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Abstract
Advances in the care of neonates to the extreme limits of viability have increased the risk of severe comorbidities in surviv-
ing preemies. The respiratory and the neurodevelopmental consequences of premature birth and/or intra-uterine growth 
retardation have been well described. Because of the usual clinical silence of the kidney, the long-term renal consequences 
of low birth weight have not been as well studied. A case report illustrates the risk factors associated with low birth weight 
and prematurity and discusses the pathogenesis of the late consequences of the congenital nephron deficit associated with a 
low birth weight. Practical recommendations are given for a tight follow-up of these newly born preemies.

Keywords Extremely low birth weight · IUGR  · AKI · Nephrogenesis · Hyperfiltration · Outcome

Limits of viability in premature infants—
what about the kidney?

With advances in neonatal care, survival of premature 
infants at the limits of viability has significantly increased. 
Despite the improvement in mortality, there is a 20–50% risk 
of morbidities [1] in survivors born at less than 28 weeks of 
gestation or with birth weight less than 1000 g. Most of the 
articles on follow-up and outcomes for extremely low birth 
weight (ELBW) infants (birth weight of less than 1000 g or 
even lighter) provide up-to-date overviews on respiratory 
and neurodevelopmental consequences and address concerns 
for the high prevalence of pulmonary and neurosensory 
sequelae in infants who survive to NICU discharge [1–3].

 Epidemiologic research and systematic reviews show 
that both low birth weight (LBW, birth weight of less than 
2500 g) and preterm birth (birth at less than 37 weeks of 
gestation) are associated with childhood onset of chronic 
kidney disease (CKD) [4–6]. A national cohort study in 

Sweden showed that extremely preterm birth (< 28 weeks 
of gestation) was associated with a threefold risk of CKD 
from birth into mid-adulthood, as compared with full term 
birth [7]. In that cohort, the association between preterm 
birth and CKD was strongest at ages 0–9 years, thus earlier 
in life as compared to previous studies [4], which could in 
part be due to improved survival of smaller and less healthy 
preterm infants.

 The kidney can be extremely silent: (i) kidney injury 
remains often unnoticed until irreversible alterations take 
place; (ii) a large number of patients suffering from kidney 
disease present symptoms which are not directly referable 
to that organ; (iii) the kidney works, remaining silent even 
when suffering from significant nephron loss.

 This educational review describes the pathogenesis of the 
late consequences of the congenital nephron deficit associ-
ated with a LBW and discusses the need to pilot a specific 
program to implement kidney-protective strategies for new-
born infants at the limit of viability cared for in NICU.

Effects of low birth weight and preterm birth 
on nephrogenesis

In humans, nephrogenesis ends prenatally at around 34–36 
weeks and 60% of the nephrons are formed during the third 
trimester of pregnancy. Each kidney contains approximately 
1 million nephrons (227,327 to 1,825,380). The number of 
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nephrons correlates with birth weight, the count increasing 
by 25,743 for each 100 g of birth weight [8, 9]. In case of 
preterm birth, whatever the gestational age, nephrogenesis 
ceases by the end of the first 40 days of life and the nephron 
number is lower compared to full term birth [10].

 The consequences of both LBW and preterm birth on 
nephrogenesis have been well studied. The exact relationship 
between gestational age at birth and abnormal kidney func-
tion in later life has however not yet been established. Most 
of the clinical studies on kidney development and risk of 
CKD in LBW infants did not report adequate information on 
gestational age [4, 5]. A confounding factor is that preterm 
birth accounts for approximately 80% of LBW.

Moreover, preterm birth may occur in various situations. 
Among maternal causes, a low-protein diet, gestational dia-
betes, administration of glucocorticoids or exposure to other 
drugs/toxins, deficiency of micronutrients, iron or vitamins, 
and hypertensive disorders may all induce adverse environ-
ments in utero, with or without associated fetal growth 
restriction (IUGR). As proven by human and animal stud-
ies, all these antenatal conditions per se can induce a poor 
nephron endowment in the neonate [11].

Especially in ELBW infants, postnatal factors, including 
postnatal nutrition and growth, infection and inflammatory 
states, and exposure to nephrotoxic drugs, may also con-
tribute to worsen the nephron deficit. Autopsy studies have 
shown that in “very sick” preterm infants, the postnatal pro-
gress of the nephrogenesis can be impaired, with a greater 
percentage of morphologically abnormal glomeruli, com-
pared to “healthy” gestational controls [12, 13].

Consequences of a nephron deficit

The compensatory hyperfiltration phenomenon

In 1981, Brenner et al. hypothesized that compensatory 
glomerular hemodynamic changes take place in response 
to nephron loss [14]. In case of poor nephron endowment, 
an adaptive response occurs, inducing increased glomerular 
filtration rate (GFR) at a single nephron level. Experimental 
studies and human models of reduced kidney mass occurring 
from birth showed that the increase of per nephron filtration 
is associated with an increase in intraglomerular pressure 
and filtration fraction [14]. The underlying mechanism is 
a predominant post-glomerular vasoconstriction, which is 
mediated, at least in part, by the activation of the renin–angi-
otensin system [15]. Increased levels of angiotensin II may 
in turn up-regulate the expression of growth factors and 
cytokines. All these compounds stimulate oxidative stress 
and promote cell growth and fibrosis [16].

Functional consequences of glomerular 
hyperfiltration

Mild albuminuria may appear as a first manifestation of 
hyperfiltering nephrons. Persistence of glomerular capil-
lary hyperperfusion and hyperfiltration can lead to ongo-
ing injury to podocytes and to the glomerular microvas-
culature, which contributes to proteinuria. With aging, 
adaptive hypertrophy of functional nephrons may create 
a positive feedback loop inducing tubular atrophy and 
interstitial fibrosis. This process is accelerated by and 
may lead to arterial hypertension and CKD [14]. Before 
progression to fibrosis or kidney failure, several abnormal 
renal changes can be identified, as illustrated by pathology 
findings and also by studies using sophisticated technolo-
gies of nephron imaging [17]: early focal and segmen-
tal glomerular sclerosis, glomerular hypertrophy, loss of 
glomeruli and glomerular maldevelopment. Animal mod-
els show that these abnormal changes may also occur as 
pathology responses following acute kidney injury (AKI) 
during nephrogenesis [18].

 According to evolutionary nephrology [19], genotype 
polymorphism, epigenetics, and environment (ischemia, 
hypoxia, toxins, metabolic and oxidative stress) influence 
the performance capacity of the nephron and shape the 
susceptibility towards CKD in a context of nephron loss.

We now present below a clinical case illustrative of the 
long-term potential adverse renal consequences of preterm 
birth.

Case report

A 27-year-old man presented to his family doctor with 
fatigue, pallor, malaise, nocturia, mild arterial hyper-
tension (130/90), and proteinuria (75 g/mol creat (N < 
20)). The plasma creatinine was moderately elevated (180 
μmol/l). The patient’s childhood had been uneventful, 
except for a difficult neonatal life after a pregnancy com-
plicated by IUGR. He was born premature (29 weeks of 
gestational age), with a birth weight of 920 g and cared for 
in the NICU of Lausanne University Hospital. The patient 
had presented with severe respiratory distress syndrome 
(RDS), transient acute kidney injury (AKI), and a patent 
ductus arteriosus (PDA). He had received indomethacin 
for closure of the ductus and aminoglycosides to cope with 
the risk of infection. Thanks to effective treatment, he had 
left the neonatal unit in good condition, with apparent nor-
mal kidney function (plasma creatinine, 50 µmol/l). At the 
age of 3 years, the pediatrician had found normal growth 
(25 percentile) and normal urinalysis. After that visit, the 
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infant had been lost to follow-up as his family had moved 
abroad. He reported neither clinical symptoms associated 
with arterial hypertension or abnormal kidney function nor 
medical visits in the meanwhile.

 Following discussion with the family doctor, a treat-
ment with angiotensin-converting enzyme inhibitor was 
started (ramipril 5 mg/day), which induced in a few weeks 
an improvement of hypertension and proteinuria. Losartan 
(50 mg/day) had to be added to the treatment a year later in 
order to maintain the benefit.

 The occurrence of kidney failure at the age of 27 years 
was a surprise for the patient, his parents, and the family 
doctor. The intriguing following question is thus asked: in 
this case, was the kidney failure presenting at an early adult 
age already foretold at birth? Results open several questions 
related to morbidities associated with ELBW and kidney 
protective strategies to reduce the risk of severe nephron 
deficit.

Revisiting the case—kidney‑protective 
strategies in NICU

In the case presented here, the following events and insults 
could have been responsible for the pathogenesis of kid-
ney failure: hypoxia, AKI, PDA, indomethacin, IUGR, and 
nephrotoxic drugs.

Hypoxia and RDS

Kidney hypoperfusion with decreased glomerular filtration 
rate (GFR) is present in neonates with severe RDS [20]. 
Stimulation of the renin–angiotensin system and overactiva-
tion of intrarenal adenosine mediate the renal vasoconstric-
tion and play a key role in the pathogenesis of the hypoxemic 
vasomotor nephropathy of preterm neonates [21]. Experi-
mental studies have also shown that altered oxygen tension 
and oxidative stress may impair nephrogenesis by apoptotic 
and inflammatory phenomena. These effects are mediated 
by reduced expression of kidney hypoxia-inducible factor 
(HIF)-1α and might be responsible for smaller glomerular 
diameters, smaller nephrogenic zone width, glomerular cres-
cents, and decreased creatinine clearance [22]. Finally, stud-
ies in preterm lambs showed that invasive and non-invasive 
respiratory support altered postnatal development of glomer-
ular capillary surface density and glomerular surface area in 
the inner and outer cortex, probably by reducing renal blood 
flow [23]. When hypoperfusion of the kidneys is prolonged, 
this may lead to ischemic reactions at the cellular level with 
consequent necrosis of some nephrons, further aggravating 
the nephron deficit [24].

As with most ELBW infants, our patient presented 
with RDS during the first days of life. Typically, kidney 

hypoperfusion during hypoxia or RDS can be worsened by 
other associated risk factors in the stressed neonatal kidney 
(birth asphyxia, decrease in intravascular volume, dehydra-
tion, sepsis), and this can lead from vasomotor nephropathy 
to AKI [21, 25]. As AKI in NICUs is nowadays considered 
as a disease moving along a continuum from mild kidney 
dysfunction to the ultimate state of kidney failure [26], a 
chief challenge for neonatologists is to identify at-risk 
infants, from a general point of view, and from a patient-
based perspective, each degree of acute reduction of kidney 
function. The AWAKEN study has improved our under-
standing of which vulnerable preterm neonates may develop 
AKI and when it occurs in the NICU [27]; so, a crucial point 
remains the identification of early markers of kidney hypop-
erfusion. In a recent study, low resistive index in the renal 
artery at Doppler ultrasound and low renal regional oxygen 
saturation (rSO2) on near-infrared spectroscopy during the 
first day of life were significantly associated with developing 
AKI within the first postnatal week in very preterm infants 
[28]. In such a context, the anticipation of AKI by hemo-
dynamic interventions seems promising. In particular, the 
use of medium-dose dopamine may improve kidney func-
tion by (a) increasing cardiac output through stimulation of 
the β-adrenergic receptors; (b) increasing blood pressure by 
inotropic and vasoactive mechanisms; (c) increasing kidney 
perfusion via stimulation of the dopamine receptors in the 
renal vessels; and (d) directly inhibiting sodium reabsorp-
tion [29].

 Among other kidney-protecting strategies in NICUs, 
methylxanthines are also very interesting options. Theophyl-
line and caffeine are nonselective antagonists of adenosine 
receptors. Since enhanced intrarenal adenosine levels lead 
to reduced GFR, especially following hypoxia, the admin-
istration of 1 mg/kg theophylline has been investigated in a 
randomized controlled trial for the prevention of vasomotor 
nephropathy in very preterm neonates with RDS, showing 
a significant improvement in GFR, compared to placebo 
[30]. According to one study in human preterm infants, 
urine flow rate, water output/input ratio, and creatinine 
clearance increased significantly after the administration of 
caffeine [31]. In the AWAKEN cohort, premature infants 
who received caffeine had much lower rates of AKI than 
those who did not receive caffeine, even after adjustment for 
confounding variables [32].

Acute kidney injury

The incidence of AKI is up to 26% in ELBW infants. AKI 
may influence ongoing nephron development and also rep-
resents a condition in which nephrons can be lost. Recently 
an exhaustive review [33] has investigated the impact of AKI 
following preterm birth on development of kidney failure. 
In very low birth weight (VLBW) infants (birth weight of 
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less than 1500 g) or neonates born at less than 33 weeks of 
gestation, conclusions from the reviewed studies suggested 
a relationship between AKI and increased risk of kidney 
failure, as proven by abnormal findings at 3–7.5 years: low 
GFR, low kidney volume, arterial hypertension, proteinuria, 
and even CKD stage 5. The main limitations of all these 
studies were the small numbers of participants, who were 
subject to bias and confounders, and the lack of information 
on comorbidities in NICU and on superimposed events in 
early childhood (catch-up growth, nephrotoxic medications, 
urinary tract infections, immunologic factors). Interestingly, 
approximately 90% of infants with neonatal AKI recover 
normal kidney function and survive to hospital discharge 
[27].

 In order to minimize all the possible consequences of 
AKI, a crucial point is the prompt identification of kidney 
insufficiency in every infant cared for in NICUs.

Over the years, three definitions of AKI in critically ill 
patients, all based on urine output and variations of plasma 
creatinine levels, have been adapted to newborn infants in 
order to cope with the peculiar kidney physiopathology dur-
ing the perinatal life: pediatric Risk Injury Failure Loss End 
Stage (pRIFLE), Acute Kidney Injury Network (AKIN), and 
Kidney Disease Improving Global Outcome (KDIGO).

 In 2013, the National Institutes of Health–sponsored 
workshop proposed neonatal modifications from the KDIGO 
pediatric AKI definition, using plasma creatinine and urine 
output criteria, as the best available approach to define AKI 
[34] (Table 1). This definition has been validated in multi-
center, multinational, observational studies in critically ill 
newborns [27] and more recently in extremely low gesta-
tional age neonates [35].

 Even if the definition of AKI may need to be refined 
over time, the neonatal KDIGO approach allows clinicians 
to identify the existence and the severity of AKI and thus 
anticipate the associated complications, mainly water reten-
tion and hyponatremia. In situations of established AKI, the 
rate of glomerular filtration should be repeatedly estimated 
in order to adapt the dosage of medications cleared by the 
kidney, and detect a progression towards kidney failure [36].

Patent ductus arteriosus

PDA is a well-known factor associated with increased risk 
of AKI in preterm infants, with a large number of studies 
[37] reporting the deleterious effects of non-selective COX 
inhibitors, ibuprofen and indomethacin, on kidney function 
(decreased GFR and creatinine clearance, water retention, 
and hyponatremia). In a study by De Cock and colleagues, 
ibuprofen used for PDA closure impaired the clearance of 
amikacin by reducing GFR, thus presumably increasing 
aminoglycoside nephrotoxicity [38]. One recent study [39] 
showed that, independently of non-steroidal anti-inflam-
matory drug administration, hemodynamically significant 
PDA can, itself, be a major risk factor for developing AKI 
in VLBW infants. Increased peaks in plasma creatinine 
preceded ibuprofen administration in very preterm infants 
under care for PDA, due to pathologic shunting of blood 
flow decreasing kidney perfusion [40]. Kidney-protective 
strategies in infants with PDA should aim at avoiding vol-
ume overload and maintaining kidney perfusion.

Late deleterious effects of indomethacin

Long-standing kidney structural changes have been 
described at 30 days and 6 months (equivalent to human 
adulthood) in a rat model exposed to indomethacin during 
early neonatal life [41]. These consisted in persistent elec-
tron microscopy abnormalities of the glomerular basement 
membrane and reduced number of nephrons.

Nephrotoxic drugs

As in the reported case, ELBW infants can be concerned 
by several clinical scenarios, in which both the illness itself 
and the medications used for its treatment are risk factors for 
AKI. Awareness and tight collaboration between neonatolo-
gists and pediatric nephrologists are advocated in the clinical 
management of these situations. The reader is referred to 
the educational review of Murphy and colleagues [42] for a 
more detailed description of the concept.

Table 1  NeonatalKDIGO AKI 
definition

*(previous lowest value)
AKI, acute kidney injury; KRT, kidney replacement therapy

Stage Serum creatinine (mg/dl) Urine Output (ml/kg/h)

1 ≥ 0.3 rise within 48 h or ≥ 1.5–1.9 × rise from baseline* 
within 7 days

≤ 1 for 24 h

2 ≥ 2–2.9 × rise from baseline ≤ 0.5 for 24 h
3 ≥ 3 × rise from baseline or ≥ 2.5 or KRT initiation ≤ 0.3 for 24 h
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IUGR—which is the best postnatal growth?

IUGR is often due to placental insufficiency which leads to 
chronic fetal hypoxia. Human studies have shown that, in 
this condition, Doppler anomalies and reduced kidney per-
fusion are associated with altered kidney morphology and 
reduced fetal kidney size at different gestational ages [43]. In 
our case, extreme preterm birth was associated with IUGR, 
and this makes it difficult to discriminate the effect of pre-
term birth from the effect of IUGR on nephron endowment 
and loss. Only one study by Keijzer-Veen et al. [44] explored 
the long-term consequences of IUGR on kidney size in pre-
term infants born at less than 32 weeks of gestation. In that 
cohort, kidney ultrasound revealed significantly smaller 
kidney length and volume in 20-year-old female individu-
als born prematurely compared with full term–matched 
controls, but did not find any difference between SGA and 
AGA preterm infants. In infants born at less than 1000 g or 
less than 30 weeks of gestation—both with IUGR and born 
AGA but developing extrauterine growth restriction—GFR, 
measured by inulin clearance at school-age, was significantly 
lower compared to infants of similar gestational age with 
appropriate pre- and postnatal growth [45]. In that study, 
factors associated with lower GFR were postnatal corticos-
teroid exposure and, in infants with extra-uterine growth 
restriction, lower protein intakes during the first week of life. 
This is consistent with animal data showing that nephron 
density is directly related to protein nutrition status during 
nephrogenesis [46]. All these data suggest that increasing 

protein intake during nephrogenesis could minimize the risk 
of long-term morbidities associated with oligonephropathy. 
However, animal models show contrasting results regard-
ing long-term effects of postnatal nutrition in a context of 
low nephron endowment, as both overfeeding and food 
restriction have been associated with chronic kidney dys-
function and nephron deficit in IUGR and AGA rats [47, 
48]. Similarly, if early growth failure has been proven to be 
deleterious for nephrogenesis in human ELBW infants, the 
long-term effects on kidney function of very high intakes of 
protein according to recent nutrition guidelines [49] deserve 
further investigation. Finally, the relationship between post-
discharge growth trajectories and kidney function in early 
childhood of ELBW infants remains to be fully elucidated.

Follow‑up and treatment

Validated guidelines for the identification and for starting 
treatment of subjects with hyperfiltration among infants born 
preterm and/or with LBW are not yet available. However, the 
need of regular monitoring of preterm and LBW individu-
als throughout life has been recently underlined by the Low 
Birth and Nephron Number Working Group [50] and, based 
on this report, a summary of recommendations for the fol-
low up of at-risk preterm infants is proposed in Table 2. The 
adherence to these recommendations and a multidiscipli-
nary approach to the possible consequences of low nephron 
endowment should become a common practice in NICUs.

Table 2  Recommendations for the kidney follow up of at-risk very premature infants (< 32 weeks of gestation), VLBWI and/or experienced 
AKI

*A baseline kidney ultrasound should be performed to detect small kidneys, asymmetry or structural abnormalities. Any abnormalities in kidney 
function or ultrasound should be followed-up by a pediatrician or pediatric nephrologist
(VLBWI) very low birth weight infants; (AKI) acute kidney injury; (CKD) chronic kidney disease; (BMI) body mass index

When ? / How often 
Exclusive breastfeeding promotion First 6 months of life 
Prudent introduction of solid food 
Target regular and balanced growth, avoid rapid catch-up growth After regaining birth weight 
Family lifestyle education, avoidance of nephrotoxins At discharge / During follow-up visits
Blood pressure measurement * Before 1 year of age  / Annual 
Urinary analysis* Before 1 year of age  / Annual
Proteinuria* If additional risk factors */ Every 2 years 
Prudent dietary pattern, physical activity, avoidance of smoking From childhood onwards
Blood pressure, BMI, and urinalysis From 18 years onwards / Biannualy
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Conclusion

Our case report shows that, despite recovery from AKI at 
NICU discharge, baseline risk factors, prolonged postnatal 
stress, and morbidities may impair nephrogenesis and may 
lead to CKD at early adulthood in ELBW infants. This edu-
cational review illustrates that awareness, screening, and pre-
vention of CKD in extremely preterm infants should start in 
the NICU. First, the likelihood of CKD and kidney failure 
should be mentioned while offering parent counseling and 
should be given full consideration in decision-making pro-
cesses at the edge of neonatal viability. Second, the early 
implementation of kidney-protecting strategies should be 
considered starting from birth, to minimize the risk leading 
toward CKD in ELBW infants. Some recommended actions 
that could have long-term benefits on renal health in at-risk 
infants are clearly identified, as also suggestions for research 
studies needed in the field.

Key summary points

1. Progresses in the care of low birth weight neonates 
increase the occurrence of comorbidities in the survi-
vors. While the respiratory and the neurodevelopmental 
consequences are rather well defined, the late renal con-
sequences of prematurity and/or low birth weight remain 
ill-defined.

2. Clinical observations and experimental studies have 
shown that low birth weight is associated with a congen-
ital deficit in the number of nephrons. Postnatal growth 
of the kidneys does not compensate for the severe defi-
cits in nephron endowment.

3. A decreased number of nephrons is compensated by the 
hyperfiltration of existing nephrons. While this com-
pensatory hyperfiltration is useful in maintaining the 
organism homeostasis, it ultimately leads to premature 
death of the hyperfiltering nephrons. Progressive termi-
nal failure occurs, the first sign of the kidney suffering 
being the occurrence of proteinuria.

4. Angiotensin II appears to play a key role in the patho-
genesis of the compensatory hyperfiltration of surviving 
nephrons. Blocking the renin–angiotensin system with 
angiotensin-converting enzyme inhibitors or angiotensin 
II antagonists prevents the occurrence of the glomerular 
compensation and protects the kidney. Interfering with 
the action of angiotensin II in young children is however 
a difficult decision.

5. The optimal care of premature infants should include 
measures that concern all organs, including the brain, 
the lungs, and the kidneys. The NICU definitely needs 
a pilot to coordinate the various therapeutic measures 
taken by the relevant specialists.

Multiple‑choice questions (answers are 
given following the references)

1. Which of the following statements concerning human 
nephrogenesis is false?

a) In infants born at term, nephrogenesis has ceased before 
birth.

b) There is a wide range of nephron number within and 
among various healthy populations.

c) Most of the nephrons are formed during the third trimes-
ter of pregnancy.

d) In infants born at less than 32 weeks of gestation, 
nephrogenesis can continue up to a postconceptional 
age of 40 weeks in the absence of a kidney injury.

e) Among infants born at term, the variability in nephron 
number is especially influenced by their birth weight.

2. Which of the following statements regarding the com-
pensatory hyperfiltration phenomenon is true?

a) It can never concern infants born extremely preterm, as 
their glomerular filtration rate is very low.

b) The underlying mechanism is a predominant pre-glo-
merular vasodilation.

c) It is mediated by the overactivation of intrarenal adenosine.
d) Can lead to ongoing injury to podocytes and to the glo-

merular microvasculature if it persists.
e) It is always preceded by acute kidney injury during neo-

natal life.

3. Acute kidney injury in ELBW infants has been associ-
ated with the following abnormal findings in childhood:

a) Low glomerular filtration rate.
b) Low kidney size.
c) Arterial hypertension.
d) Proteinuria.
e) All the above.

4. Animal studies regarding nutrition and nephron deficit 
have shown that:

a) Overfeeding has been associated with chronic kidney 
dysfunction and nephron deficit in animals with intrau-
terine growth restriction (IUGR).
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b) Food restriction has been associated with chronic kidney 
dysfunction and nephron deficit in IUGR.

c) Overfeeding has been associated with chronic kidney 
dysfunction and nephron deficit even in the absence of 
IUGR.

d) Nephron density is directly related to protein nutrition 
status during nephrogenesis.

e) All the above.
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