causes [35]. Metabolic alkalosis 
is also reported in up to 18 % of infants referred 
to surgery for pyloric stenosis [36].

�Hyperkalemia

Hyperkalemia may represent a life-threatening 
condition in the NICU.  It is the most common 
electrolyte disorder associated to heart conduc-
tion problems [37]. Non-oliguric hyperkalemia 
of the newborn is defined as a plasma potassium 
level >6.5 mmol/L in the absence of acute renal 
failure [38]. In neonates, spurious hyperkalemia 
has to be initially excluded since mechanical 
trauma to red blood cells during venipuncture 
with consequent release of intracellular 
potassium is particularly frequent in neonates 
and prematures. The hemolytic Index is useful in 
detecting spurious hyperkalemia in infants [39]. 
Once spurious hyperkalemia is ruled out, a num-
ber of causes of true hyperkalemia have to be 
considered. Hyperkalemia may be induced by 
increased intake, intra-extracellular potassium 
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Fig. 48.2  Clinical decision tree diagram for metabolic alkalosis (Used with permission of Elsevier from DuBose 
TD. Disorder of Acid Base Balance. Brenner and Rector’s the Kidney, 595–639. Elsevier; 2012)

redistribution and decreased elimination. 
Increased intake in critical infants may be seen 
with acute potassium load and blood transfusion. 
Acute load is infrequent in non-oliguric infants 
and it is usually consequent to dosing errors or 
the administration rate of intravenous potassium 
containing solutions. Potassium concentration in 
transfused blood may be as high as 50 mmol/L, 
so that even small amounts may induce severe 
hyperkalemia in small infants. This renders the 
use of fresh blood in newborns mandatory [39]. 
The most common cause of intra-extracellular 
potassium redistribution hyperkalemia in critical 
infants is metabolic acidosis. In this condition, 
potassium moves from the intracellular compart-
ment in order to maintain electroneutrality, after 

H+ ions have accumulated in the intracellular 
space.

Hyperkalemia is frequent in preterm neonates. 
It presents as a sudden rise of serum potassium in 
the first 72 h of life of preterm neonates with a 
gestational age <28 weeks and may cause heart 
conduction impairment that may result in sudden 
death. This condition results from potassium loss 
from the intracellular space, together with the 
immature renal excretion of potassium and aldo-
sterone unresponsiveness. Management of hyper-
kalemia is mandatory when symptoms and/or 
EKG alterations are present. The latter include 
tall, peaked T waves with narrow base, prolonged 
PR interval, decreased or disappearing P wave, 
widening of QRS, amplified R wave, ventricular 
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fibrillation or asystole. There are three main 
approaches to the treatment of hyperkalemia: (1) 
antagonizing the membrane actions of hyperkale-
mia, (2) driving potassium into cells, and (3) 
removing potassium from the body. First, stabili-
zation of myocardial function may be obtained 
by Ca2+ infusion. Calcium inactivates sodium 
channels and increases membrane excitability in 
2–3 min. Its effect lasts for 30–60 min, so that an 
alternative therapy is required after that time. 
Calcium is given by slow intravenous injection 
over 5–10 min: 0.11 mmol/kg (0.5 ml/kg of cal-
cium gluconate 10 %). Potassium can be driven 
into intracellular space by insulin in exchange 
with sodium. I.v. insulin is used with glucose for 
emergency treatment of hyperkalemia at the dose 
of intravenous solution of insulin (0.1–0.6 units/
kg/h in neonates) with glucose infusion of 
0.5–1  g/kg/h (5–10  ml/kg/h of glucose 10 %). 
The effect starts in 15 min and can last for hours. 
Blood glucose levels must be carefully monitored 
to avoid both hypo-and hyperglycemia [40]. 
Intravenous sodium bicarbonate reverses potas-
sium ions from the extra- to the intracellular 
compartment to maintain electro-neutrality. A 
half correction of the base excess (0.3 × weight × 
BE) over 10–15 min can be administered and the 
rest given in the next 12–24  h. The main con-
straint of sodium bicarbonate use is sodium and 
volume overload especially when renal impair-
ment is present. β-2 adrenergic agonists increase 
sodium-potassium ATPase activity and potas-
sium is driven back into cells. Salbutamol can be 
nebulised or given by intravenous infusions [41]. 
Finally, removal of potassium is generally 
obtained by diuretics and cation exchange resins. 
Furosemide can be administered in 1 mg/kg dos-
age and repeated in case of need. Since the effi-
cacy of diuretics depends on GFR, higher dosage 
may be required in renal failure. Calcium or 
sodium polystyrene sulfonate (Kayexalate®, 
Concordia Pharmaceuticals, Oakville, Ontario, 
Canada) binds potassium by exchanging it with 
sodium in GI tract so that potassium is eliminated 
in the stool. In adult patients with life-threatening 
hyperkalemia, the role of exchange resins has 
been questioned [42]. In neonates, potassium 
elimination can be enhanced by ion resins, but 

hyperkalemic neonates may develop gastro-
intestinal obstruction and/or perforation follow-
ing oral or rectal administration of exchange 
resins [43]. Moreover, in a comparative study in 
hyperkalemic preterm neonates cation-exchange 
resin did not induce a better outcome of all-cause 
mortality than glucose and insulin [44]. Given the 
above considerations, combined insulin/glucose 
infusion should be preferred over treatment with 
rectal cation-resin for acute hyperkalemia in 
preterm infants [45]. Low potassium formulas 
are available for children who have poor potas-
sium elimination. In addition, premixing formula 
with sodium polystyrene sulfonate (Kayexalate®), 
allowing the resin to settle and providing the 
supernatant for nutrition, efficiently lowers the 
oral potassium load without risking bowel 
obstruction/perforation.

�Hypokalemia

True, not alkalosis induced hypokalemia 
(<3.5 mmol/L) in critical infants may develop as a 
consequence of potassium loss due to intestinal 
problems (vomiting, nasogastric suction, diar-
rhea), renal conditions (diuretic use, recovery 
from acute kidney injury) or insufficient potas-
sium intake, mainly coming from unbalanced par-
enteral nutrition. Congenital conditions if 
untreated can be lethal during the first weeks or 
months of life. These include congenital chloride 
diarrhea (a rare autosomal recessive disease char-
acterized by chronic secretory diarrhea), and 
some inherited conditions like Bartter syndrome, 
Gitelman syndrome, and related syndromes (see 
Chap. 33).

In neonates, potassium replacement must be 
managed with extreme caution, given the rapid 
change of kalemia induced by small amounts of 
potassium. Intravenous potassium treatment 
should only be given for immediately life-
threatening emergencies over several minutes 
while severe hypokalaemia may be treated with 
an infusion of 0.2–0.5 mmol/kg/h to a maximum 
of 1 mmol/kg. Non-emergencies are best treated 
using oral supplements if possible, otherwise as 
small dosages as low as 0.03–0.07 mmol/kg by 
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slow injection. During potassium administration, 
very frequent monitoring of plasma levels has to 
be established as well as continuous EKG moni-
toring while correction occurs [46].

�Hypernatremia

Changes in sodium concentration are common in 
critical neonates, due to the small patient volume 
and the body fluid changes occurring in the peri-
natal period. Hypernatremia (>145  mmol/L) 
must always be considered in relation to the 
water content and is traditionally classified as 
hypo-, normo- or hypervolemic. Hypovolemic 
hypernatremia is often seen when fluid restriction 
is required and water loss exceeds that of sodium. 
Other frequent causes of hypovolemic hyperna-
tremia are losses through the gut or the kidney 
(like watery diarrhea, water loss in post-
obstructive polyuria). Hypernatremia is more fre-
quent in VLBW infants in which water loss 
through lungs and the immature skin may reach 
150  ml/kg/day, thus exposing the preterm to 
hypernatremia due to free water deficit, espe-
cially in the first hours of life. Moreover, renal 
sodium handling is inversely related to creatinine 
clearance in the first 2  weeks of life. After 
4–5  days from birth sodium balance becomes 
negative with a sudden decrease of fractional 
excretion, thus enabling the neonatal kidney to 
spare sodium. This occurs also in preterm babies 
[47]. A particular case is that of critical infants 
with severe hypoperfusion and acidosis requiring 
large amounts of sodium bicarbonate. In this 
case, often a capillary leak syndrome is present 
with leak of albumin, sodium and water to the 
interstitium in a mixed hypovolemic-sodium 
retaining situation in which sodium is in a third 
space. Hypervolemic hypernatremia in the NICU 
is frequently induced by administration of large 
amounts of sodium with drugs and blood 
products.

Management of hypernatremia in critical 
infants is usually an urgent treatment. Respiratory 
distress, necrotizing enterocolitis, and patent 
ductus arteriosus are associated with hypernatre-
mia and volume expansion [48, 49]. Correction 

of hypernatremia basically consists in free water 
administration with correction velocity being the 
crucial issue. There is evidence that plasma both 
sodium changes and velocity of these changes are 
associated with neurological outcome [50]. The 
rule is to reduce natremia at a speed not >0.5–
1.0  mmol/L/h. If plasma sodium is very high 
(>160  mmol/L), it is advisable to administer a 
0.9 % saline solution in order to reduce natremia 
slowly.

�Hyponatremia

Hyponatremia (<130 mmol/L) is associated with 
cerebral edema and permanent neurologic 
sequelae especially in preterm neonates [51, 52]. 
In critical neonates, hyponatremia is most fre-
quently seen as a consequence of diuretic use, 
surgical procedures, diarrhea/vomiting and third 
space loss. A particular neonatal issue is hypona-
tremia during therapeutic hypothermia. In these 
patients, hyponatremia has been related to water 
loss as a consequence of cooling induced skin 
vasoconstriction [53]. Total body fluid overload 
will also cause hyponatremia.

Diuretics are commonly used to treat infants 
with oxygen-dependent chronic lung disease 
[54] and congenital heart defect [55]. In acute 
situations, high-dose diuretics may be required 
and this may cause hyponatremia which, in turn, 
hampers the response to the diuretic. 
Hypokalemia, alkalosis, and calcium wasting 
can be part of this picture. During surgery, stan-
dard neonatal intensive care guidelines recom-
mending hypotonic i.v. infusions containing 
20–40 mmol of sodium are often followed [56]. 
However, these guidelines may not meet meta-
bolic and volume needs in the perioperative 
period and hyponatremia may result in up to 
60 % of patients [51, 56, 57]. Careful monitoring 
of sodium levels and the use of balanced sodium 
solutions are mandatory in these patients [57]. 
During neonatal sepsis, capillary leak may take 
place and large amounts of sodium together with 
water and albumin are displaced into the intersti-
tium with severe edema poorly responding to 
diuretics [58].

D. Askenazi et al.



1285

Replacement of sodium loss in volume deple-
tion must take into account the variation of 
sodium plasma levels since, if a patient is seizing 
with a serum sodium <120 mol/L, 3 % saline can 
be given. In patients that are clinically stable, use 
of isotonic saline can improve sodium concentra-
tions. Like in hypernatremia, correction velocity 
must not be >1 mmol/kg/h. Careful attention to 
fluid shifts and serial electrolyte monitoring is 
essential.

�Hypocalcemia

Normal levels of serum calcium are normally 
achieved during the second week of life when 
PTH secretion from parathyroid glands can effi-
ciently respond to hypocalcemic stimuli [59]. 
Before then, normal neonates spontaneously lean 
towards hypocalcemia. Actually, a physiologic 
fall in serum calcium concentration, after cal-
cium supply from the placenta suddenly stops, 
occurs in the first 24 h of life. PTH is then stimu-
lated but its action becomes valid from 2 to 3 days 
of life onward [60] . The kidney plays a key role 
in calcium homeostasis and, although the timing 
of the action of PTH on renal calcium excretion 
in neonates is not certain, calciuria increases after 
the second week of life [61].

NICU infants may develop hypocalcemia 
(<8.8 mg/dl or ionized calcium <4.9 mg/dl) for a 
number of reasons. When PTH secretion from 
immature parathyroid glands is insufficient, a 
prolongation or a worsening of hypocalcemia 
occurs (early onset neonatal hypocalcemia) [59]. 
Under these circumstances, hypocalcemia is 
rarely symptomatic but EKG alterations (Q-T 
prolongation) may be present [59]. Preterm 
infants and children of diabetic mothers [62] are 
more exposed to the risk of hypocalcemia. 
Approximately 50 % of infants of mothers who 
have diabetes show hypocalcemia [50].

The etiology of neonatal hypocalcemia is mul-
tifactorial. It is probably due to loss of calcium 
and magnesium with urine, resulting in reduced 
placental transfer and decreased neonatal secre-
tion of PTH. Another risk factor for early onset 
hypocalcemia is maternal calcium ingestion dur-

ing pregnancy, inducing inhibition of the neo-
nate’s PTH response and consequent 
hypocalcemia [63]. Hypocalcemia starting after 
5–10  days of age is due to resistance of renal 
tubule cells to PTH leading to renal retention of 
phosphorus and hypocalcemia (late onset neona-
tal hypocalcemia) [59].

Overt hypoparathyroidism in neonates 
occurs in case of dysgenesis of the parathyroid 
glands. The most common cause is the 
DiGeorge syndrome, in which a maldevelop-
ment of the third and fourth branchial pouches 
occurs. The phenotype is characterized by 
hypocalcemia caused by parathyroid gland 
hypoplasia, defective T-lymphocyte function 
and impaired cell-mediated immunity caused 
by impaired thymic differentiation and 
conotruncal defects of the heart or aortic arch. 
The syndrome is associated with microdele-
tions of chromosome 22q11.2 and some neo-
nates may have isolated hypoparathyroidism. 
Also in the CATCH 22 syndrome (cardiac 
anomaly, abnormal facies, thymic aplasia, cleft 
palate, hypocalcaemia with deletion on chro-
mosome 22) the loss of genes in the 22q11 
region results in haploinsufficiency for genes 
located in this region and is associated with 
contiguous gene deletion syndromes that 
include not only the DiGeorge syndrome but 
also the overlapping conotruncal anomaly and 
velocardiofacial syndromes [59, 64].

In NICU patients, acquired hypocalcemia is 
frequently drug induced. Aminoglycosides, often 
used in NICU, can increase renal calcium loss 
and induce hypocalcemia in neonates [65]. 
Anticonvulsants such as phenytoin or phenobar-
bital are potential inducers of inducers of cyto-
chrome P450 (CYP450), causing increased 
vitamin D degradation. Also, the prolonged use 
of anticonvulsant in the mother during pregnancy 
can induce hypocalcemia in the newborn [66]. 
Renal excretion of calcium is notably enhanced 
during treatment with loop diuretics. This con-
cerns particular populations like infants with 
heart problems or after cardiosurgery. Ionized 
calcium also can be reduced in infants treated 
with sodium bicarbonate, which increases cal-
cium binding to albumin.

48  Neonatal Kidney Dysfunction



1286

Urgent treatment of neonatal hypocalcemia is 
based on i.v. calcium supply. Calcium gluconate 
and calcium chloride are both available at 10 % 
concentration. Both preparations have to be 
administered via a central vein. Although there is 
no proven superiority of one form over the other 
for the treatment of ionized hypocalcemia [67], 
calcium chloride appears to be more irritating for 
vessels and gluconate should be preferred in neo-
nates. Calcium chloride contains three times 
more elemental calcium than gluconate (272 vs 
90 mg in 10 ml at 10 %, respectively). Serum cal-
cium levels should be corrected by continuous 
intravenous infusion of calcium (at 1–3  mg of 
elemental calcium/kg body weight/h) under strict 
monitoring of ionized calcium levels, in order to 
avoid complications as such as bradycardia and 
arrhythmia or vessel necrosis.

�Hypercalcemia

Neonatal hypercalcemia is much less frequent 
than hypocalcemia. Infants normally show higher 
total (8.8–11.3 mg/dl) as well as ionized calcium 
levels (1.19–1.40 mmol/L) than older children or 
[57]. Hypercalcemia is often asymptomatic. 
Hypercalcemic infants can show irritability, diz-
ziness and arterial hypertension. It is not infre-
quent that hypercalcemia is discovered after 
diagnosis of nephrocalcinosis or lithiasis.

Hypercalcemia in NICU infants is almost 
always iatrogenic [59]. Vitamin D and calcium 
supplementation are often cause of hypercalce-
mia. Hypophosphatemia is frequently seen in 
preterm neonates as a consequence of poor 
intake. Low phosphate levels stimulate PTH 
secretion which in turn increases intestinal cal-
cium absorption and calcium resorption from the 
skeleton. Children on Extracorporeal Membrane 
Oxygenation (ECMO) experience hypercalcemia 
up to 30 % of patients, probably due to aberrant 
vitamin D-PTH regulation [68].

Rare congenital conditions must be considered 
in the presence of neonatal hypercalcemia. The 
calcium-sensing receptor (CASR) is expressed in 
the PTH producing chief cells of the parathyroid 
gland and the cells lining the kidney tubule. 

Inherited abnormalities of the CASR gene can 
cause either hypercalcemia or hypocalcemia. This 
autosomal recessive condition affects neonates 
and induces neonatal severe hyperparathyroidism 
(NSHPT) [69]. Hypercalcemia is usually severe 
and can be life-threatening. Typically, PTH levels 
are normal to high and calcium urinary excretion 
is low.

Subcutaneous fat necrosis (SFN) can be the 
consequence of a difficult delivery and is charac-
terized by necrosis of fat and a local macrophagic 
reaction to the necrotic fat. Hypercalcemia 
derives from the excess of calcitriol produced by 
macrophages and is associated with a 15 % mor-
tality rate [70]. Of interest, SFN with hypercalce-
mia has been recently associated with neonatal 
therapeutic hypothermia [71, 72]. Given the 
growing use of this therapy, blood calcium levels 
should be monitored in children undergoing ther-
apeutic hypothermia.

Initial treatment of severe hypercalcemia in 
critical infants relies on hydration and loop 
diuretics. Calciuria can rapidly increase, which 
can worsen renal function and/or nephrocalcino-
sis. Withdrawal of hypercalcemic agents such as 
calcium supplements or vitamin D supplements 
is mandatory. Treatment of neonatal hyperpara-
thyroidism is an urgent requirement. Steroids and 
biphosphonates have been used with success 
[73]. More recently, calcimimetic agent cinacal-
cet has been used successfully in neonatal hyper-
parathyroidism in combined treatment with 
biphosphonates [74].

�Acute Kidney Injury (AKI) 
in Neonates

�Definition and Epidemiology

Previously referred to as acute renal failure, acute 
kidney injury (AKI) is characterized by a sudden 
impairment in kidney function, which results in 
retention of nitrogenous waste products (urea for 
example) and altered regulation of extracellular 
fluid volume, electrolytes and acid-base homeo-
stasis. The term “acute kidney injury” has 
replaced “acute renal failure” by most critical 
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care and nephrology societies primarily to high-
light the importance of recognition of this pro-
cess at the time of “injury” as opposed to waiting 
until “failure” has occurred [75].

Despite its limitations (as outlined above and 
in Chap. 46), SCr is the most commonly used 
measure to evaluate glomerular filtration in the 
clinical setting and is more specific than blood 
urea nitrogen (BUN). BUN is an insensitive mea-
sure of glomerular filtration rate (GFR) because 
it can be increased out of proportion to changes 
in GFR secondary to high dietary protein intake, 
gastrointestinal bleed, use of steroids and hyper-
catabolic states. If the BUN:SCr ratio exceeds 20, 
increased urea production or increased renal urea 
reabsorption that occurs in pre-renal azotemia 
should be suspected [76].

Historically the most common SCr cutpoint 
used to define neonatal AKI was set at an arbi-
trary cutoff of 1.5 mg/dL or greater, independent 
of day of life and regardless of the rate of urine 
output [77]. In 2009, we first used a categorical 
definition based on a rise in SCr to diagnose and 
define different stages of AKI [77]. Since then, 
we and others have used AKI definitions similar 
to those published by the 2007 AKIN and 2012 
KDIGO guidelines [78–88]. A neonatal AKI defi-
nition has been adapted from the KDIGO defini-
tion (Table  48.3). The following modifications 
have been made to account for specific neonatal 
issues:

•	 Because SCr normally declines over the first 
week of life [13], each SCr is compared to 
lowest previous value.

•	 As SCr of 2.5 mg/dl represents glomerular fil-
tration rate <10 ml/min/1.73 m2 in neonates, 
this cutoff is used to define Stage 3 AKI (as 
opposed to 4.0 mg/dl in adults).

•	 UOP criteria have been adapted to levels 
obtained over 24 h.

Table 48.4 shows the incidence and outcomes 
of neonatal AKI in different neonatal populations 
using category AKI definitions similar to that 
presented here. However, more research is needed 
to develop, and validate this definition against 
hard clinical endpoints.

�Risk Factors and Etiology

AKI is a common clinical condition in the NICU 
[85, 89–91]. Premature infants, sick near-term or 
term infants, and infants who undergo cardiopul-
monary bypass or ECMO are at particular risk. 
Within each of these populations, the etiology 
and risk factors associated with the development 
of AKI vary. Also, since there is a wide variation 
in the incidence of AKI according to the AKI 
definition used and the number of SCr values 
measured, a uniform understanding of the risk 
factors for AKI is difficult to ascertain [89–95].

Table 48.3  Neonatal AKI definition

Stage SCr criteria
Urine output (UOP 
criteria)

0 No change or rise 
<0.3 mg/dl

UOP >1 cc/kg/h (over 
previous 24 h)

1 ↑ SCr of ≥0.3 mg/dl 
or ↑ SCr to 150–
199 % × baseline

UOP >0.5 cc/kg/h and 
≤1 cc/kg/h (over 
previous 24 h)

2 ↑ SCr to 200–299 % 
× baseline

UOP >0.1 cc/kg/h and 
≤0.5 cc/kg/h (over 
previous 24 h)

3 ↑ SCr to ≥300 % × 
baseline or SCr 
≥2.5 mg/dl or 
Receipt of dialysis

UOP ≤0.1 cc/kg/h 
(over previous 24 h)

Baseline SCr will be defined as the lowest previous SCr 
value

Table 48.4  Incidence and outcomes of neonates with 
AKI

Population

Incidence 
(%)

Mortality

Ref.AKI v no AKI

VLBWa 18 55 % vs. 5 % [82]

ELBWb 12.5 70 % vs. 22 % [89]

Sick 
near-term/
term

18 22 % vs. 0 % [78]

Sepsis 26 70 % vs 25 % [90]

Asphyxiated 
Newborn

38 14 % vs. 2 % [91]

ECMOc 71 72.7 % vs. 20 %d [92]
aVery low birth weight (VLBW) infants <1500 g
bExtremely low birth weight (ELBS) infants <1000 g
cExtra Corporeal Membrane Oxygenation (ECMO)
dIn group with highest stage of AKI
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The cause of AKI in neonates is multifactorial, 
and usually one or more perinatal contributing 
conditions coexist (Table 48.5). These conditions 
are important in identifying neonates at risk for 
development of AKI and because some of them 
are potentially preventable [96, 97]. The causes of 
AKI in newborns are typically divided into three 
groups: pre-renal failure, intrinsic renal failure and 
post-renal failure. Pre-renal and intrinsic renal fail-
ure both include congenital and acquired causes of 
AKI (Table  48.6) [89–94]. The most common 
form of AKI in neonates is pre-renal failure which 
accounts for more than 80 % of cases.

In numerous studies, perinatal asphyxia and 
sepsis are the most frequent associated condi-
tions [90–92, 95, 97–99]. Asphyxia causes renal 

Table 48.5  Risk factors for AKI in neonates

Risk factors

Low birthweight

Prematurity

Perinatal asphyxia

5 min Apgar score ≤6

Hypotension

Respiratory distress syndrome

Heart failure

Urological anomalies

Dehydration

Sepsis

Nephrotoxic drugs

Umbelical artery catheters

Assisted ventilation

Inotropic support

Table 48.6  Causes of neonatal acute kidney injury

Prerenal Congenital malformations/antenatal damage
Perinatal asphyxia/respiratory distress syndrome
Hypovolemia/dehydration
Hypotension
Perinatal hemorrhage
Necrotizing enterocolitis
Sepsis
Heart failure
Congenital heart disease/cardiopulmonary bypass
Nephrotoxic drugs: prostaglandin inhibitors, 
angiotensin –converting enzyme inhibitors, 
vasodilators

Maternal treatment: nonsteroidal anti-inflammatory 
drugs, converting enzyme inhibitors
Intrauterine infections
Congenital heart disease
Congenital nephrotic syndrome
Polycystic kidney disease
Renal dysplasia/hypoplasia
Congenital bilateral obstructive uropathies
Neurogenic bladder

Intrinsic renal Acquired postnatal renal disease
Acute tubular necrosis
Cortico-medullary necrosis
Congenital nephrotic syndrome
Polycystic kidney disease
Renal dysplasia/hypoplasia
Vascular thrombosis (vein/artery)
Disseminated intravascular coagulation
Hemolytic uremic syndrome
Isoimmune haemolytic disease with massive 
hemoglobinuria
Acute pyelonephritis
Infections/intrauterine infections
Nephrotoxic drugs: aminoglycosides, amphotericin B, 
contrast media

Perinatal asphyxia/respiratory distress syndrome
Hypovolemia/dehydratation
Hypotension
Perinatal hemorrhage
Necrotizing enterocolitis
Sepsis
Heart failure
Cardiac surgery/cardiopulmonary bypass
Acute tubular necrosis
Cortico-medullary necrosis
Vascular thrombosis (vein/artery)
Disseminated intravascular coagulation
Hemolytic uremic syndrome
Isoimmune haemolytic disease with massive 
hemoglobinuria
Acute Pyelonephritis
Nephrotoxic drugs: prostaglandin inhibitors, angiotensin 
–converting enzyme inhibitors, vasodilators, 
aminoglycosides, amphotericin B, contrast media

Postrenal
Congenital bilateral obstructive uropathies
Neurogenic bladder
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dysfunction secondary to redistribution of blood 
flow to more vital organs such as heart and brain 
at the expense of the others, especially kidneys 
and gut. The reported incidence of renal failure in 
asphyxiated neonates varies between 50 and 70 % 
[100–104]. In asphyxiated newborns, renal out-
come correlates with oliguria but also with clini-
cal markers of severity of asphyxia. In particular, 
Apgar score at 5 min <6 and hypoxic ischemic 
encephalopathy were much better predictors of 
adverse outcome than renal functional tests [102, 
103].

Among the neonatal population, premature 
infants are particularly sensitive to asphyxia and 
hypoperfusion [82, 95]. Very low birth weight 
(VLBW) and extremely low birth weight 
(ELBW) children are at increased risk for AKI 
because of prenatal fetal distress secondary to 
intrauterine growth retardation and placental 
insufficiency and a postnatal course frequently 
complicated by hypotension and hypoxia and the 
need for cardio-pulmonary support. In the last 
2 years, some studies focused their attention on 
AKI in VLBW/ELBW and reported an incidence 
of 12.5 % and 18 %, respectively [82, 95]. VLBW 
infants with AKI were more likely to have low 
birth weight, low gestational age and low Apgar 
scores and they frequently required umbilical 
arterial catheters, assisted ventilation and inotro-
pic support. Conversely, Viswanathan et al. failed 
to demonstrate significant differences in demo-
graphic characteristics between patients with and 
without AKI. Nevertheless, infants with AKI had 
a higher mean airway pressure, a lower mean 
arterial blood pressure and higher exposure to 
cefotaxime than non-AKI controls [95].

Given the high vulnerability of the neonatal 
kidney to the effects of hypoperfusion, acute 
tubular necrosis (ATN) commonly occurs. Pre-
renal failure is due to renal hypoperfusion or 
ischemia in the presence of a normal kidney. 
Hence, irrespective of whether pre-renal failure is 
caused by total body volume depletion or 
decreased effective blood volume, renal function 
quickly returns to normal if perfusion is rapidly 
restored. Conversely, if the insult is severe and 
prolonged, acute tubular necrosis can occur [89]. 
During renal hypoperfusion many compensatory 

mechanisms are activated; in particular intrarenal 
vasodilatory prostaglandins are released. In order 
to help differentiate pre-renal failure from ATN, 
urinary indices have been proposed, in particular 
urine sodium concentration and the fractional 
excretion of sodium (FENa) [105] (Table 48.7). 
The assumption is that renal tubules work 
properly in pre-renal failure and are able to reab-
sorb solute and water while they are damaged 
and do not adequately conserve sodium in ATN 
[2]. The urine samples for measuring indices 
must be obtained prior to a fluid and diuretic 
challenge. This could be difficult in oliguric neo-
nates. Urine sodium less than 20  mEq/L and 
more than 50 mEq/L is suggestive of prerenal and 
intrinsic renal failure, respectively. FENa is cal-
culated as urine sodium factored by serum 
sodium divided by urine creatinine factored by 
serum creatinine:

	

FENa urine sodium serum creatinine
serum sodium urine creatini

= ×
×

/
nne 	

In term infants, a FENa above 3 % indicates 
intrinsic renal failure. Preterm babies physiologi-
cally lose more sodium than term infants and a 
FENa of more than 6 % can be used to define 
intrinsic AKI in infants between 29 and 32 weeks 
of gestation [92, 105].

Sepsis is the second most common condition 
associated with AKI after perinatal asphyxia 
[97]. AKI develops in 22–28 % of neonates with 
sepsis [91, 97, 99]. In a series of 200 neonates 
with sepsis, 52 (26 %) had AKI. Shock and low 
birth weight were good predictors of AKI in sep-
tic neonates. The latent period for the develop-
ment of AKI in neonatal sepsis was short and 
AKI was oliguric only in 15 % of cases. Shock 
was also a significant predictor of fatality in these 

Table 48.7  Urine indices to differentiate prerenal and 
intrinsic renal failure

Indices Pre renal Intrinsic renal

Urine sodium (mEq/L) ≤20–30 >40–50

Fractional excretion of 
sodium (FENa) (%)

<3 >3

FENa in term infants (%) <1 >1
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patients, being present in 97 % of those who died 
[99]. In developing country with limited 
resources, sepsis is more common than in devel-
oped countries [106] and is the most common 
cause of AKI in neonates, occurring in 31 % of 
newborns with a mortality rate of 65 % [98]. The 
pathogenesis of AKI in sepsis is multifactorial, 
including shock, disseminated intravascular 
coagulation, haemorrhage, cardiac failure, neph-
rotoxic drugs. All these conditions determine 
hypoperfusion.

Administration of nonsteroidal anti-
inflammatory drugs (NSAID) (for instance, indo-
methacin for patent ductus arteriosus closure) 
can inhibit this compensatory mechanism and 
precipitate AKI during renal hypoperfusion. In a 
multicenter Italian Study, ibuprofen treatment of 
the neonate was identified as a risk factor corre-
lated with impaired renal function and, interest-
ingly, maternal consumption of NSAID during 
pregnancy negatively influence neonatal renal 
function as well [107]. Antimicrobial agents are 
another major class of drugs associated with the 
development of AKI in preterm infants. 
Nephrotoxic acute renal failure has been reported 
in association with aminoglycosides, acyclovir 
and amphotericin B [89]. In particular, aminogly-
cosides are widely used in pediatric patients. 
They accumulate in renal tubular cortical cells 
and exert nephrotoxicity causing damage of the 
epithelial cells of the proximal tubules secondary 
to lysosomal dysfunction [89, 108, 109]. Several 
studies have been performed to better understand 
the risk of nephrotoxicity associated with amino-
glycoside therapy, A metanalysis analyzing 16 
trials involving 823 neonates compared one dose 
per day to multiple doses per day of aminoglyco-
side and reported equal nephrotoxicity between 
the two regimens [110]. Similarly, in a recent 
Cochrane analysis considering 11 studies and 
574 neonates once daily dosing did not lead to 
more nephrotoxicity than a twice-daily dosing 
regimen, and showed comparable efficacy [111].

In a study that included 81 consecutive cases 
of AKI in preterm infants in NICU, multivariate 
logistic regression analysis showed that ceftazi-
dime administration was associated with a greater 
risk of AKI compared to the other variables 

selected from univariate analysis including ampi-
cillin, ibuprofen and furosemide [107]. 
Cephalosporin antibiotics have also been impli-
cated in a case-control study involving 46 
matched pairs of infants with and without 
AKI.  Infants who developed AKI had a 
significantly higher prior exposure to cefotaxime, 
benzodiazepines, diuretics, and dopamine/dobu-
tamine [95].

�Conservative Management 
of Neonatal AKI

Neonatal AKI is associated with a high morbidity 
and mortality. Unfortunately, very few trials 
designed to test interventions have been per-
formed in the neonatal population. Management 
of AKI in newborns is therefore basically sup-
portive and based on treatment of complications 
[85, 92, 112–114]. The first approach should be 
to precisely define the cause of AKI and to 
exclude pre-renal AKI [92, 113].

When, how much and how to implement a 
fluid challenge continues to be an area of contro-
versy and active investigation. In the resuscitative 
phase, hypovolemia can be initially corrected by 
the administration of a fluid challenge of 20 ml/
kg of normal saline in bolus. The Surviving 
Sepsis guideline recommends active fluid resus-
citation to improve outcomes. However, a recent 
randomized trial of intravenous boluses in dehy-
drated African Children with severe infection did 
not show any benefit, and in fact showed 
improved survival in those randomized to care 
without an IV bolus [115]. After active resuscita-
tion has occurred, the goals of therapy should be 
to limit the degree of fluid overload, meanwhile 
providing adequate nutrition and medications 
necessary to promote recovery. To prevent fluid 
overload, daily fluid input should not exceed 
insensible water losses (30 ml/Kg/day) plus uri-
nary losses. To guarantee adequate energy and 
nutrient intake while maintaining restricted fluid 
intake, concentrated solutions should be used. 
The volume required to apply drugs should be 
minimized by administration of pure or highly 
concentrated infusion volumes [114]. Body 
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weight should be checked twice daily and the 
estimated fluid overload should be carefully 
assessed and tracked.

In order to maintain fluid balance and allow 
nutrition and drug infusions, diuretics are com-
monly used in patients with AKI.  Studies in 
adult patients have not provided any evidence 
that diuretics improve survival or modify the 
course of AKI [116]. In young infants with AKI, 
furosemide use even was an independent predic-
tor of poor renal outcome [117]. Nevertheless, 
diuretic use may facilitate clinical management 
by converting oliguric into non-oliguric AKI 
[116]. Although controlled study evidence is 
lacking, furosemide has been used in neonates 
with AKI to prevent progression to established 
renal damage. Intravenous furosemide boluses 
(1 mg/kg) have been adopted for the treatment of 
oliguria in this setting [118]. Studies in infants 
undergoing cardiac surgery suggest that continu-
ous furosemide infusion is superior to intermit-
tent bolus administration in improving urine 
output and spares cumulative dose of diuretic 
[119]. Recently, Bumetanide, a potent loop 
diuretic with similar pharmacologic characteris-
tics as furosemide, was employed to increase 
urine output in preterm infants with oliguric 
AKI; while effectively increasing urine output 
the drug also caused a transient increase in serum 
creatinine levels, highlighting the nephrotoxic 
potential of loop diuretics in this vulnerable pop-
ulation [120, 121].

In order to improve urine output in critically 
ill term and preterm neonates, low dose dopa-
mine has also been utilized [113]. Dopamine is 
an endogenous catecholamine that influences 
different catecholamine receptors in a dose-
dependent manner, and, in particular, it has 
been claimed to induce a selective renal vasodi-
lation at low dose [122]. In oliguric, non-hypo-
tensive neonates, GFR and urine output 
increased significantly with dopamine infused 
at a rate of 2.5 μg/kg per min [123]. Moreover, 
dopamine induced renal and mesenteric vasodi-
lation without an effect on cerebral blood flow 
when started precociously in preterm neonates 
treated with indomethacin for the presence of a 
patent ductus arteriosus [124]. However, an 

assessment of dopamine use in 19 NICUs and 
PICUs together with a literature review failed 
to demonstrate an improvement in renal func-
tion and urine output in neonates and pediatric 
intensive care patients [125]. Moreover, evi-
dence emerged that dopamine may have detri-
mental effects by worsening renal perfusion in 
critically ill patients with AKI [126]. More 
recently, Fenoldopam, a selective dopamine A1 
receptor agonist that decreases vascular resis-
tance and increases renal blood flow, improved 
urine output in neonates requiring cardiac sur-
gery with positive fluid balance despite diuret-
ics [127]. However, in 40 infants undergoing 
cardiac surgery with cardiopulmonary bypass, 
Ricci et al. evaluated the effect of Fenoldopam 
infused at a low dose (0.1 μg/Kg/min) for 72 h 
starting soon after anesthesia. Fenoldopam did 
not produce effects on urine output, fluid bal-
ance and AKI incidence [128]. More recently, 
the same authors treated 40 infants undergoing 
cardiac surgery with a higher dose of 
Fenoldopam (1  μg/Kg/min) during cardiopul-
monary bypass. They observed decreased uri-
nary NGAL and cystatin C levels, but no 
difference in plasma creatinine and urine output 
between subjects receiving fenoldopam and 
placebo [129].

Perinatal asphyxia is the primary cause of 
AKI in neonates. During hypoxia and ischemia, 
adenosine is released and acts as a vasoconstric-
tive agent in the kidney contributing to a fall in 
glomerular filtration rate. In this setting, methyl-
xanthines such as aminophylline and theophyl-
line (non-specific adenosine receptor antagonists) 
can inhibit the vasoconstriction induced by ade-
nosine [130, 131]. Three independent random-
ized trials in severe asphyxiated infants have 
shown that a single dose of theophylline, given 
early after birth, was associated with decrease in 
serum creatinine and improved urine output [130, 
132–134]. Based on these findings, the KDIGO 
guidelines recommend a single dose of amino-
phylline for asphyxiated infants at risk for 
AKI.  However, because theophylline has some 
potentially harmful neurologic effects and 
because therapeutic hypothermia is now standard 
of care in these infants, further comparative trials 
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are needed to determine whether these agents 
improve short-term and long-term renal and neu-
rodevelopmental outcomes [135].

Few other studies have specifically addressed 
therapies for AKI in neonates. In a recent retro-
spective study of seven infants with hyperurice-
mia secondary to AKI treated with intravenous 
rasburicase administration of a single bolus 
determined a significant decrease of uric acid and 
creatinine and an increase of urine output within 
24 h [136].

Drugs are common causes of AKI in neonates 
[107–109, 137]. In the setting of AKI, evaluation 
of all medications should be assessed to elimi-
nate the potential use of nephrotoxic mediations, 
and to determine the proper dose of other medi-
cations in context of reduced renal function/drug 
clearance. Moreover, whenever possible, blood 
levels should be measured in order to maintain 
the levels in the therapeutic range and reduce the 
risk of nephrotoxicity [113, 114].

Electrolyte disorders and acidosis are com-
mon in neonates with AKI and may complicate 
the clinical course after AKI.  For the manage-
ment of electrolyte disorders we refer to the 
above sections of this chapter.

The degree of fluid overload is an indepen-
dent predictor of mortality [138–141]. In a pro-
spective study conducted on 58 neonates, those 
with AKI had more marked fluid overload and 
higher mortality rates over the first few days of 
life [142]. In a study of 154 newborns with 
AKI, fluid overload in excess of 7 % was inde-
pendently associated with a 13-fold mortality 
risk [143].

Finally, efforts should be made to provide ade-
quate nutrition in NICU patients with AKI [92, 
112–114]. Trials in neonates are lacking but 
extrapolating data from critically ill children, 
underfeeding is common in AKI and it is impor-
tant to ensure adequate caloric and protein intake 
in order to prevent catabolism [144]. This goal 
could be a challenge in oligo/anuric neonates and 
the risk of fluid overload should be carefully 
weighed against the risk of malnutrition. If nutri-
tion cannot be provided due to risk of further 
fluid accumulation, initiation of renal replace-
ment therapy should be considered.

�Dialysis in Newborns

Over the past decades, technological advances 
and increased expertise have made it possible to 
support very small infants with dialysis. 
Nowadays, infants with AKI can receive all avail-
able dialysis modalities [142, 145, 146]. The 
choice of which form of renal support is used is 
dependent on institutional expertise, patient char-
acteristics, and goals of therapy. Peritoneal dialy-
sis (PD) has been extensively used in infants 
given its simplicity, ability to perform without 
sophisticated machines, and its slow, continuous 
action. It is usually well tolerated in small infants 
[147]. Hemodialysis (HD) can be performed in 
infants with good results, although poor vascular 
tolerance and the large extra-corporeal volume 
provide additional challenges [146]. In recent 
years, Continuous Renal Replacement Therapy 
(CRRT) has become the most popular form of 
treatment for children with AKI in the US, replac-
ing in a large proportion the use of PD and HD 
[148]. By contrast, in a recent survey involving 
34 European Pediatric Nephrology Centers PD 
was more commonly used in children with AKI 
than CRRT and HD (43 % vs 31 % and 26.5 %, 
respectively). Notably, the choice of PD relied 
mainly on clinical advantages and the simplicity 
of the method rather than on logistic or economic 
reasons (unpublished data).

The indications for the different renal support 
therapies for infants generally resemble those in 
older children, with some exceptions. General 
indications for therapy include severe hyperkale-
mia, intractable acidosis, uremia, fluid overload, 
prevention of fluid overload, inability to provide 
adequate nutrition due to concerns of fluid accu-
mulation, and neonatal metabolic crisis from 
neonatal hyperammonemia or leucinosis.

Hyperammonemia is a severe clinical condi-
tion characterized by high ammonium levels, 
excess glutamine accumulation in astrocytes 
inducing cell swelling and brain edema. In most 
cases, it presents in full-term neonates with 
anorexia, seizures, lethargy, coma and death. 
Most frequently, it is caused by urea cycle defects 
(UCD) and organic acidurias (OA). The initial 
management of an undiagnosed hyperammonemia 
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includes stopping protein intake, intravenous glu-
cose, and initiation of first-line medications 
including L-arginine, nitrogen scavengers, carba-
mylglutamate, carnitine, vitamin B12, and biotin. 
When conservative treatment fails and whenever 
there is severe symptomatic hyperammonemia, 
dialysis has to be rapidly established in order to 
avoid permanent neurological sequelae or death 
[149]. In leucinosis (maple syrup urine disease; 
MSUD), deficiency in branched chain ketoacid 
dehydrogenase leads to the accumulation of 
branched chains aminoacids (BCAA) leucine, 
isoleucine, and valine in cells and body fluids. 
Given the poor renal clearance of BCAA, their 
accumulation can cause neurologic damage. 
Medical treatment consists in incorporation of 
BCAA into protein synthesis with nutritional 
support but, like in hyperammonemia, it may not 
be successful and dialysis must be started to clear 
excess BCAA [150]. In both cases, extracorpo-
real dialysis provides higher clearances than PD 
[149, 151]. HD provides highest ammonium 
clearance [149] and it has been recommended as 
gold standard of therapy [152], although high 
volume CRRT (initially at 8  L/h/1.73  m2) has 
been proposed as an alternative [149, 151, 153]. 
The practical application of CRRT in neonatal 
metabolic decompensation differs from that of 
AKI since it has been demonstrated in vitro that 
the clearance of ammonium and leucine achieved 
with CVVHD depend on dialysate flow rate, 
being substantially higher with increasing flow 
rates [151]. However, as in the case of AKI, there 
is no definite demonstrated association between a 
specific dialysis modality or of dialysis efficiency 
with survival. In the study of Schaefer et  al. 
[151], out of nine patients the five with fastest 
depuration survived with no or mild neurological 
impairment while the other four died or survived 
with severe sequelae. By contrast, in the study of 
Pela et al. [154], four out of seven neonates with 
organic acidurias treated with PD survived with 
no or mild neurological impairment. Very likely, 
in these patients dialysis has to be regarded as a 
part of the overall treatment setting which 
includes the variable efficacy of pharmacological 
support and the timing of initiation of medical 
treatment and dialysis in the course of disease 

with a major modifying influence of the type of 
underlying metabolic defect on the final 
outcome.

The choice of dialysis modality in critical 
infants relies on the clinical goals, patient charac-
teristics, and local expertise. Acute dialysis in 
infants with AKI is usually performed in 
NICU. Local expertise and facilities are determi-
nant in addressing the dialysis modality choice. 
Dialysis in infants meets a number of difficulties. 
The most significant obstacle is represented by 
the dialysis access, both for PD and for extracor-
poreal dialysis.

Peritoneal dialysis (PD) is performed after 
placement of straight or “curled” infant cathe-
ters. This can happen by percutaneous place-
ment or by surgery. Surgery usually provides 
better placement and less leakage problems 
[155], although PD catheter failure is highest in 
children below 6 months of age [156]. The fra-
gility of the neonatal peritoneum requires oper-
ator experience. After catheter placement, 
leakage from catheter entrance, peritonitis, 
catheter obstruction, bleeding at catheter inser-
tion, exit site infection and bowel perforation 
account for up to 50 % of all PD complications 
[145]. PD prescription in critical neonates is 
based on frequent, continuous exchanges, with 
low volumes of dialysate. Regardless whether 
the catheter is placed percutaneously or surgi-
cally, initial loads should be in a low range of 
10–20 ml/kg of body weight. Larger loads may 
cause dialysate leakage and diaphragm lifting 
with respiratory complications [145]. Even with 
these small load volumes adequate ultrafiltra-
tion can be achieved [157]. Dwell times are usu-
ally short, down to 30–40  min in neonates. 
When large volumes of ultrafiltration are 
obtained, excessive sodium loss in the ultrafil-
trate may occur. This loss is related to patient 
size and is most marked in neonates [158]. Oral, 
intravenous or intraperitoneal sodium supple-
mentation may be needed. Starting with a stan-
dard glucose concentration (1.5  g/dl) is 
recommended to avoid initial hyperglycemia. 
Subsequently ultrafiltration rate must be moni-
tored and dialysate glucose concentration 
adapted according to ultrafiltration needs.
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Among the known advantages and disadvan-
tages of each technique, some aspects peculiar to 
infants need to be stressed. With PD, good ultra-
filtration rates can be achieved together with high 
small solute removal [159]. Hyperglycemia may 
sometimes complicate PD in neonates. The neo-
natal peritoneal membrane is particularly perme-
able and glucose in PD solutions diffuses into the 
mesenteric circulation more rapidly than in older 
patients [160, 161]. Deriving hyperglycemia may 
complicate PD in up to almost 50 % of cases 
[145] and it has been associated to mortality in 
infants and children after cardiosurgery [162]. 
Careful control of plasma glucose levels is there-
fore required in neonates on PD.

Before the advent and subsequent diffusion of 
extracorporeal continuous techniques, PD was 
the most utilized modality for dialysis treatment 
in infants [92]. Although to date it is not clear if a 
specific dialysis modality can influence the out-
come, recently encouraging new data about PD 
outcomes in critical infants have been published. 
In 146 infants who underwent cardiopulmonary 
bypass surgery, Bojan et  al. found a significant 
better survival at 30 and 90 days with “early” PD 
(started at the end of surgery or day after surgery) 
as compared with controls starting PD after the 
second day after surgery. Unfortunately, no 
assessment of fluid overload was recorded [163]. 

The impact of fluid overload on outcome in car-
diosurgery infants was analyzed in the prospec-
tive trial of Sasser et al. [164], which sequentially 
evaluated two procedures: In the first study 
period, infants had only passive drainage of peri-
toneal fluid through a PD catheter placed at the 
time of surgery. In the second patient series PD 
was initiated at a mean of 2 h after arrival at the 
cardiac ICU. The infants receiving active PD had 
significantly more negative net fluid balance, 
lower mean inotrope score, lower serum cytokine 
concentrations and earlier sternal closure com-
pared to the infants who had only their peritoneal 
fluid drained. Further analysis of these and other 
studies in infants who undergo cardiopulmonary 
bypass surgery suggest that attainment of a nega-
tive fluid balance is associated with improved 
survival and other clinical outcomes (Table 48.8). 
Taken together, early start of dialysis, avoidance 
of fluid overload and its consequent correction 
appear to favor a good outcome in critical infants 
and may be more important than the choice of 
treatment modality.

Vascular access for extracorporeal dialysis is 
often troublesome in infants and particularly neo-
nates due to the mismatch between small vessel 
and the large diameter of the catheters required to 
obtain adequate blood flow. In a single center 
experience, of 174 children treated with CRRT, 

Table 48.8  Time to dialysis start, percentage of patients reaching a negative fluid balance and survival rate of infants 
treated with PD after cardiopulmonary bypass surgery

Reference n Time to PD start
Patients with negative  
fluid balance (%) Survivors (%)

Lowrie [226] 17 NA 35 24

Fleming [227] 21 2.5 days (1–6) after 
surgery

36 38

Golej [228] 116 NA, but 43 % of pts 
started on PD when  
CVP >10 mmHg

53 47

Werner [229] 23 2.6 ± 0.6 days 100 53

Dittrich [230] 27 In the OR or first hrs  
in ICU

100 73

Santos [231] 23 4.8 ± 16.8 h 100 57

Sorof [232] 20 22 h 100 80

Chien [233] 7 1.2 ± 0.4 days after  
AKI onset

NA 57

Data of the literature. Only in studies showing 100 % of patients reaching negative fluid balance with PD, survivor’s 
percentage was 50 % or more
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13 (7.4 %) presented problems of venous cathe-
terization; this complication was significantly 
more common in children under 12  months of 
age and in those weighing less than 10 kg [165]. 
In the largest available series of venous catheter-
izations in children and infants from the ppCRRT 
Registry, 5-French catheters showed the poorest 
survival, none of them lasting more than 20  h. 
Catheterization of the internal jugular vein and 
the use of CVVHD was found to be associated 
with best catheter survival [166]. The most com-
monly used CRRT catheters in neonates are dual-
lumen, low resistance catheters. 6.5–7 F caliber 
and 7.5  cm length appears a good compromise 
between catheter diameter, vessel size, inner 
resistance and adequate blood flow. As an alter-
native, El Masri et al. recently demonstrated the 
successful use of two single-lumen 4 or 5 Fr cath-
eters [167].

Blood flow is mainly dependent on vascular 
access performance. It is usually prescribed as 
5–10  ml/kg body weight; in patients with need 
for a high clearance rate (e.g., hyperammonemic 
crisis) the maximally achievable flow rate should 
be used and will be rate limiting for the efficacy 
of purification.

There are few reports on the use of intermit-
tent hemodialysis (HD) in neonates with AKI. HD 
is mainly used in metabolic crisis and intoxica-
tions, when urgent toxic compound removal is 
needed (see indications paragraph). In 1994, 
Sadowski described 33 acute infants weighing 
less than 5  kg [146] treated with intermittent 
HD.  A high rate of hypotensive episodes was 
reported (64 %), as well as a survival rate (52 %) 
not different from that of subsequent studies uti-
lizing CRRT [168]. This indicates that HD in 
neonates is probably tolerated less well than PD 

and CRRT while confirming that survival is 
mostly affected by the underlying disease rather 
than by dialysis characteristics.

Continuous Renal Replacement Therapy 
(CRRT) allows to accomplish metabolic and fluid 
control throughout 24 h, as opposed to the tran-
sient correction achieved by intermittent HD. Due 
to precision of monitoring and to the high clear-
ance obtained in very small patients, CRRT has 
become most popular in critical infants [148]. In 
infants, the adaptation of CRRT monitors origi-
nally conceived for adults with the introduction 
of pediatric software and miniaturized circuits 
yielded a substantial improvement in dialysis 
treatment of infants [169]. Still, problems of 
accuracy for tiny volumes and, mainly, of blood 
priming remain. In particular, smallest circuits 
have blood priming volumes around 100  ml, 
largely exceeding the recommended 10 % of 
blood volume of the infant [169]. This poses 
problems in the phase of preparation and a blood 
transfusion is needed in smallest patients to pre-
prime the circuit. The large ECV also causes a 
dilution effect of platelets and coagulation factors 
which predispose the patient to bleeding. 
Similarly, blood restitution at the end of the ses-
sion needs to be closely controlled and circuit 
blood is partially wasted or simply lost. In 
Tables 48.9 and 48.10 a list of currently available 
filters and monitors for neonates is provided.

Convective transport (achieved by continu-
ous venovenous hemofiltration, CVVH) is theo-
retically indicated when the main target is the 
removal of large solutes. Among these, inflam-
mation mediators are of particular importance 
in sepsis and SIRS. In this regard, it is of inter-
est that most mediators are removed by adsorp-
tion and acrylonitril membranes provide 

Table 48.9  Commercially available filters for neonatal CRRT

Filter Manufacturer Surface (m2) Membrane Priming (ml)

Miniflow 10 Gambro-Lundia 0.045 AN69 3.5

Minifilter Minntech 0.07 Polysulfone 6

Carpediem 1 Bellco 0.075 Polysulfone 27.2 (circuit)

Carpediem 3 Bellco 0.245 Polysulfone 41.5 (circuit)

HF20 Gambro-Lundia 0.20 AN69 60 (circuit)

Main characteristics
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highest removal [170]. Acrylonitril membranes 
have been recently made available for infant 
circuits [169].

Pre-filter administration of the replacement 
fluid (pre-dilution) is preferred in infants, given 
the low blood flow rate predisposing to hemocon-
centration and filter clotting. At steady blood 
flow, the exchanged volume represents dialysis 
efficiency in CVVH.  Diffusive solute transport 
(achieved by continuous venovenous hemodialy-
sis, CVVHD) is indicated when aiming for rapid 
small solute removal. Diffusion and convection 
may be combined to exploit the advantages of 
both modalities (CVVHDF) and when removal 
of middle-sized molecules (which can be 
removed by convection but not diffusion) is 
needed.

No official recommendations for depuration 
efficiency in critical infants exist. In the ppCRRT 
Registry, no difference in survival was found 
between CRRT modalities, and between children 
receiving either less or more than 2 L/h/1.73 m2 
clearance [140]. In adults, high-flow rates in 
CRRT have been associated with hypophospha-
temia [171]. Moreover, drug removal by CRRT is 
dependent on purification efficiency and often 
unpredictable, due to different prescription regi-
mens, down time and mode of administration 
[172]. Given the inverse relationship between 
CRRT efficiency and patient volume and the lack 
of a clear association between CRRT dose and 
outcome in adults [171, 173] and children [140], 
in infants with AKI the search for a high dialysis 
dose is secondary to maintenance of fluid bal-
ance, nutrition adequacy, vascular stability and, 
above all, appropriate levels of essential drugs, 

like antimicrobials. A filtration rate of 
2000 ml/h/1.73 m2 seems appropriate in neonates 
with AKI.

Differently from HD, most commercially 
available monitors for CRRT are lacking a heat-
ing system or are equipped with heaters unsuit-
able for accurate heat preservation [174]. Heat 
loss with CRRT has been described in adults and 
was not found associated with major problems 
[175]. Given the immaturity of neonatal thermo-
regulation, CRRT induced heat loss could ham-
per the thermal protection adopted in NICU, 
especially in low birth weight neonates, with 
unpredictable consequences on vascular stability 
and survival [176].

Recently, a specific CRRT machine dedicated 
to newborns and small infants in the weight 
range of 2.0–9.9  kg has been realized 
(CARPEDIEM®, Bellco). This machine pro-
vides extraordinary accuracy in blood pump and 
fluid balance with a blood priming volume rang-
ing 27–42 ml, according to three presently avail-
able circuits [181]. In 2014, Coulthard et  al. 
showed the ability of a syringe-driven machine, 
the Newcastle Infant Dialysis and Ultrafiltration 
System (NIDUS), to provide better clearance 
and more accurate ultrafiltration than peritoneal 
dialysis [177]. The device withdraws 5–12.5 ml 
aliquots of blood from a single-lumen central 
venous line, runs it across a dialysis filter and 
returns it back through a syringe pump. Askenazi 
et  al. have adapted the Aquadex ultrafiltration 
system to provide CVVH to neonates (unpub-
lished). These new promising approaches open 
new perspectives to the extracoporeal treatment 
of neonates with AKI [178].

Table 48.10  Main commercially available monitors for pediatric and neonatal CRRT. Main characteristics

Monitor Manufacturer
Pediatric 
lines

Neonatal 
lines

Blood pump 
range  
(ml/min)

Blood flow 
step-byastep 
increase  
(ml/min)

Fluid 
management 
range (ml/h)

Prismaflexa Gambro-Lundia yes – 20–100 2 50–2500

Multifiltrate Fresenius yes – 10–100 2 10–7000

Aquarius Baxter yes – 10–200 2 50–11,000

Plasauto Sigma Asahi yes yes 1–400 1 10–12,000

Carpediem Bellco – yes 2–50 1 10–300
aPrismaflex equipped with HF20 circuit
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Neonates are at an intrinsically high risk of 
hemorrhage, and extracorporeal treatment 
modalities are clearly fraught with an increased 
risk of hemorrhage in children and neonates with 
AKI if compared with PD [179]. Surprisingly 
little published information is available concern-
ing anticoagulation for extracorporeal dialysis in 
neonates. In the ppCRRT registry, small children 
<10 kg were more likely to receive heparin anti-
coagulation compared to citrate regional antico-
agulation [142].

Both heparin and low-molecular weight hepa-
rin (LMWH) are recommended [180]. 
Unfractioned heparin is used at 5–25  IU/kg/h 
both for hemodialysis and CRRT [180]. The 
increased bleeding risk in neonates on extracor-
poreal treatment mandates a most accurate con-
trol of coagulation with frequent activated 
clotting time (ACT) or activated partial thrombo-
plastin time (aPTT) measurement at the bedside 
and consequent adjustments of heparin dose. As 
in older children, ACT has to be kept between 
150 and 200 s. and aPTT between 40 and 65 s. In 
neonates with thromboembolic disease, low 
molecular weight heparin (LMWH) compounds 
reportedly need to be administered at higher 
doses in neonates than in older patients to obtain 
adequate therapeutic anti-Xa levels [180, 181]. 
Pre-term children need LMWH doses as high as 
200 IU/kg every 12 h.

Experience with citrate anticoagulation in 
neonates is still limited but deserves further 
investigation given the high risk of bleeding in 
these patients. In older children citrate does 
not provide longer circuit lifespan than the 
heparin but clearly reduces bleeding complica-
tions [182]. The use of citrate regional antico-
agulation in smaller children can be more 
challenging for several reasons. First, because 
traditional CRRT machines require a minimum 
blood flow, the amount of blood flow/kg is sig-
nificantly higher in small compared to bigger 
children. Because the citrate dose is dependent 
on blood flow, the amount of citrate used in 
small children is therefore also higher, and 
may require higher clearance rates to achieve 
target levels. Furthermore, premature infants 
are born with immature liver function. Soltisiak 

et al. recently showed that in critically ill chil-
dren with a low body weight, regional citrate 
anticoagulation using Prismocitrate (18/0) 
appeared to be safe and easy to use with less 
circuit clotting compared to heparin anticoagu-
lation [183].

�Outcomes of Neonatal AKI

AKI is associated with significant mortality in 
critically ill children [184, 185] and adults [186–
190], even after controlling for medical co-
morbidities, severity of illness scores, and patient 
demographics. Over the past few years, epide-
miological studies in a several high-risk groups 
of neonates have been performed, including very 
low birth weight infants, near term/term infants 
with perinatal depression, neonates with severe 
asphyxia undergoing hypothermia, neonates 
receiving extra-corporeal membrane oxygenation 
and infants with cardiopulmonary bypass – asso-
ciated AKI.  Using contemporary, categorical 
AKI frameworks such as modifications of the 
AKIN [77] and RIFLE classification systems 
[184, 186] that allow for improved diagnosis and 
staging of AKI by severity, these studies have 
provided some evidence that AKI is indepen-
dently associated with mortality in neonates and 
young infants even when controlling for poten-
tially confounding demographics, co-morbidities, 
and interventions.

�Very Low Birth Weight (VLBW) Infants
Koralkar et al. [82] published a prospective study 
in 229 VLBW infants (500–1500  g). Using a 
neonatal AKI definition similar to Table  48.3, 
they found that 41/229 (18 %) of the cohort 
developed AKI (Stage 1 = 10, stage 2 = 10; stage 
3 = 21). Infants with AKI were more likely to 
have lower birth weight, gestational age, and 
Apgar scores, as well as higher rates of assisted 
ventilation and inotropic support. In the AKI 
group, 42 % died, compared with 5 % children in 
without AKI. The association of AKI with mor-
tality was largely confirmed when controlling for 
multiple confounders [adjusted HR = 2.3 (95 % 
CI = 0.9, 5.8); P = 0.06]. Viswanathan et al. [98] 
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performed a retrospective analysis on 472 
extremely low birth weight infants (<1000  g). 
Using SCr ≥1.5 mg/dl as a cutoff to define AKI, 
the incidence of AKI was 12.5 %. When match-
ing AKI and non-AKI children for time period, 
birth weight and gestational age in a case-control 
design, mortality in the AKI cases was 33/46 
(70 %) compared to 10/46 (22 %) in the controls 
(p < 0.001).

�Sick Near Term/Term Infants
Askenazi et al. recently reported on 58 neonates 
with birth weight >2000 g and 5-min Apgar score 
≤7 admitted to level 2/3 NICU [80]. AKI (defined 
according to Table  48.3) occurred in 16 %. All 
infants without AKI survived while 2/9 (22 %) of 
those with AKI died (p value < 0.001).

�Infants with Perinatal Asphyxia 
Treated with Hypothermia
Selewski et al. retrospectively analyzed 96 infants 
who received therapeutic hypothermia [81]. 
Using the AKIN definition for AKI, they found 
that 38 % of the infants developed AKI.  Only 
1/58 (2 %) infants without AKI died, as compared 
to 5/36 (14 %) with AKI. The children who devel-
oped AKI required longer duration of mechanical 
ventilation and had a longer NICU and hospital 
stay.

�Infants Who Receive Extra-Corporeal 
Membrane Oxygenation (ECMO)
In a large retrospective cohort study using data 
from the Extracorporeal Life Support 
Organization (ELSO) registry, Askenazi et al. 
evaluated the impact of AKI and renal support 
therapy (RST) in infants who received ECMO 
for non-cardiac reasons [77]. AKI was defined 
as SCr ≥1.5 at any time point during the hospi-
tal stay. Among 7941 neonates, 27.4 % died. 
Non-survivors had higher rates of AKI (19 % 
vs. 3.9 %) and renal support therapy (RST) 
than survivors (39.7 % vs. 16 %). After adjust-
ing for numerous confounding variables, both 
AKI (odds ratio 3.2; P < 0.0001) and RST 
(odds ratio 1.9; P < .0001) remained significant 
risk factors for death. Two smaller studies also 
had similar findings. In a retrospective chart 

review of infants with congenital diaphrag-
matic hernia requiring ECMO, Gadepalli et al. 
found 48/68 patients (71 %) had AKI by the 
RIFLE classification [99]. Patients with AKI 
“failure” (300 % rise in SCr) had increased 
time on ECMO, decreased ventilator free days, 
and decreased survival (27.3 % with “failure” 
vs. 80 % without AKI, P = 0.001). Shuhaiber 
et  al. also found higher rates of AKI in non-
survivors vs. survivors (80 % vs. 40 %, P = 0.03) 
among 20 patients (75 % neonates) requiring 
more than one ECMO run after congenital 
heart surgery [100].

�Infants Who Undergo 
Cardiopulmonary Bypass (CPB) Surgery
Outcomes after AKI in infants undergoing CPB 
have been recently reported in three studies. 
Blinder et  al. conducted a retrospective chart 
review of 430 infants (<90  days, median age 
7 days) with CPB 101). Using a modified AKIN 
definition (which included urine output criteria) 
they documented AKI in 52 % of the infants 
(stage 1 = 133, stage 2 = 60, stage 3 = 30). Post-
operative AKI of all stages was associated with 
longer ICU stay; AKI stages 2 and 3 were asso-
ciated with increased risk of prolonged mechani-
cal ventilation and need for post-operative 
inotropic therapy. The mortality rate in those 
with AKI was higher than in those without [12 % 
vs. 3 %, P < 0.001]. Moreover, risk of death 
increased with AKI severity [Stage 2 OR 5.1; 
Stage 3 OR 9.5]. Krawczeski et al. evaluated 374 
patients (including 35 neonates) undergoing 
CPB surgery [102]. They defined AKI as an 
absolute increase in SCr ≥0.3 mg/dL from base-
line within 48 h of surgery and found that 8 of 
the 35 neonates (23 %) had AKI by median 1 day 
after CPB. No differences in mortality were seen 
between neonates with and without AKI in this 
small neonatal subset. Alabbas et al. retrospec-
tively analyzed 122 infants who received cardio-
pulmonary bypass surgery [103]. Using the 
AKIN definition, the incidence of AKI was 76 / 
122 (62 %) (AKI stage 1 = 22; stage 2 = 19; stage 
3 = 33). Severe stage 3 AKI was associated with 
mortality (OR 6.7) and longer ICU stay 
(HR = 9.1).
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�Outcomes of Neonates Treated 
with Renal Support Therapy for AKI
The interpretation of outcome of infants treated 
with dialysis is hampered by several problems. In 
retrospective studies, the main problem is the 
lack of a univocal AKI definition. More than 30 
AKI definitions have been proposed and this 
weakens our ability to compare studies [109]. 
Secondly, treatment choices are usually made 
according to local availability and expertise 
rather than medical criteria. Thirdly, modality 
changes and modality assignment according to 
severity of illness are, more or less intentionally, 
common practice. Finally, major challenges for 
prospective studies are the paucity of patients, 
ethical issues regarding randomized designs, and 
frequently the logistic and organizational diffi-
culties of performing clinical research in the ICU 
setting.

While there are no controlled studies on this 
issue, the outcomes of critical neonates treated 
with dialysis are generally unfavorable [159, 
161, 172] and the in-hospital stay is complicated 
[173]. A recent survey in the US showed that in 
10,322 hospitalized children the in-hospital mor-
tality and length of stay were higher in children 
≤1 month of age and in patients needing dialysis 
[172]. The most important outcomes informa-
tion in infants with AKI treated with dialysis 
comes from the Prospective Pediatric Continuous 
Renal Replacement Therapy (ppCRRT) Registry. 
In this registry, the cohort of children <10  kg 
(n = 84) had lower survival rates than children 
>10 kg (n = 166) (43 % vs 64 %). Not differently 
from older children, fluid overload (FO), high 
PRISM2 score and urine output at dialysis initia-
tion were found to be associated with mortality. 
In particular, patients with FO >20 % at the time 
of CRRT initiation had an almost five times 
higher odds ratio of death than those who initi-
ated CRRT with <10 % FO. In regard to dialysis 
treatment, significantly better survival was found 
in patients able to achieve dry weight during 
CRRT. Briefly, these data indicate that an estab-
lished fluid overload predisposes to a poor out-
come but its correction may reverse this 
association and, therefore, should be further 
studied [161].

�Long-Term Effects of Prematurity 
and AKI on CKD

Chronic kidney disease (CKD) affects 26 million 
adult Americans and likely has its origins in 
early life, as links between prematurity/low birth 
weight and chronic kidney disease in adulthood 
become increasingly apparent [191]. Pre-term 
delivery disrupts nephrogenesis, which is usu-
ally not complete until around 34–36  weeks 
gestation. A small number of autopsy studies 
have suggested that nephrogenesis continues for 
only a short time after birth [9, 192, 193]. The 
remaining nephrons hypertrophy to compensate 
for decreased nephron mass and, according to 
Brenner’s hypothesis, the resultant “hyperfiltra-
tion” eventually becomes deleterious and leads 
to glomerulosclerosis with sodium retention, 
systemic hypertension, proteinuria and progres-
sive chronic kidney disease [194]. Thus, prema-
ture birth may ‘prime’ infants for kidney injury 
and chronic kidney disease. Indeed, premature 
infants with a birthweight less than 2500 g have 
nearly twice the odds of having low glomerular 
filtration rate, microalbuminuria, end-stage renal 
disease and hypertension than their term coun-
terparts [195].

Moreover, the impact of additional AKI events 
in the NICU on long-term kidney and health out-
comes is not yet known. Previously, it was 
assumed that subjects who survive an episode of 
AKI would recover kidney function without 
long-term sequelae; however, recent data from 
animals [196], critically ill children [197, 198] 
and adults [199–211] suggest that AKI survivors 
are indeed at risk for development of CKD. In a 
recent meta-analysis, adults with AKI had an 
almost ninefold risk to develop incident CKD, a 
threefold risk to progress to end-stage kidney dis-
ease and a doubled mortality risk compared to 
patients without AKI [212].

The role that AKI plays in the development of 
CKD in the infant population is still unknown. 
Several case reports document that CKD can develop 
in infants who had AKI; however, these studies are 
small single center retrospective reports [89, 213]. 
Human autopsy and animal studies suggest that AKI 
affects post-natal nephron development. Premature 
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infants who suffer AKI were shown to have fewer 
layers of nephrons and abnormally configured glom-
eruli compared to term neonates [9, 193]. Large pro-
spective cohort studies designed to determine risk 
factors for long-term CKD are urgently needed to 
define the most appropriate surveillance protocols 
and identify the subjects at greatest risk.

�Future Directions in Neonatal AKI

Over the last few years, our understanding of 
neonatal AKI has improved and we now have 
clear epidemiological evidence that suggest that 
AKI is common and associated with mortality in 
this age group. New AKI definitions based on 
SCr, urine output, Cystatin C and emergent uri-
nary biomarkers promise to improve our ability 
to reliably define neonatal AKI.  Studies in 
VLBW neonates [214, 215], infants undergoing 
cardiopulmonary bypass surgery [216–224], and 
other sick NICU patients suggest that these bio-
markers can predict a subsequent rise in SCr 
(Fig.  48.3) as well as mortality [80]. However, 
large comparative studies will be required to 

determine which functional and kidney injury 
biomarkers can best predict hard clinical out-
comes. Importantly, the normal ranges of urine 
biomarkers in premature neonates will require 
careful validation since excretion varies by gesta-
tional age, probably due tubular immaturity 
[214]. With better definitions and earlier indica-
tors of AKI, we will be able to better understand 
the risk factors, develop preventive strategies, 
and timely apply appropriate management to 
improve the outcomes in those at risk for AKI.

Another emerging breakthrough regards the 
provision of extracorporeal treatments for neo-
nates. Thanks to major technological advances, 
dialysis machines miniaturized for the specific 
needs of neonates have recently been developed 
and are currently undergoing clinical testing 
[177, 225]. Maximizing the efficiency and 
safety of renal support therapies with these 
devices will change our approach to the neonate 
with AKI. One day soon, any infant who could 
benefit from renal support therapy will no lon-
ger be left without an appropriate and safe treat-
ment option.

60

40

1 2 3
Day of life

0

20

O
P

N
 (

n
g

/m
L

)

400

1 2 3

No AKI
AKI

AKI

0

100

200

300

A
L

B
U

M
IN

 (
n

g
/m

L
)120

1 2 3
Day of life

0

20

40

60

100

80

E
G

F
 (

p
g

/m
L

)

B
2M

G
 (

n
g

/m
L

)

100

1 2 3

Day of life

0

40

20

60

80

40

1 2 3
Day of life

0

10

20

30

N
G

A
L

 (
n

g
/m

L
)

30,000

1 2 3

0

10,000

5000

20,000

15,000

25,000

C
ys

_C
 (

p
g

/m
L

)

20

1 2 3
Day of life

Day of life

Day of life

0

5

10

15

K
IM

-1
 (

p
g

/m
L

)

U
M

O
D

-(
n

g
/m

L
) 140

1 2 3

Day of life

0

40
20

60
80

120
100
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