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ABSTRACT

The kidneys of newborns are morphologically and physiologically different from those of children and
adults. Embryonic kidney development begins at the 3rd week after conception and ends at 32-35 weeks
prenatally, while in premature infants it continues for some time after birth. Neonatal kidney function is
“immature”, due to high vascular resistance and low renal blood flow. Therefore, neonatal kidneys are
particularly vulnerable to the effects of hypoperfusion. Predisposing factors for the occurrence of acute
kidney injury (AKI) in newborns are certain clinical conditions such as prematurity, respiratory distress,
sepsis, asphyxia, meconium aspiration, and congenital heart disease. Timely treatment of associated co-
morbidities reduces the risk of kidney injury in newborns. Diagnosing AKI in newborns is accompanied
by certain difficulties due to the lack of blood samples for analysis, especially in premature babies, and
variable glomerular filtration due to immaturity of renal function. Early detection of kidney injury provides
an opportunity for timely and appropriate treatment, which leads to a better outcome and prognosis of the
disease. Renal markers, especially NGAL, enable early diagnosis of AKI even in the first hours of its oc-
currence, when the disease is not clinically manifested. Due to the possibility of developing chronic kidney
disease, monitoring of children at risk is necessary. Extremely premature babies and those with oliguric
AKI are susceptible to neurocognitive disorders, anxiety and depression. Therefore, long-term multidis-
ciplinary follow-up of children who manifested acute kidney injury in the neonatal period is warranted.
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KIDNEY FEATURES
IN NEWBORNS

Acute kidney injury (AKI) represents a
complex disorder of renal function with various
clinical manifestations ranging from minimal renal
dysfunction to renal failure requiring replacement
therapy. Acute kidney injury occurs as a result of a
rapid decrease in glomerular filtration, which leads
to an increase in the degradation products of nitro-
gen metabolism and most often to a decrease in the
urine output [1-3].

The kidneys of newborns differ morphologi-
cally and physiologically from those in children and
adults. The embryonic development of the kidneys
begins in the 3rd gestational week from the inter-
mediate mesoderm and passes through pronephros,
mesonephros, and metanephros. About 20% of the
fetus’s nephrons develop in the first trimester of
intrauterine life, and about 50% by the 5th month.
Nephron development is completed between 32
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and 35 weeks of gestation, with newborns born at
term having a fixed number of nephrons that does
not change throughout life. In premature babies,
nephrogenesis continues for some time after birth.
Nephrons in neonatal kidneys are heterogeneous,
with different sizes and functional capabilities, with
the apparent difference being overcome only after
12-14 months of postnatal life. Although the fetal
kidneys are of no importance as an excretory organ,
since the placenta performs renal function until
the beginning of extra uterine life, it nevertheless
begins to function intrauterine [4, 5].

During the fetal life, glomerular filtration is
low and subsequently improves in the first weeks
of'life. It occurs as a result of active nephrogenesis
(postnatal adaptation of the kidney by increasing its
length due to hyperplasia and hypertrophy of the
glomerular cells, a decrease in the renal vascular
resistance, and a progressive increase in the func-
tion of the superficial nephrons). In newborns, the
glomerular filtration rate in the first days of life is
17-20 ml/min/1.73m2, in newborns from 1-2 weeks
itis 35-45 ml, in infants from 6 months to 1 year it
1s 65-91 ml, and in children from 1 to 3 years it is
74-118 ml/min/1.73m?2 (in adults, GFR is 100-140
ml/min/1.73m2). The postnatal increase in GFR
depends on the increase in the filtration surface
area, the increase in the ultra filtration pressure, and
the increase in the perfusion in the glomeruli. The
function of the kidneys of newborns is “immature”,
but still sufficient to maintain normal life process-
es in healthy newborns. This “immaturity” results
from the fact that they have high renal vascular
reserve, high plasma renin activity, low glomeru-
lar filtration, low intercortical perfusion, reduced
sodium reabsorption in the proximal tubule, and a
tendency towards tubular/cortical necrosis [6-8].

The incidence of AKI in newborns has the
highest rate compared to other age groups, and
it ranges from 6 to 24%, with a mortality rate of
over 35%. The occurrence of AKI in newborns is
influenced by various factors, such as gestational
age, birth weight, and comorbid conditions pres-
ent during or immediately after birth [9-11]. In the
three-year clinical-epidemiological prospective
study of Naunova Timovska et al., conducted at the
University Children’s Hospital in Skopje, in which
newborns with various pathological conditions and
the development of acute kidney injury were evalu-
ated, the estimated incidence of acute kidney injury
was 6.4% [12]. By gender, male newborns predom-
inate, and the high rate of kidney injury in boys is
likely the result of some predisposing factors, such

as neonatal sepsis and respiratory distress, which
occur more frequently in boys. According to the
gestational age, the majority of newborns with AKI
were born at term. In the studies by Momtaz et al.,
and Kapoor et al. term newborns are represented
in 79.5% and 68% of cases with AKI. A contrary
finding, for a predominance of premature babies,
are presented in the studies of Mathur et al. (76%)
and Choker et al. (69%) [13-15]. There are several
pathophysiological mechanisms responsible for the
occurrence of renal excretory failure in newborns:
changes in the renal perfusion or reduced blood
flow to the kidneys, changes in the glomerular per-
meability or reduced glomerulo-capillary filtration
surface area (Kf), obstruction of the tubules with
cellular debris, as well as increased reabsorption
through the damaged tubular cells, i.e. tubulo-glo-
merular reflux (back-leak) [16-18].

The most common type of kidney injury in
newborns is prerenal kidney injury, which occurs
in 70 to 80% of the cases. It occurs due to var-
ious hemodynamic disturbances that attack the
immature neonatal kidneys. Namely, the kidneys
of newborns, due to the immaturity of the blood
flow autoregulation mechanism, are less able to
compensate for changes in renal arterial pressure,
so hypovolemia and hypotension very often lead
to renal hypoperfusion and reduced glomerular fil-
tration. In the study by Naunova Timovska et al.,
78% of newborns with kidney injury demonstrated
prerenal AKI. It was confirmed by a natriuresis of
less than 20 mEq/L, a fractional sodium excretion
(FENa) of less than one, and an adequate response
to the fluid bolus therapy. Prerenal AKI is most
likely the result of the reduced effective blood flow
in the kidneys, i.e. inadequate renal perfusion with
a subsequent decrease in the glomerular filtration.
These conditions occur due to various hemodynam-
ic disturbances affecting the neonatal kidneys. In
this case, the already existing parenchymal renal
damage does not reverse despite the restoration of
the renal perfusion [19-21].

In terms of the 24-hour urine output, the
majority (80-90%) of newborns with renal AKI
are oliguric, with a diuresis of less than 1-1.5 ml/
kg/24, while more than half of neonates with pre-
renal AKI are non-oliguric. This finding is likely a
result of the high prevalence of perinatal asphyxia
in newborns with prerenal AKI, which predisposes
to the development of a non-oliguric type of renal
injury. Newborns with renal AKI have a signifi-
cantly higher mortality rate than newborns with
prerenal AKI. This finding is likely a result of the
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more severe clinical condition and greater uremia
in newborns with renal AKI, which subsequently
leads to the involvement and failure of multiple
organs and organ systems [22, 23].

COMORBIDITIES ASSOCIATED
WITH ACUTE KIDNEY INJURY

In newborns, due to the high vascular re-
sistance and plasma renin activity, renal blood
flow is proportionally lower. Therefore, their
kidney is particularly vulnerable to the effects of
hypoperfusion. The physiological characteristics
of the neonatal kidney — low glomerular filtration
rate (GFR), reduced intercortical perfusion and
reduced sodium reabsorption in the proximal tu-
bule, resemble those encountered in acute tubular
necrosis, which is why some describe the neona-
tal kidney as “halfway to acute renal failure.” In
addition, various comorbid conditions that are
often encountered in newborns, and which further
reduce circulation, as well as certain therapeutic
interventions and nephrotoxic drugs, can second-
arily impair the renal function and lead to kidney
injury [24, 25].

Predisposing factors for the occurrence of
AKI in neonates are certain clinical conditions
(prematurity, respiratory distress, sepsis, perinatal
asphyxia, meconium aspiration syndrome, con-
genital heart diseases). The timely treatment of
the associated comorbid conditions, as well as the
reduction of nephrotoxic drugs, reduces the risk of
kidney injury in neonates. In the clinical studies of
Selewski et al., and Gopal et al., the most common
comorbid condition associated with AKI is the
perinatal asphyxia, with a predominance of the
male term infants born with a low Apgar score at
the fifth minute of life. There is a strong associa-
tion of asphyxia with the male gender, hence its
predominance in these newborns. The connection
between the perinatal asphyxia and the kidney
damage stems from the fact that it is accompanied
by the occurrence of hypoperfusion, which occurs
due to the redistribution of the blood volume to the
vital organs and their protection in conditions of
threatening hypoxia. This adaptation mechanism
that occurs in asphyxia is known as the “diving
seal reflex.” The resulting hypoperfusion leads
to ischemic damage to the renal parenchyma and
tubulointerstitium. Therefore, hypoperfusion is
the key factor in the occurrence of renal damage

in asphyxiated newborns. Hence the importance
of its timely correction in order to prevent renal
damage [26, 27].

More than half of the newborns with AKI
associated with asphyxia are non-oliguric, with
urine output greater than 1-1.5 ml/kg/h, likely due
to tubulointerstitial damage. Early recognition of
renal damage in asphyxiated newborns, followed
by adequate fluid intake, is necessary for faster
recovery and better outcome. The predominance
of non-oliguric kidney injury is presented in the
studies of Gopal et al., and Gupta et al. Notably,
in a one-year study conducted on 75 newborns,
Gopal reported the presence of nonoliguric kidney
injury in 63% of the asphyxiated newborns. In
Gupta’s study, 78% of the asphyxiated newborns
had nonoliguric kidney injury [43-45]. Because
of other associated comorbidities with AKI, such
as congenital heart disease, meconium aspiration
syndrome, sepsis, and prematurity, newborns are
often oliguric, with a urine output of less than
1-1.5 ml/kg/h [28,29].

The other comorbidity associated with
kidney damage in newborns is neonatal sepsis,
confirmed by neutropenia in the hematogram,
elevated inflammatory markers, and a positive
blood culture. Due to the immaturity of the im-
mune system in newborns, sepsis is a significant
cause of morbidity and mortality in the neonatal
period. Impaired renal function and subsequent
renal damage probably occur due to the develop-
ment of septic shock, disseminated intravascular
coagulation, heart failure, and acute tubular ne-
crosis. Acute kidney injury is also associated with
prematurity, which today represents a significant
global public health problem. The number of ba-
bies born before 28 weeks of gestation is increas-
ing. Most likely, this is due to the shift in the age
limit of women giving birth, who are increasingly
choosing to have children after the age of 30, as
well as the more frequent use of in vitro fertiliza-
tion. With the modernization of neonatal intensive
care units and the use of new technologies and
protocols, more effective treatment of premature
babies is now provided. In this way, survival is
drastically improved and early and late complica-
tions of prematurity are reduced. Other comorbid
conditions associated with AKI in newborns are
congenital heart diseases and meconium aspira-
tion syndrome. Evidence suggests that newborns
with AKI have multiple comorbid conditions, sug-
gesting that the etiology of acute kidney injury in
the neonatal period is multifactorial [30, 31]. In
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the study by Naunova Timovska et al., the most
common associated comorbid condition in new-
borns with prerenal AKI was perinatal asphyxia,
registered in 36% of cases. That was followed by
the following comorbidities: prematurity regis-
tered in 25%, sepsis in 18%, meconium aspiration
syndrome in 13% and congenital heart diseases in
8% of newborns with AKI. Renal AKI was found
in 20% of newborns, and the most common co-
morbid condition associated with renal AKI was
sepsis evaluated in half of cases.

DIAGNOSIS
OF ACUTE KIDNEY INJURY

The following findings are used to di-
agnose acute kidney injury: Medical history
(personal and maternal for use of medications
during pregnancy or childbirth), Clinical find-
ing, Laboratory tests in blood and urine (blood
count, gas analysis, electrolytes in serum and
urine, creatinine in serum and urine, urea, 24-
hour urine output, pH and urine osmolarity),
ECQG, ultrasound of the renal and urinary sys-
tem, MCUG, Renal biopsy. Disturbances in the
water balance, electrolytes and acid-base status,
as well as the accumulation of waste products,
indicate a decrease in the kidney function, with
the kidneys insufficiently excreting urine with
an inappropriate composition. To assess the
kidney function and the capacity of the kidneys
to purify the blood, creatinine clearance and
glomerular filtration rate (GFR) are determined.
Normally functioning kidneys have a creatinine
clearance and GFR of 120 ml/min. Creatinine
clearance decreases with age, decreasing by
about 50% in adulthood. In neonates, the most
common indicators of renal dysfunction are se-
rum creatinine values greater than 130 umol/I
in neonates younger than 33 weeks of gestation
and greater than 90 pumol/l in neonates older
than 33 weeks of gestation, with or without the
presence of oliguria (<1-1.5 ml/kg/h). If the
urine output is less than 1-1.5 ml/kg/24h, it is
oliguric AKI, and if it is greater than 1-1.5 ml/
kg/24h, it is non-oliguric AKI [32-34].

Diagnosing AKI in newborns is accompa-
nied by certain difficulties due to: fewer blood
samples for determining serum creatinine lev-
els, especially in extremely premature babies
due to the small blood volume and the potential

risk of anemia; higher serum creatinine values
in the first 72 hours of life reflecting the pres-
ence of maternal creatinine in the newborn’s
circulation; low and variable GFR due to im-
maturity of the renal function; lack of reference
values for serum creatinine in newborns [35].

Renal biomarkers are used for the early
diagnosis and follow-up of the outcome of kid-
ney injury. They enable timely recognition of
the newborns at risk for kidney injury, in which
clinical symptoms and signs of the disease have
not yet been manifested. Until now, the diagno-
sis of the kidney injury was based on the deter-
mination of the serum creatinine values, which
is the most commonly used parameter for mon-
itoring glomerular filtration. However, its use
in the neonatal period is very limited due to the
difficulties in interpretation. Namely, during the
first 2 to 3 days of life, serum creatinine reflects
the function of the maternal kidneys, i.e. ma-
ternal creatinine, showing higher values that
subsequently decrease in the following days.
On the other hand, serum creatinine levels may
increase as early as 48-72 hours after the initial
kidney injury, after a 25-50% decrease in the
kidney function has occurred and when there
are clear clinical signs of the disease. There-
fore, serum creatinine is considered a late func-
tional marker of kidney injury [36, 37].

Starting from the fact that acute kidney
injury is a serious life-threatening condition, es-
pecially in the neonatal period, the importance
of early diagnosis of this disease arises in the
initial stage, when the changes are reversible
and the disease has a transient course. Early
detection of kidney injury provides the oppor-
tunity to initiate timely and adequate treatment
that would ensure a better outcome and better
prognosis of the disease. Namely, previous re-
search has shown that determining renal bio-
markers in the early stages of AKI, in addition
to the timely detection of the kidney damage,
also plays a major role in predicting the clinical
course and prognosis of the disease. It has been
established that renal biomarkers can detect
renal injury within the first 2 to 3 hours of its
occurrence, when the disease is not clinically
manifested, and creatinine values are within the
reference limits. Known biomarkers that detect
AKI in newborns are Cystatin C (CysC), Kid-
ney injury molecule 1 (KIM-1), Interleukin-18
(IL-18), N acetyl B-D glucosaminidasa (NAG),
B2-microglobulin (32M), Retinol-Binding Pro-
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tein (RBP), Neutrophil Gelatinase Associated
Lipocalin (NGAL) [38,39].

Wider application of NGAL in the eval-
uation of critically ill newborns with various
pathological conditions is justified, as an early,
sensitive marker for the detection of acute kid-
ney injury. NGAL has shown high sensitivity
and predictive value in neonates at risk of AKI.
Under normal conditions, very small amounts
of the NGAL glycoprotein are excreted in the
urine, but they increase rapidly in the first hours
after the onset of kidney injury. A sudden in-
crease in the urinary NGAL occurs in those
newborns who do not have clinical signs of
AKI, and before the onset of an increase in se-
rum creatinine [40,41].

Many studies have evaluated the pre-
dictive power of NGAL marker. Mishra et al.
showed that NGAL was an early marker of
subclinical AKI in pediatric patients after car-
diopulmonary bypass; its elevation preceded
any increase in creatinine, and the increase was
sustained throughout the duration of AKI. In
the prospective observational study of Eldegwi
et al. the diagnostic performance of NGAL as
an early predictor of AKI was assessed in 70
premature babies receiving nephrotoxic drugs,
whereas a two-center prospective cohort study
of Stoops et al. showed the performance of
NGAL to detect AKI in 148 infants [42-45].

PROGNOSIS,
OUTCOMES AND FOLLOW-UP

A good prognosis is shown in newborns
with prerenal AKI (if treatment is started in time)
and with postrenal AKI (if obstruction of the
distal urinary tract is removed in time). A poor
prognosis is shown in newborns with renal AKI,
with the appearance of residual renal failure (re-
duced glomerular filtration, tubular dysfunction
or retarded kidney growth) or permanent loss of
renal function with transition to end-stage renal
failure, i.e. end-stage renal disease [45,46].

It is known that the total glomerular filtra-
tion rate is determined by the filtering capacity of
each individual nephron. In cases where kidney
damage occurs, the number of nephrons decreas-
es, resulting in compensatory hypertrophy of
the remaining nephrons. They operate under in-
creased intracapillary hydraulic pressure, which

subsequently leads to damage to the capillary
wall. This inevitably leads to the appearance of
progressive glomerulosclerosis, proteinuria, hy-
pertension and terminal renal failure. Terminal
renal failure is a severe disability that impairs
the quality of life of patients and their families,
and the expensive and long-term treatment finan-
cially depletes health funds and the families of
affected babies [47, 48].

Because of the potential risk of developing
chronic kidney disease, long-term follow-up is
desirable for children who have AKI in neonatal
period. The follow-up includes the assessment
of:

* Growth and development, through appro-
priate growth curves. The finding of body weight
curve below 5th percentile indicates growth re-
tardation; between the 85th and 95th percentile
shows overweight, while body weight above 95th
percentile represents obesity, an overweight.

* Blood pressure measurement. Hyperten-
sion is defined as systolic blood pressure and/
or diastolic blood pressure above the 90th per-
centile or above the 95th percentile for the ap-
propriate age group on at least three separate
occasions. Hypertension is classified as prehy-
pertension (blood pressure between the 90th and
95th percentile), stage 1 (blood pressure between
the 95th and 99th percentile plus 5 mmHg), and
stage 2 (blood pressure above the 99th percentile
plus 5 mmHg).

* Assessment of renal function. The assess-
ment is performed through certain laboratory
parameters (urea and creatinine in serum, uri-
nalysis of the first urine with calculated protein/
creatinine ratio) and ultrasonographic examina-
tion of the kidneys. The reference value for the
calculated protein/creatinine ratio is taken to be
a value less than 0.5 mg/mmol [49].

The follow-up of children with AKI in
neonatal age shows that glomerular filtration and
tubular function are still normalized. However,
renal blood flow remains permanently impaired,
suggesting that there is still some irreversible
loss of nephrons, and that glomerular filtration
is maintained by hypertrophy of the remaining
nephrons. The children with neonatal AKI are at
risk of chronic kidney disease in the future, es-
pecially extremely premature in whom the kid-
ney disease may progress during the first year
of life. This is due to the vascular endothelial
cells damage that leads to progress to fibrosis,
glomerulosclerosis, and loss of kidney function.
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The findings in the majority of short term mon-
itored children show that they still have normal
growth and development, proper blood pressure,
and appropriate renal function. This is most like-
ly due to the prerenal AKI, as a dominant kidney
injury in neonatal period. But, at the same time,
these findings do not exclude the occurrence of
chronic kidney disease in the future. Therefore,
a long term follow up of children with AKI is
necessary to timely identify those with possible
development of chronic kidney disease [50-53].
In the study by Naunova Timovska, only 52% of
children are followed up for one year after the
initial kidney injury, partly because of the unfa-
vorable outcome in infancy, and partly because
of non-acceptance of the health status control.
The majority of the monitored children have had
normal growth, blood pressure, and kidney func-
tion. In 8% of the monitored children, micropro-
teinuria is registered, as an important predictor
of developing chronic kidney disease. This find-
ing indicates that children with microproteinuria
are at risk for progression of kidney disease.
Therefore, long-term monitoring of children at
risk is necessary, in order to timely diagnose
chronic kidney disease and to undertake appro-
priate treatment to prevent further loss of kidney
function and transition to end-stage renal failure.

The children with AKI at neonatal age,
especially those with oliguric AKI and born ex-
tremely preterm, are at risk for long-term neuro-
cognitive disorders (memory deficits, and learn-
ing difficulties), anxiety, and depression (noticed
in more than 11% of children with severe neona-
tal AKI). Unfavorable neurodevelopmental out-
comes are a result of an imbalance in vascular
growth factors; disruption of blood-brain barrier
integrity that allows infiltration of toxic prod-
ucts from the injured kidneys into the develop-
ing brain, as well as with reduction of dopamine
turnover in certain parts of the brain. Long-term
neurodevelopmental follow-up after neonatal
AKI is warranted [54, 55]. Namely, kidney in-
jury survivors experience persistent psycholog-
ical distress, cognitive impairment, and reduced
QoL, particularly in those with incomplete renal
recovery. Incomplete renal recovery, prolonged
ICU stay, more dialysis sessions, and higher cre-
atinine titers were linked to worse psychiatric
outcomes, while better albumin titers correlated
with improved cognition. Early psychiatric as-
sessment and targeted interventions should be
integrated into post-AKI care [56].

CONCLUSION

In the neonatal period, various patholog-
ical conditions that further reduce the circula-
tion can secondarily impair the renal function
of immature kidneys and lead to the occurrence
of acute kidney injury. Comorbid conditions in
newborns increase the risk of kidney injury in
the neonatal period. The occurrence of AKI is
often multifactorial, with one or more associated
comorbid conditions that worsen the course and
outcome of the disease. The timely treatment of
the associated comorbid conditions reduces the
risk of developing AKI in newborns. Prerenal
AKI is the most common type of kidney injury
that occurs due to various hemodynamic disor-
ders that attack the immature neonatal kidneys.
NGAL is a promising marker that allows early
diagnosis of kidney injury, even in the first hours
of its occurrence. That is why we propose its
wider application in ill newborns with different
clinical conditions as an early renal marker for
AKI detection. Long-term follow-up of children
who have experienced AKI at neonatal age is
necessary, due to the possible progression over
the years to chronic kidney disease as well as
neurodevelopmental disorders and depression.
In addition, multidisciplinary follow-up for pe-
diatric patients with AKI is important, such as
psychiatric follow-up in treatment centers due to
the associated psychiatric disorders with acute
kidney injury.

REFERENCES

1. Ottonello G, Dessi A, Neroni P, et al. Acute
kidney injury in neonatal age. J Ped Med.
2014;3(2):030246

2. Gohiya P, Nadkami J, Mishra M. Study of neo-
natal acute kidney injury based on KDIGO cri-
teria. Pediatr Neonatol.2022; 63(1):66-70

3. Michelle CS, Shina M. Neonatal acute kid-
ney injury: a case based approach. Pediatr
Nephrol.2021; 36(11):3607-19

4. Kastl JT. Renal function in the fetus and neo-
nate - the creatinine enigma. Semin Fetal Neo-
natal Med.2017; 22(2):83-9

5. Nada A, Bonachea EM and Askenazi DJ. Acute
kidney injury in the fetus and neonate. Semin
Fetal Neonatal Med.2017; 22(2): 90-7



RENAL IMMATURITY, COMORBIDITIES AND OUTCOMES IN NEONATAL ACUTE KIDNEY INJURY 69

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Carpenter J, Yarlagadda S, and VandenHeuvel
KA et al. Human nephrogenesis can persist be-
yond 40 postnatal days in preterm infants. Kid-
ney Int Rep.2024;9:436-50

Weintraub AS, Carey A, Connors J, et al. Re-
lationship of maternal creatinine to first neona-
tal creatinine in infants <30 weeks gestation. J
Perinatol. 2015;35:401

Bateman DA, Thomas W, Parravicini E, et al.
Serum creatinine concentration in very-low-
birth-weight infants from birth to 34-36wk
postmenstrual age. Pediatr Res.2015; 77:696
Youssef D, Abd-Elrahman H, Shehab N, et al.
Incidence of acute kidney injury in the neonatal
intensive care unit. Saudi J Kidney Dis Trans-
pl.2015;26(1):67-72

Charlton JR, Boohaker L, Askenazi D, et al. In-
cidence and risk factors of early onset neonatal
AKI. Clin J Am Soc Nephrol.2019;14: 184-95
Jetton JG, Boohaker LJ, Sethi SK, et al. Inci-
dence and outcomes of neonatal acute kidney
injury (AWAKEN): a multicentre, multination-
al, observational cohort study. Lancet Child Ad-
olesc Health.2017;1:184-94

Naunova Timovska, Bojadzieva S, Jordanova O,
et al. Assessment of the diagnostic ability of RI-
FLE classification and neutrophil gelatinase-as-
sociated lipocalin biomarker in detecting acute
kidney injury in newborns in the intensive care
unit. Srp Arh Celok Lek.2022; 150(5-6):302-7
Momtaz H, Sabzehei K, Rusulli B, et al. The
main etiologies o acute kidney injury in the
newborns hospitalized in the neonatal intensive
care unit.2014;3(2):99-10

Kapoor K, Jajoo M, Dabas V, et al. Predictors
of mortality in neonates with acute renal failure.
Iran J Pediatr.2013; 23(3):321-6

Choker G and Gouyon JB. Diagnosis of acute
renal failure in very preterm infants. Biol Neo-
nate.2004;86:212—6

Rutledge AD, Griffin RL, Vincent K, et al. In-
cidence, risk factors, and outcomes associat-
ed with recurrent neonatal acute kidney injury
in the AWAKEN Study. JAMA Netw Open.
2024;7:€2355307

Schindler T, Koller-Smith L, Lui K, et al. New
South Wales and Australian Capital Territory
Neonatal Intensive Care Units' Data Collection
: Causes of death in very preterm infants cared
for in neonatal intensive care units: a popula-
tion-based retrospective cohort study. BMC Pe-
diatr. 2017;17(1): 59

Nakatsugawa AC, Sampogna RV. Postnatal
nephrogenesis in preterm Infants: the need to
safeguard kidney development after birth. Kid-
ney Int Rep. 2024;9:201-2

Youssef D, Abd-Elrahman H, Shehab N, et al.
Incidence of acute kidney injury in the neonatal

20.

21.

22.

23.

25.

26.

27.

28.

29.

31.

32.

33.

intensive care unit. Saudi J Kidney Dis Transpl.
2015;26(1):67-9

Zappitelli M, Ambalavanan N, Askenazi D, et
al. Developing a neonatal acute kidney injury
research definition: a report from the NIDDK
neonatal AKI workshop. Pediatric RESEARCH.
2017; 82(4):569-73

Kent AL, Charlton JR, Guillet R, et al. Neonatal
acute kidney injury: a survey of neonatologists'
and nephrologists' perception and practice man-
agement. Am J Perintol. 2018; 35:1-9.

Bezerra CT, Vaz Cunha LC and Liborio AB.
Defining reduced urine output in neonatal
ICU: importance for mortality and acute kid-
ney injury classification. Nephrol Dial Trans-
plant. 2013;28(4):901-9

Laoaroon N, Kiatchoosakun P, Wisanuyotin S,
et al. Incidence of acute kidney injury by neo-
natal RIFLE criteria in NICU. Srinagarind Med-
ical Journal. 2020; 35(1)

. Ottonello G, Dessi A, Neroni P, et al. Acute

kidney injury in neonatal age. ] Ped Med.
2014;3(2):030246.

Staub E, Bolisetty S, Allegaert K, Raaijmak-
ers A. Neonatal kidney function, injury and
drug dosing: a contemporary review. Children.
2025;12(3):339

Selewski DT, Jordan BK, Askenazi DJ, et al.
Acute kidney injury in asphyxiated newborns
treated with therapeutic hypothermia. J Pediatr.
2013;162(4):725-9

Gopal Girish. Acute kidney injury in peri-
natal asphyxia. Indian J Pharm Biol Res.
2014;2(2):60-65

Gupta BD, Sharma P, Bagla J, et al. Renal
failure in asphyxiated neonates. Indian Pedi-
atr. 2005;42(9):928-34

Kent AL, Charlton JR, Gillett R, Gist KM, Han-
na M, El Samra A, et al. Neonatal acute kidney
injury: a survey of neonatologists' and nephrol-
ogists' perceptions and management practices.
Am J Perinthol. 2018; 35(1):1-9.

. Starr MC, Griffin RL, Harer MW, et al. Acute

kidney injury defined by fluid-corrected creat-
inine in premature neonates: a secondary anal-
ysis of the PENUT randomized clinical trial.
JAMA Netw Open. 2023;6(8):¢2328182
Carmody JB, Swanson JR, Rhone ET, et al.
Recognition and reporting of AKI in very
low birth weight infants. Clin J Am Soc
Nephrol. 2014;9:2036-43

Bakr A, Eid R, Abdelrahman Allam N, et al.
Neonatal acute kidney injury: diagnostic and
therapeutic challenges. Journal of Nephrology
Research. 2018; 4(1):130-4

Hall PS, Mitchell ED, Smith AF, et al. The fu-
ture for diagnostic tests of acute kidney injury
in critical care: evidence synthesis, care path-



70

Silvana Naunova Timovska et al.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

way analysis and research prioritisation. Health
Technol Assess. 2018;22: 1-274

Cho MN. Pediatric acute kidney injury: Focus-
ing on diagnosis and management. Child Kid-
ney Dis. 2020; 24(1):19-26

Dapaah-Siakwan F and Rajbhandari S. Diag-
nosis and risk factors of acute kidney injury in
very low birth weight Infants. Pediatrics and
Neonatology. 2017; 58(3):258-63

Gopal A, Sanjay W, Sidharth KS, et al. Inci-
dence, risk factors and outcomes of neonatal
acute kidney injury: protocol of a multicentric
prospective cohort study [The Indian iconic
neonatal kidney educational registry]. Front Pe-
diatr. 2021; 9:690559

lacobelli S, Guignard JP. Maturation of glomer-
ular filtration rate in neonates and infants: an
overview. Pediatr Nephrol. 2021;36:1439-46
Correa LP, Marzano ACS, Silva Filha R,
Magalhaes RC, Simoes ESAC. Biomarkers of
renal function in preterm neonates at 72h and
3weeks of life. J Pediatr. 2021;97:508-13

Fan H, Zhao Y, Sun M, et al. Urinary neutro-
phil gelatinase-associated lipocalin, kidney
injury molecule-1, N-acetyl-B-D-glucosamin-
idase levels and mortality risk in septic pa-
tients with acute kidney injury. Arch Med Sci.
2018; 14(6): 1381-6

Peters H, Macke C, Mommsen P, et al. Predic-
tive value of osteoprotegerin and neutrophil
gelatinase-associated lipocalin on multiple or-
gan failure in multiple traumas. In Vivo. 2019;
33(5):1573-80

Forster CS, Jackson E, Ma Q, et al. Predictive
ability of NGAL in identifying urinary tract
infection in children with neurogenic blad-
ders. Pediatr Nephrol. 2018; 33(8): 1365-74
PMID: 29532235

Mishra J, Dent C, Tarabishi R, et al. Neutrophil
gelatinaseassociated lipocalin (NGAL) as a bio-
marker for acute renal injury after cardiac sur-
gery. Lancet. 2005;365:1231-8

Eldegwi M, Hassan S, Saadoun M, et al. The
role of serum neutrophil gelatinase-associated
lipocalin (NGAL) in detecting acute kidney in-
jury in preterm neonates exposed to nephrotoxic
drugs. BMC Pediatr.2025;26(1):63

Stoops C, Gavigan H, Krallman K, et al. The
utility of urinary NGAL as an alternative for se-
rum creatinine to detect acute kidney injury in
infants exposed to nephrotoxic medications in
the neonatal intensive care unit. Neonatology.
2024;121:203-12

Filler G, Bhayana V, Schott C, Diaz-Gonzalez
de Ferris ME. How should we assess renal

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

function in neonates and infants? Acta Paediatr.
2021;110:773-80

Chirico V, Lacquaniti A, Tripodi F, et al. Acute
kidney injury in neonatal intensive care unit:
epidemiology, diagnosis and risk factors. J Clin
Med.2024:13(12):3446

Farhadi R, Gholsmrezaei M, Mohammadjafari
H, et al. Incidence and risk factors of acute kid-
ney injury in neonatal intensive care unit. Ira-
nian Journal of Neonatology. 2021; 12(2):33-9
Hakan N, Aydin M, Zenciroglu A, et al. Acute
peritoneal dialysis in the newborn period: a
7-year single-center experience at tertiary neo-
natal intensive care unit in Turkey. Am J Perina-
tol. 2014;31:335-8

Gingrich AR, Hagenow AM, Steinbach EJ, et
al. Acute kidney injury surveillance in the high-
risk neonatal population following implementa-
tion of creatinine screening protocol. Acta Pae-
diatr. 2024;113:692-9

Bakr A, Eid R, Abdelrahman Allam N, et al.
Neonatal acute kidney injury: diagnostic and
therapeutic challenges. Journal of Nephrology
Research. 2018; 4(1):130-4

Gallo D, de Bijl-Marcus KA, Alderliesten T,
et al. Early acute kidney injury in preterm and
term neonates: incidence, outcome, and as-
sociated clinical features. Neonatology.2021;
118(2):174-9

Salem F, Johnson TN, Hodgkinson ABJ, et al.
Does “birth” as an event impact maturation
trajectory of renal clearance via glomerular fil-
tration? Reexamining data in preterm and full-
term neonates by avoiding the creatinine bias. J
Clin Pharmacol. 2021;61:159-71

Youssef D, Abd-Elrahman H, Shehab N, et al.
Incidence of acute kidney injury in the neonatal
intensiven care unit. Saudi J Kidney Dis Trans-
pl.2015;26(1):67-7

Stahl J, Wightman A, Flythe J, et al. Psychi-
atric Diagnoses in Children With CKD Com-
pared to the General Population. Kidney Med.
2022;4(6):100451

Chin-Chia Chen, Chi-Hsiang Chu, Yung-Chieh
Lin. Neurodevelopment after neonatal acute
kidney injury in very preterm-birth children.
Kidney Int Rep. 2023;8(9):1784-91

Yasmen Megahed Mostafa, Rehab Elsayed Abd
Elmonem, Mohamed ElWasify, Ahmed Ahmed
Ahmed Eldeeb. Evaluation of anxiety and de-
pression among patients recovered from acute
kidney injury. Middle East Current Psychiatry.
2025; 32:108



RENAL IMMATURITY, COMORBIDITIES AND OUTCOMES IN NEONATAL ACUTE KIDNEY INJURY 71

Pe3ume

HE3PEJIOCT HA BYBPE3UTE, KOMOPBUIAUTETHU U UCXOAHN
KAJ HEOHATAJIHO AKYTHO BYBPEKHO OIITETYBAIBE

CuinBana HaynoBa TumoBcka', XpucTuna ManykoBcka',
30ja badunkocroBa’, Uckpa MapTuHoBCcKa®

! VHuBepautercka nercka OonHuna, MemunuHcku dakynrer, YHusepsuter ,,CB. Kupun u Meroau;j®,
Ckomje, PC Maxkenonuja

2 VHUBep3WTETCKAa KJIMHHUKA 3a TCHXHjaTpuja, MeaunuHcku (akynret, YHusepsuter ,,CB. Kupun u
Metonuj“, Crormje, PC Makenonuja

3 CrienrijasiHa OOJTHUIIA 32 THHEKOJIOTHja U aKkyiepcTBo ,,Majka Tepesza“, Cromje, PC Makenonujaa

ByOpesuTe kaj HoBopoAeHUHIbaTa MOP(OIOMIKH 1 (PU3HOJIOIIKY Ce pa3IMKyBaaT Ol OHUE Kaj Jierara
U Kaj BozpacHUTe. EMOpHOHanHMOT pa3Boj Ha OyOpe3nTe 3amouHyBa BO 3-Tara Helelna Mo 3a4HyBameTo
1 3aBpiIyBa Bo 32-35-Ta Hezena MpeHaTaiHo, JOACKa Kaj MPeaIBPEeMEHO POJSHUTE MPOAOIDKYBa OIpEACH
nepuo no paramero. DyHKIMjaTa HA HEOHATATHUTE OyOpe3H € ,,He3peria‘ mopaay BUCOKUOT BaCKyJlapeH
OTIOP U HUCKUOT OyOpekeH KPBEeH MPOTOK. 3aToa, HeoHaTaIHUTE OyOpe3n ce 0COOEHO UyBCTBUTEIIHH Ha
xunonepdysuja. [Ipearcnonnpauku Gpakropu 3a mojasa Ha akyTHOTO OyOpexHo omreTyBame (ABO) kaj
HOBOPOJCHUYHMIbATA CE OAPENICHH KIMHUYKU COCTOjOM, KaKBU LITO CE€ MPEIBPEMEHOTO parame, pecrnupa-
TOPHUOT TUCTPEC, Cericara, ac(huKcHjaTa, MEKOHMyMCKaTa aclypalyja i BpoIeHUTE CPLIEBHU 3a00TyBamba.
HaBpemeHoTo nexkyBame Ha NMPUAPYKHUTE KOMOPOUIUTETH TO HaMallyBa PU3UKOT OJ] OLITETYBame Ha
HeoHaTanHuTe OyOpes3u. [ujarHocTupameTo Ha OyOpeKHOTO OMITETYBAHE Kaj HOBOPOACHUMIHATA €
MIPUAPYKEHO CO OPEACHHU TEIIKOTHH TOPaaH HEJOCTUIOT Ha KPBHHU IIPUMEPOLIH 3a aHAIN3a, 0COOCHO Kaj
MIpeABPEMEHO POACHUTE, U BapujaOuiiHaTa roMepyaapHa GpuiaTpanuja, mopaan He3penocTta Ha OyOpeskHa-
Ta QyHknuja. PaHOTO OTKpHBame Ha OyOpEeKHOTO OIITETYBAHbE 1aBa MOKHOCT 32 HABPEMEH M COOJIBETECH
TpeTMaH, WITO JOBEAyBa A0 moxo0ap MCXOA W MporHo3a Ha Oojecta. byOpexHuTe Mapkepu, 0coOeHO
HI'AJL, oBo3mMokyBaar paHna audjarno3a Ha ABO nypu Bo mpBHTE 4acOBHU O HEj3MHOTO M0jaByBambe, KOra
Oosiecta He € KNMHUYKK MaHuecTupana. [lopaan MoXXHOCTa 3a pa3BOj Ha XpOHUYHA OyOpekHa OoJecT,
oTpeOHO € MOHUTOPHpAE Ha JleraTa co pu3uK. EKCTpeMHO mpeMaTypHHTE Jielia 1 OHUE CO OJIMTypUYHa
ABO ce nonoKHU Ha HEBPOKOTHUTHBHU HapylIyBamba, aHKCHO3HOCT U JIenpecHja. 3aTtoa, HEOMXO0IHO €
JOJTOPOYHO MYJITHIUCUUIUIMHAPHO CIEACH-E Ha JelaTa IITO BO HEOHATalHaTa Bo3pacT MaHu(ecTrpae
aKyTHO OyOpe)KHO OIITETYyBambe.

Kny4unu 300poBu: akyTHO OyOpexHO OIITETYyBamke, HOBOPOICHUNEA, KOMOPOUIUTETH, UCXOIU



