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Abstract Background: The hypothesis of the Developmental Origins of Health and Disease states that environmental factors

during fetal and infantile life are risk factors for some chronic diseases in adulthood. Few studies, however, have

confirmed this hypothesis early in childhood. Therefore, we assessed how premature birth and low-birthweight

(LBW) affect the renal function of Japanese children.

Methods: This retrospective study surveyed 168 patients who were born before 35 weeks of gestation and were

cared for at the present neonatal intensive care unit. Follow-up duration was >2 years. Serum creatinine (sCr) and

estimated glomerular filtration rate (eGFR) recorded in medical records were reviewed.

Results: The eGFR at 2 years of age was significantly correlated with birthweight and gestational age (P < 0.01).

Approximately 10.7% of the children had low eGFR (<90 mL/min/1.73 m2) without clinical symptoms or abnormal

urine examination. These children had high sCr on day 7 after birth (P < 0.01) and delayed recovery of these levels

during the first month after birth.

Conclusion: Premature gestational age and LBW directly affect renal function in young children. High sCr on day

7 after birth is a risk factor for chronic kidney disease in children. Careful follow up of renal function is therefore

required for premature infants and infants with LBW beginning in early childhood to prevent renal dysfunction.

Key words chronic kidney disease, estimated glomerular filtration rate, low-birthweight, premature birth, small for gestational
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The prognosis of preterm infants has improved with develop-

ments in neonatal medicine. According to the hypothesis of

the Developmental Origins of Health and Disease (DOHaD),1

environmental factors during fetal and infant life are risk fac-

tors for some chronic diseases, and the prevalence of these

chronic diseases has been increasing.2,3

Glomeruli are fewer in number and less mature in preterm

infants than in full-term infants,4,5 and this difference could be

a risk factor for hypertension and renal dysfunction later in

adulthood.2,3,6 There is little information, however, on the

renal function of preterm infants during childhood. Renal inu-

lin clearance is an accurate method of measuring glomerular

filtration rate (GFR), but collection of urine samples from this

patient population is difficult. Therefore, it is difficult to eval-

uate the renal function of these children. In 2011, Uemura

et al. estimated the GFR of Japanese children using serum

creatinine (sCr) on enzymatic methods and age, body length,

and sex based on the Schwartz formula.7 Their protocol estab-

lished a very useful and simple method of evaluating esti-

mated GFR (eGFR) during childhood in Japan.

Glomerulogenesis begins during the fifth week of gestation

in a developing fetus and is completed at approximately

36 weeks of gestation. The exact number of nephrons that

develop during glomerulogenesis differs depending on race

and sex. In Japanese fetuses, glomerulogenesis is completed at

approximately 35 or 36 weeks of gestation.5 Generally, GFR

reaches an adult level by 2 years of age.

Preterm birth and low-birthweight (LBW) have been shown

to affect sCr and renal function during the neonatal period,8

but little is known about the renal function of preterm infants

during early childhood. The aims of this study were therefore

to understand the renal function of preterm neonates born

before 35 weeks of gestation and to identify potential risk fac-

tors for renal dysfunction in Japanese children older than

2 years. This article is a follow-up report based on a study

first reported in Japanese Journal of Pediatric Nephrology in

Japanese.9 The authors have received approval for publication

from the editor of the primary publication journal (JJPN).
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Methods

Patients

Data used for this study were retrospectively collected via

medical records from the electronic database program at Shi-

mane Prefectural Central Hospital. We collected medical

records of infants born before 35 weeks of gestation who were

admitted to the neonatal intensive care unit (NICU) between 1

April 1999 and 31 March 2016.

Medical records were reviewed for gestational age, body-

weight and length at birth, sex, Apgar score at 1 and 5 min of

age, and use of antimicrobial agents, steroid, or indomethacin.

sCr data available between days 1 and 7 and those on days

14, 21, and 30 after birth were collected retrospectively for

each patient. Creatinine was measured using an enzymatic

assay. When the infant was older than 2 years, bodyweight,

body length, and renal function, which were indicated by the

eGFR, were reviewed.

Exclusion criteria were the following conditions that devel-

oped while the patient was in the NICU: congenital urinary

tract malformation on ultrasonography, major congenital

anomalies, congenital heart disease, or acute kidney dysfunc-

tion. We excluded patients older than 2 years with abnormal

urinary qualitative test and those treated with angiotensin-con-

verting enzyme inhibitors or angiotensin receptor inhibitors.

Additionally, we excluded sCr data associated with urinary

tract infections and dehydration collected in the emergency

department.

All patients included in this study were born before

35 weeks of gestation and followed up until they were aged

>2 years. These patients were divided into two groups based

on eGFR: a low eGFR group (eGFR < 90 mL/min/1.73 m2

that persisted without clinical symptoms or abnormal urine

examination) and a control group (eGFR > 90 mL/min/

1.73 m2).

Statistical analysis

Mann–Whitney U-test was used to compare bodyweight, body

length, and sCr on different days. Spearman rank-order test

was used to determine the correlations between eGFR, gesta-

tional weeks, and birthweight. Data are expressed as

mean � SD. The chi-squared test was used to determine the

correlation between the use of indomethacin and aminogly-

coside agents and the number of infants who were small for

gestational age (SGA). All analyses were conducted using

Microsoft Excel (Microsoft Corporation, WA, USA) and Ystat

2000 (Igakutosho-shuppan, Saitama, Japan). In all analyses,

P < 0.05 was considered statistically significant.

Ethics

All procedures performed in studies involving human partici-

pants were in accordance with the ethics standards of the

Ethical Review Board at Shimane Prefectural Central Hospital,

at which the studies were conducted (approval number R16-

052) and with the 1964 Helsinki declaration and its later

amendments or comparable ethics standards.

Results

During the study period, 6,977 neonates were hospitalized in

the neonatal department and 499 preterm neonates born before

35 weeks of gestation were admitted to the NICU. Of these

499 neonates, 168 met the inclusion criteria and were followed

up after 2 years of age. Demographics of the infants are sum-

marized in Table 1. Bodyweight, height, sCr, and eGFR were

obtained. At 2 years of age, bodyweight, height, and sCr were

determined for 119 of the 168 neonates (68 boys, 51 girls).

Mean weight was 10.1 � 1.6 kg, mean height was

80.7 � 4.7 cm, mean sCr was 0.25 � 0.06 mg/dL, and mean

eGFR was 109.8 � 25.7 mL/min/1.73 m2. There were no sig-

nificant differences in sex, SGA, or use of indomethacin and

aminoglycoside agents (Table 2), but eGFR at 2 years of age

was significantly and positively correlated with birthweight

(P < 0.01; n = 119; rs = 0.30803; y = 2.75x+32.25; Fig. 1)

and gestational age (P < 0.01; n = 119; rs = 0.34666;

y = 0.02x+84.34; Fig. 2). Although not significant, eGFR at 3

and 4 years of age also had positive correlations with birth-

weight and gestational age (data not shown). Mean eGFR at

3 years of age was 115.1 � 22.5 mL/min/1.73 m2 (n = 31),

and at 4 years of age it was 108.0 � 24.8 mL/min/1.73 m2

(n = 23).

For the 168 patients who were followed up after 2 years of

age, 18 (10.7%) had persistently low eGFR (<90 mL/min/

1.73 m2; low eGFR group). Low eGFR, however, was not

necessarily associated with clinical symptoms such as malaise

or anemia described in the medical records of these patients.

The demographics of these patients are summarized in

Tables 3,4. There were no significant differences in sex, his-

tory of patent ductus arteriosus (PDA) ligation, or use of indo-

methacin, steroid in the postnatal period, or aminoglycoside

agents. Interestingly, in the low eGFR group, all infants born

Table 1 Demographics of born before 35 weeks of gestation
(n = 168)

Range (median) or n (%)

Age (years) 2–15 (5)
M:F 82:86
Birthweight (g)
<1,000 73 (43.5)
1,000–1,500 76 (45.2)
>1,500 19 (11.3)

Gestational age (weeks + days)
<28 + 0 63 (37.5)
≥28 + 0 105 (62.5)

SGA 57 (33.9)
Indomethacin 44 (26.2)
Antimicrobial agent 151 (89.9)
Aminoglycoside 109 (64.9)

SGA, small for gestational age.
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after 30 weeks of gestation were SGA. For 119 preterm neo-

nates born after 30 weeks of gestation in this study, 29 were

SGA, and, of these, four had low eGFR; 90 infants were not

SGA, and of these one infant had low eGFR (P < 0.05).

In the low eGFR group, sCr, body height, and eGFR were

obtained for 17 of the 18 patients at 2 years of age. There

were significant differences (P < 0.05) in bodyweight, height,

and eGFR between the low eGFR and control groups (weight,

9.0 � 1.4 kg; height, 76.7 � 3.9 cm; eGFR, 79.2 � 9.2 mL/

min/1.73 m2, respectively), but there was no significant differ-

ence in sCr (0.33 � 0.06 mg/dL).

sCr level during infancy is shown in Figure 3. The control

group had increased sCr on day 4 of life. These levels reached

a plateau between days 4 and 6 of life, and then decreased

thereafter. In the low eGFR group, however, sCr persistently

increased until day 7 of life. Furthermore, there was a signifi-

cant difference between the low eGFR and control groups on

day 7 of life (1.68 � 0.71 mg/dL vs 1.05 � 0.55 mg/dL,

respectively; P < 0.01; effect size, 1.11; power [1-b], 0.93).

On days 14, 21, and 30 of life, the recovery of sCr was

delayed. In addition, there were significant differences on

Mann–Whitney U-test (P < 0.05), but the effect size and

power (1-b) were small.

Discussion

Based on the DOHaD hypothesis, few premature glomeruli

form in preterm infants and those with LBW through glomeru-

lar hyperfiltration. Glomerular hyperfiltration can be a predic-

tor of glomerular hypertension, which leads to adverse

cardiovascular events, secondary glomerulosclerosis, and

chronic kidney disease later in adulthood.2,6,10

Low-birthweight increases the risk of low GFR and renal

dysfunction in school-age children,11,12 but little is understood

regarding renal function during early childhood, or regarding

the relationship between gestational weeks at birth and birth-

weight for children in Japan and other countries.

It is uncertain when eGFR reaches an adult level in preterm

and LBW infants. There were significant positive correlations,

Table 2 eGFR at age 2 years in subjects born before 35 weeks
of gestation (n = 119)

n or mean � SD P-value

M/F 68/51
SGA at birth + �
n 33 86
eGFR (mL/min/1.73 m2) 114.9 � 22.9 109.9 � 25.9 >0.05
Indomethacin use in
NICU

+ �

n 30 89
eGFR (mL/min/1.73 m2) 107.7 � 19.9 112.8 � 26.9 >0.05
Aminoglycoside agent
use in NICU

+ �

n 76 43
eGFR (mL/min/1.73 m2) 113.4 � 24.2 104.9 � 27.6 >0.05

eGFR, estimated glomerular filtration rate; NICU, neonatal
intensive care unit; SGA, small for gestational age.

Fig. 1 Relationship between eGFR at age 2 years and gestational
weeks for infants born before 35 weeks of gestation. (n = 119)

Fig. 2 Relationship between eGFR at age 2 years and birth
weight of infants born before 35 weeks of gestation. (n = 119)

Table 3 Demographics of the low eGFR group (<90 mL/min/
1.73 m2) at >2 years

n = 18 (M:F, 9:9)
Range (median),

mean � SD or n (%)

Age (years) 4–16 (6)
eGFR (mL/min/1.73 m2) 79.2 � 9.2
Gestational age (weeks + days)
<28 + 0 6/70 (8.6)
≥28 + 0 12/102 (11.8)

Birthweight (g)
<1,000 11/74 (14.9)
1,000–1,500 7/77 (9.1)
>1,500 0/21

Indomethacin 9/18 (50.0)
PDA ligation 3/18 (16.7)
Aminoglycoside 11/18 (61.1)
Steroid 9/18 (50.0)

eGFR, estimated glomerular filtration rate; PDA, patent ductus
arteriosus.
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however, between eGFR, birthweight, and gestational age at

2 years of age. Moreover, eGFR at 3 and 4 years of age also

showed a similar tendency to each other in this study. This

suggests that preterm birth and LBW affect renal function dur-

ing early childhood.

Eighteen of the 168 patients (10.7%) who were followed

up until >2 years of age had persistently low eGFR (<90 mL/

min/1.73 m2). It was also observed, however, that the patients

had no clinical symptoms and did not have any major health

problems. Medical examinations yielded no abnormalities in

urinary qualitative test results for any of the 18 patients. Addi-

tionally, sCr was abnormal in six of the 18 patients at all ages.

At 60 months of age, children with very LBW have been

shown to have lower eGFR than those with normal birth-

weight, but there is no significant difference in sCr.11,13

Therefore, it can be concluded that eGFR is needed to

evaluate renal function in infants with normal sCr and short

stature. Moreover, the Low Birth Weight and Nephron Num-

ber Working Group has recommended that follow up of LBW

and preterm infants include annual blood pressure, renal ultra-

sound, and urinalysis from early childhood.3

Furthermore, in the present study, patients with persistently

low eGFR at >2 years of age had significantly high sCr on

day 7 of life and delayed recovery of sCr level. Some parame-

ters have been reported to affect renal function during the

neonatal period, such as fractional excretion of sodium, gesta-

tional weeks, birthweight, mechanical ventilation, drugs, and

maternal morbidity.3,14–16 Surveys, such as those performed

by Auron and Mhanna, noted elevated sCr in very LBW

infants on day 2 of life.8 This high level decreased postnatally

and reached a plateau between days 4 and 6 of life. They also

found that sCr does not decrease significantly during the first

6 days of life in infants born before 29 weeks of gestation and

with birthweight <1,000 g.8 This further suggests that the

postnatal development of renal function is related to gesta-

tional age and is slower in premature infants.

In the low eGFR group, all infants born after 30 weeks of

gestation were SGA at birth. SGA could result from intrauter-

ine growth restriction caused by factors such as placental

insufficiency, undernutrition, or malnutrition. Therefore,

infants fail to reach their genetic growth potential. SGA status

of preterm infants has also been shown to affect the increase

of apoptotic cells in the fetal kidney and to decrease renin and

angiotensinogen.17 Furthermore, the number and formation of

nephrons are compromised, leading to lower fractional sodium

excretion and GFR.2,3,12,18 Specifically, Drougia et al. found

that SGA infants born before 34 weeks of gestation had sig-

nificantly smaller kidneys at 24 months of age.19 Therefore, it

can be hypothesized that SGA status is another factor that

contributes to renal dysfunction.

Table 4 Demographics of the low eGFR group (<90 mL/min/1.73 m2) during infancy

Patient ID no. Gestation
(weeks + days)

Birthweight (g) SGA Sex Apgar score
(1/5 min)

Aminoglycoside Steroid Indomethacin PDA
ligation

1 23 + 5 578 M 1/3 ○ ○ ○ ○
2 25 + 5 682 ○ M 5/7 ○ ○ ○
3 26 + 0 492 ○ F 1/6 ○
4 26 + 1 845 F 4/5 ○
5 27 + 1 874 M 6/7 ○ ○ ○
6 27 + 1 920 F 6/9 ○
7 27 + 6 836 ○ F 5/6 ○ ○
8 28 + 1 934 ○ M 5/8 ○ ○ ○
9 28 + 1 1058 M 3/- ○ ○
10 28 + 3 1158 F 9/9 ○
11 28 + 4 1100 F 6/9 ○ ○
12 29 + 3 836 ○ M 2/� ○ ○ ○
13 29 + 5 1480 M 3/� ○
14 30 + 0 1390 F 5/7 ○ ○ ○
15 30 + 3 996 ○ F 1/8 ○
16 30 + 6 686 ○ F 6/9 ○ ○
17 31 + 5 1166 ○ M 7/9
18 32 + 3 1016 ○ M 8/9

eGFR, estimated glomerular filtration rate; PDA, patent ductus arteriosus; SGA, small for gestational age.

Fig. 3 Serum creatinine during the first days of life in infants
born before 35 weeks of gestation in the (●) low estimated
glomerular filtration rate group and the (▲) control group.
*P < 0.01 at day 7 of life.
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Limitations

There were many limitations in this study. We conducted a

retrospective review of patient medical records; therefore, we

did not have prenatal medical records available for review.

Any prenatal exposure to nephrotoxic medications could have

altered the present results. Precise data regarding dosage and

time of exposure to drugs, such as indomethacin, steroid, or

aminoglycoside agents, were not accessible for review, and

the potential effects of these agents on renal function could

not be assessed. Furthermore, we did not exclude patients

using conventional mechanical ventilation. Any form of

mechanical ventilation could have resulted in increased

intrathoracic pressure, which may impair venous return and

renal function. sCr data of newborns were collected retrospec-

tively; therefore, we could not measure creatinine clearance,

cystatin C, or urinary b-2 microglobulin. Additionally, we

could not measure other biological parameters of renal func-

tion that could be used to correlate with gestational age. The

lack of data regarding fluid intake, water balance, and hyper-

natremic dehydration during the first week of life also limited

the interpretation of sCr data.

Clinical data obtained during the follow-up period after

discharge from the NICU, such as medication prescribed

by physicians at other hospitals and environmental factors,

were not assessed, but they could have influenced changes

in sCr level in young children. Therefore, further prospec-

tive studies are necessary to explore the development of

renal function in preterm infants and to determine whether

multifactorial events occurring early during postnatal life

could have long-term consequences on renal outcomes

later in life.

In conclusion, in the present patients at 2 years of age, there

were significant positive correlations between eGFR, gesta-

tional age, and birthweight for preterm infants born before

35 weeks of gestation. This means that preterm birth and

LBW affect renal function not only during adulthood but also

during early childhood.

More than 10% of the present patients had persistently low

renal function without any symptoms. These patients often

had short stature compared with children born at full term.

Therefore, even if sCr was not increased, data regarding sCr

were not sufficient to evaluate renal function; these data, how-

ever, in addition to data on height, are necessary to estimate

GFR.

During the neonatal period, high sCr at day 7 after birth

and delayed recovery of sCr level were risk factors for renal

dysfunction. In addition, for fetuses at 30 weeks of gestation,

SGA was a risk factor for renal dysfunction. Therefore, more

careful follow-up is needed to prevent renal dysfunction in

these patients.

Acknowledgment

We thank Editage (www.editage.jp) for English language

editing.

Disclosure

The authors declare no conflict of interest.

Author contributions

A.H. and F.K. designed the study; A.H., Y.A., D.K., T.H.,

A.N., T.I., and F.K. collected and analyzed the data; A.H. per-

formed the statistical analysis and drafted the manuscript;

A.N. and F.K. critically reviewed the manuscript and super-

vised the entire study process. All authors read and approved

the final manuscript.

References

1 Gluckman PD, Hanson MA. Living with the past: Evolution,
development, and patterns of disease. Science 2004; 305:
1733–6.

2 Chehade H, Simeoni U, Guignard JP, Boubred F. Preterm
birth: Long term cardiovascular and renal consequences. Curr.
Pediatr. Rev. 2018; 14: 219–26.

3 The Low Birth Weight and Nephron Number Working Group.
The impact of kidney development on the life course: A
consensus document for action. Nephron 2017; 136: 3–49.

4 Sutherland MR, Gubhaju L, Moore L et al. Accelerated
maturation and abnormal morphology in the preterm neonatal
kidney. J. Am. Soc. Nephrol. 2011; 22: 1365–74.

5 Shimada K, Hosokawa S, Tohda A. [Histological study of the
fetal kidneys: Development of the nephrons according to
gestational weeks.] Jpn. J. Urol. 1993; 84: 2091–6 (in
Japanese).

6 Luyckx VA, Brenner BM. The clinical importance of nephron
mass. J. Am. Soc. Nephrol. 2010; 21: 898–910.

7 Uemura O, Honda M, Matsuyama T et al. Age, gender, and
body length effects on reference serum creatinine levels
determined by an enzymatic method in Japanese children: a
multicenter study. Clin. Exp. Nephrol. 2011; 15: 694–9.

8 Auron A, Mhanna MJ. Serum creatinine in very low birth
weight infants during their first days of life. J. Perinatol.
2006; 26: 755–60.

9 Horie A, Koike D, Wada K et al. [Long-term renal follow-up
of preterm neonates born before 35 weeks of gestation.] Nihon
Shoni Jinzobyo Gakkai Zasshi 2017; 9: 9–13 (in Japanese).

10 Carmody JB, Charlton JR. Short-term gestation, long-term
risk: Prematurity and chronic kidney disease. Pediatrics 2013;
131: 1168–79.

11 Vollsӕter M, Halvorsen T, Markestad T et al. Renal function
and blood pressure in 11 year old children born extremely
preterm or small for gestational age. PLoS One 2018; 13:
e0205558.

12 Vikse BE, Irgens LM, Leivestad T, Hallan S, Iversen BM.
Low birth weight increases risk for end-stage renal disease. J.
Am. Soc. Nephrol. 2008; 19: 151–7.

13 Nishizaki N, Hirano D, Nishizaki Y, et al. Increased urinary
angiotensinogen is an effective marker of chronic renal
impairment in very low birth weight children. Clin. Exp.
Nephrol. 2014; 18: 642–8.

14 Gallini F, Maggio L, Romagnoli C, Marrocco G, Tortorolo G.
Progression of renal function in preterm neonates with
gestational age < 32 weeks. Pediatr. Nephrol. 2000; 15: 119–24.

15 Leslie GI, Philips JB, Work J, Ram S, Cassady G. The effect
of assisted ventilation on creatinine clearance and hormonal
control of electrolyte balance in very low birth weight infants.
Pediatr. Res. 1986; 20: 447–52.

© 2019 The Authors. Pediatrics International published by John Wiley & Sons Australia, Ltd on behalf of Japan Pediatric Society

1248 A Horie et al.

http://www.editage.jp


16 Iacobelli S, Bonsante F, Ferdinus C, Labenne M, Gouyon J-B.
Factors affecting postnatal changes in serum creatinine in
preterm infants with gestational age < 32 weeks. J. Perinatol.
2009; 29: 232–6.

17 Wang YP, Chen X, Zhang ZK, Cui HY, Wang P, Wang Y.
Increased renal apoptosis and reduced renin-angiotensin
system in fetal growth restriction. J. Renin Angiotensin
Aldosterone Syst. 2016; 17(3): 1–7.

18 Robinson D, Weiner CP, Nakamura KT, Robillard JE. Effect
of intrauterine growth retardation on renal function on day
one of life. Am. J. Perinatol. 1990; 7: 343–6.

19 Drougia A, Giapros V, Hotoura E, Papadopoulou F,
Argyropoulou M, Andronikou S. The effects of gestational
age and growth restriction on compensatory kidney growth.
Nephrol. Dial. Transplant. 2009; 24: 142–8.

© 2019 The Authors. Pediatrics International published by John Wiley & Sons Australia, Ltd on behalf of Japan Pediatric Society

Renal follow up in pretem infants 1249


