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Effect of fetal growth restriction on urinary podocalyxin levels
at birth in preterm neonates
Anam Siddiqui1, Deepak Chawla 2, Jasbinder Kaur3, Vidushi Mahajan1 and Suksham Jain2

BACKGROUND: Small-for-gestational-age (SGA) neonates are at a higher risk of adult-onset metabolic disorders because of fetal
programming in the presence of growth restriction. Nephrogenesis may also be affected in fetal growth restriction. This study
hypothesized that urinary podocalyxin levels, a marker of nephrogenesis, would be lower among preterm SGA neonates as
compared to appropriate-for-gestational-age (AGA) controls.
METHODS: This cross-sectional study enrolled gestation-matched SGA (n= 90) and AGA (n= 45) neonates born at 260–366 weeks
of gestation. The SGA group comprised of 45 neonates with birth weight between 3rd and 10th centile and 45 neonates with birth
weight <3rd centile. The primary outcome of the study was the difference in urinary podocalyxin levels between SGA and AGA
neonates. Glomerular and tubular functions were also assessed.
RESULTS: Urinary podocalyxin levels were similar in SGA and AGA neonates (ng/mg of creatinine; median [interquartile range]: 28.7
[4.8–70.2] vs. 18.7 [3.1–55.9]), P value 0.14). No correlation was observed between birth weight centile and urinary podocalyxin
levels (r: −0.06). Glomerular filtration rate, fractional excretion of sodium, and serum β-2-microglobulin levels were comparable
across the study groups.
CONCLUSIONS: Glomerular development as assessed by urinary podocalyxin levels and renal functions are comparable in SGA and
AGA preterm neonates.
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IMPACT:

● Neonates born with fetal growth restriction are at a higher risk of adult-onset metabolic disorders because of fetal
programming.

● This cross-sectional study investigated the effect of presence and severity of fetal growth restriction on glomerular
development by measuring urinary podocalyxin levels in preterm infants.

● This study did not observe any effect of the presence or severity of fetal growth restriction on urinary podocalyxin levels and
other markers of glomerular and renal tubular functions.

INTRODUCTION
Worldwide, low birth weight (LBW) has been recognized as a
significant public health problem because of its association with a
plethora of short- and long-term consequences.1 More than 20
million LBW babies are born each year worldwide, with India
contributing to 42% of the global burden, single largest for any
country. In India, around two-thirds of LBW births are attributable
to fetal growth restriction, resulting in the birth of small-for-
gestational-age (SGA) neonates.2 Apart from the higher risk of
neonatal death and morbidities, SGA neonates are also predis-
posed to a variety of adult-onset diseases in later life due to
aberrant fetal programing.3–5

Non-communicable diseases have replaced communicable
diseases as a major cause of mortality worldwide.6 Recent findings
from the Global Burden of Diseases study have highlighted
chronic kidney disease (CKD) as one of the major non-
communicable diseases.7 CKD is a key determinant of poor health

outcomes for other major non-communicable diseases and has a
risk multiplier effect on cardiovascular diseases. Apart from
genetic predisposition and environmental exposures, fetal devel-
opment is also being recognized as an important modulator of the
risk of developing non-communicable diseases including CKD.8,9

In a normally developing fetus, nephrogenesis continues till
36 weeks of gestation.9 In the case of preterm birth, nephrogen-
esis may continue after birth if there is no acute kidney injury.
There is no addition to the number of nephrons after birth at full-
term gestation. More than half of all nephrons develop during the
third trimester of pregnancy, the period when fetal growth
restriction is most likely to set in. It has been hypothesized that if
the fetus is affected by growth restriction, the resultant develop-
mental programming may lead to a decrease in the final number
of nephrons.10,11 Decreased glomerular surface area, in turn, may
result in the decreased capacity of kidneys to excrete sodium and
gradual development of glomerular sclerosis. With increasing age,
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this can lead to the development of hypertension and CKD.
Ecological data shows that the incidence of hypertension and CKD
is high in poorer population segments that also have a higher
incidence of LBW.12

Most of the research on the effect of fetal growth restriction on
renal structure and function has been conducted in animal
models.10,13–15 These animal studies support the hypothesis that
fetal deprivation affects the nephron number. Demonstration of the
number of nephrons in humans is not possible unless an autopsy is
performed. Determination of renal mass and renal size is not a good
marker of nephron number as the remaining nephrons hypertrophy
resulting in the normalization of renal size. Therefore, ultrastructural
studies are needed to determine the number of nephrons.15 As no
in vivo method exists to determine the nephron number, there is a
need for a biomarker for early detection of alteration in nephrogen-
esis. This can help in predicting which SGA neonates are at risk of
developing hypertension and CKD in later life. Podocalyxin (PCX), a
sialoprotein present on podocytes, has been demonstrated to be a
marker of nephrogenesis. Urinary levels of PCX measured at birth in
premature neonates are higher than in term neonates reflecting
ongoing nephrogenesis.16,17 This could help us to recognize the
babies at risk of developing CKD in later life. The present study was
planned with the hypothesis that the urinary PCX levels, a marker of
nephrogenesis, would be lower among preterm SGA neonates as
compared to gestation-matched appropriate-for-gestation-age (AGA)
controls. We also planned to evaluate the association between the
severity of fetal growth restriction as assessed by birth weight centile
and urinary PCX levels, and to compare glomerular and tubular
functions at birth in SGA and AGA neonates.

MATERIALS AND METHODS
This cross-sectional study was conducted from 1 May 2018 to 31
July 2019 in the Department of Neonatology in collaboration with
the Department of Biochemistry at Government Medical College
and Hospital, Chandigarh, India. The study protocol was approved
by the Institute Ethics Committee and written informed consent
was obtained from either parent of the neonate before enrollment.

Study subjects
Preterm neonates born in the hospital between 26+0 and 36+6

weeks of gestation were eligible for enrollment. Neonates were
enrolled in the following two groups:

1. SGA group included neonates with birth weight <10th

percentile for gender and gestation as per Intergrowth-21
size at birth growth standards.18 This group comprised of an
equal number of neonates with birth weight between 3rd

and 10th centile and birth weight below 3rd centile.
2. Control group included neonates with birth weight between

25th and 90th centile for gender and gestation.18 Neonates
between the 10th and 25th centile were not included in the
control group as some of these neonates have borderline
fetal growth restriction and have morphological features of
growth restriction, but do not fulfill the statistical definition
(birth weight <10th centile weight). To avoid contamination,
neonates with birth weight >25th centile were enrolled in
the control group. AGA neonates were enrolled as control
subjects.

Neonates with a major congenital malformation, fetal renal
pelvic dilatation, or any renal anomaly detected in the antenatal
period, significant perinatal asphyxia defined as the need of bag
and mask ventilation for at least 30 s, history of nephrotoxic drug
intake by mother during pregnancy, anuria from birth till 48 h of
age, shock defined as the need of inotropic support in first 48 h,
and monochorionic–monoamniotic twins were excluded.

Gestation at birth was calculated from the date of the last
menstrual period. If the latter was not available or the mother
was not sure about the dates, gestation was assigned by first-
trimester ultrasound. If the first-trimester ultrasound was not
available, gestation was assigned by Expanded New Ballard
Scoring.19

Potentially eligible neonates were identified from the labor
room birth register. Of potentially eligible neonates, the least
common were those born with birth weight <3rd centile.
Therefore, the enrollment process hinged on the identification
of these neonates. Once an SGA neonate with birth weight <3rd

centile baby was enrolled, next born gestation-matched (±1 week)
neonate with birth weight between 3rd and 10th centile, and the
next born gestation-matched (±1 week) AGA neonate were
enrolled. The following information was collected about enrolled
neonates: mode of delivery, birth weight, gender, period of
gestation, intrauterine growth status, need of resuscitation, and
Apgar scores at 1 and 5min of age. Antenatal information about
pregnancy was collected by screening the mother’s health records
and by an interview with the mother. Birth weight was measured
with a weighing scale with 10 g sensitivity. The accuracy of the
weighing scale was checked against standard weight every week.
The length of the neonate was measured using an infantometer.
Head and chest circumference were measured using a non-
stretchable plastic measuring tape with 0.1 cm accuracy. Z-score
and Ponderal index were calculated from the anthropometric
measurements.

Study measurements
Two milliliters of blood was collected from a peripheral vein of the
neonate between 24 and 48 h of age. Serum was separated and
divided into two aliquots. One aliquot was processed to measure
levels of β-2-microglobulin and the other for urea, creatinine, and
sodium. Fractional excretion of sodium and creatinine clearance
was calculated. A urine collecting bag was applied at perineum of
the neonate for non-invasive collection of urine. Five milliliters of
urine passed within 48 h of birth was collected. After centrifuga-
tion, the sample was divided into three aliquots. One was analyzed
for urine creatinine and urine sodium levels. Two aliquots were
stored at −80 °C for measurement of PCX levels.

PCX measurement
One day before PCX measurement, urine samples were shifted to
a freezer with −20 °C temperature. On the day of measurement,
urinary samples were thawed at room temperature for 2 h and
then analyzed for PCX levels. PCX levels were done using the
enzyme-linked immunosorbent assay (ELISA) technique (sandwich
ELISA, RayBio® Human Podocalyxin ELISA kit: GA, USA). PCX
measurement was done as per the manufacturer’s instructions
and the kit had a lower detection limit of assay of 22 pg/mL. The
resultant levels were converted into ng per mg of creatinine.

Study outcomes
The primary outcome of the study was the mean difference (with
a 95% confidence interval) in urinary PCX levels between SGA and
control groups.
Secondary outcomes included:

● SGA vs. control group: Mean difference and 95% confidence
interval in glomerular filtration rate, fractional excretion of
sodium, serum β-2-microglobulin and serum creatinine.

● Three-group comparison between AGA neonates, SGA neo-
nates with birth weight between 3rd and 10th centile and SGA
neonates with a birth weight below 3rd centile: mean
difference and 95% confidence interval in urinary PCX,
creatinine clearance, fractional excretion of sodium, serum β-
2-microglobulin and serum creatinine.
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Statistical analysis
In a previous study, urinary PCX levels in a mixed cohort of
preterm neonates were observed to be 188.3 ± 134.8 ng/mg of
creatinine.17 A sample size of 90 in the SGA and 45 in the
control group was calculated to be able to detect a decrease in
PCX concentration by 50% with a power of 80% and a two-sided
α error of 0.05. To ensure representation across different
gestation ages, recruitment was done in three gestation strata:
26+0 to 31+6 weeks, 32+0 to 33+6 weeks, and 34+0 to
36+6 weeks.
Study data were collected using a pre-tested proforma. Data

were entered in an electronic data entry form in the RedCap
program hosted on a local server. Inbuilt validation checks
were used to ensure the accuracy and completeness of data
entry. Data were imported into and analyzed using Stata
13.1 statistical software. Continuous variables were expressed
as mean and standard deviation if normally distributed and as
median and interquartile range if not normally distributed.
Categorical variables were expressed as number and propor-
tion. Continuous variables were compared using t test (two-
group comparison) or analysis of variance test (three-group
comparison) if normally distributed data and by Mann–Whitney
U test (two-group comparison) or Kruskal–Wallis (three-group
comparison) if not normally distributed. Friedman’s test was
used for the matched analysis of the secondary outcomes
across the three groups. Bonferroni correction was applied for
multiple comparisons. Categorical variables were analyzed
using χ2 test or Fisher’s exact test. Correlation and its
95% confidence interval were judged by calculating Spear-
man’s or Pearson’s correlation coefficient. A generalized linear
model with the log link function was used to evaluate the
variables affecting the urinary PCX levels. There were no
missing data.

RESULTS
Study flow
A total of 7764 newborns were born alive during the study period,
of which 2709 neonates were born at a gestational age between
260 and 366 weeks (Fig. 1). As per the estimated sample size, 135
neonates were included in the study—90 in the SGA group and 45
in the control group.

Baseline variables
Important baseline maternal variables were comparable in two
study groups (Table 1). Overall mean gestational age at birth was
34.2 ± 1.6 weeks with adequate matching (as per study design)
across the study groups. Birth weight, length, head circumference,
and Ponderal index were lower in the SGA group. Neonates in
either study group were equally likely to have important antenatal
maternal complications, have received antenatal steroids, or be
born by cesarean delivery. Less than 10% neonates needed any
resuscitation at birth and Apgar scores at 1 and 5min were
comparable. Nine (10%) neonates in the SGA and four (8.8%)
neonates in the control group needed admission to neonatal
intensive care unit (NICU). Indication of admission to the NICU was
comparable for the study groups (data not shown). All enrolled
neonates were discharged alive from the hospital.

Study outcomes
Primary outcome. The mean age of neonates at the time of
collection of samples for outcome measurement was comparable
in the two study groups. There was no significant difference in the
urinary PCX levels in the SGA and control neonates (ng/mg of
creatinine; median [interquartile range]: 28.7 [4.8–70.2] vs. 18.7
[3.1–55.9]), P value 0.14 (Table 2, Fig. 2). Further, there was no
association between the severity of growth restriction and urinary
PCX levels (Table 2, P values not significant) and no correlation

Total live births
(n = 7764)

Neonates enrolled
n = 156

Small for gestation age
(n = 98)

Appropriate for gestation age
(n = 58)

Not processed due to technical error (n = 10)
Inadequate urine sample (n = 3)

Included in analysis
(n = 45)

Not processed due to technical error (n = 5)
Inadequate urine sample (n = 3)

Included in analysis
(n = 90)

Birth weight <3rd centile (n = 45)
Birth weight 3rd–10th centile (n = 45)

Met pre-specified exclusion criteria (n = 100)
Consent refused (n = 5)
Investigator not posted in newborn unit (n = 2448)

Gestation between 260 and 366 weeks
n = 2709

Fig. 1 Study flow: Screening and enrolment of study subjects.
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between birth weight centile and urinary PCX values (Spearman’s
correlation coefficient: −0.06, P value: 0.50). Urinary PCX levels
were comparable in the two groups even after adjusting for the
effect of the difference in birth weight in the two groups.

Secondary outcomes. Glomerular and tubular functions as
assessed by fractional excretion of sodium, glomerular filtration
rate (calculated as creatinine clearance rate), serum β-2-micro-
globulin, and serum creatinine were comparable across the study
groups (Table 2).

DISCUSSION
The low birth weight being a significant public health problem in
India and the fact that two-thirds of the LBW neonates are the
result of fetal growth restriction, this study was planned to
evaluate renal development and function in SGA neonates. The
study was based on the hypothesis that if a fetus is affected by
growth restriction, the resultant developmental programming

may lead to a decrease in the final number of nephrons. The study
results indicate that glomerular development as measured by
urinary levels of glomerular protein PCX is not affected by the
presence or severity of growth restriction. The tubular function
was also found to be preserved.
Only preterm neonates were enrolled in this study. As

nephrogenesis is completed by 36 weeks of gestation, urinary
PCX levels decrease at term gestation, and therefore, may not be
useful to study the effect of fetal growth restriction. Further, to
prevent bias due to gestation-related change in renal develop-
ment, we enrolled gestation-matched neonates in the control
group. We also excluded conditions like significant perinatal
asphyxia and shock in the first 48 h of life, which may lead to
glomerular injury and increase the urinary PCX levels.20

During glomerular development, PCX appears just before the
podocyte foot process and slit diaphragm formation. PCX is
released into extracellular space as a soluble cleaved fragment of
ectodomain by membrane metalloproteinases. Since the apical
surface of the podocytes faces the urinary space, urinary PCX at

Table 1. Baseline maternal and neonatal characteristics.

Variable SGA group Control group
(n= 45)

P valuea

Total (n= 90) Birth weight
<3rd centile
(n= 45)

Birth weight 3
rd to <10th centile
(n= 45)

Primigravida 42 (46.7%) 22 (48.9%) 20 (44.4%) 14 (31.1%) 0.084

Anemia 6 (6.7%) 5 (11.1%) 1 (2.2%) 3 (6.6%) 1.000

Hypertension 29 (32.2%) 17 (37.8%) 12 (26.7%) 11 (24.4%) 0.351

Diabetes 6 (6.7%) 5 (11.1%) 1 (2.2%) 2 (4.4%) 0.718

Antepartum hemorrhage 2 (2.2%) 0 (0%) 2 (4.4%) 9 (20%) <0.001

Absent/reversed end-diastolic flow 14 (18.8%) 11 (24.4%) 3 (6.6%) 2 (4.4%) 0.017

Oligohydramnios 15 (16.7%) 9 (20%) 6 (13.3%) 5 (11.1%) 0.6545

Preterm premature rupture of
membranes

29 (32.2%) 12 (26.7%) 17 (37.8%) 22 (48.9%) 0.060

Intrapartum antibiotics 85 (94.4%) 42 (93.3%) 43 (95.6%) 40 (88.9%) 0.245

Antenatal steroids 49 (54.4%) 22 (48.9%) 27 (60%) 21 (46.7%) 0.394

Antenatal MgSO4 20 (22.2%) 12 (26.6%) 8 (17.7%) 5 (11.1%) 0.117

C-section 45 (50%) 20 (44.4%) 25 (55.5%) 22 (48.8%) 0.903

Twin pregnancy 18 (20%) 9 (20%) 9 (20%) 6 (13.3%) 0.340

Gestation (weeks) 34.5 ± 1.6 34.8 ± 1.6 34.2 ± 1.5 34.2 ± 1.8 0.178

Male gender 48 (53.3%) 23 (51.1%) 22 (48.9%) 19 (42.2%) 0.224

Birth weight (g) 1646 ± 341 1522 ± 326 1770 ± 312 2316 ± 478 <0.001

Weight centile 3.0 (1.1–6.9) 1.1 (0.4–2.2) 6.9 (5.2–8.7) 47.1 (36.2–58.1) <0.001

Birth length (cm) 45.3 ± 1.2 45.0 ± 1.0 45.6 ± 1.2 46.9 ± 1.2 <0.001

Length centile 41.6 (19.9–63.0) 26.8 (11.2–50.7) 56.8 (24.9–73.9) 79.8 (59.9–91.1) <0.001

Birth head circumference (cm) 30.5 ± 1.4 30 ± 1.2 31.1 ± 1.5 32.6 ± 1.5 <0.001

Head circumference centile 18.1 (4.6–47.6) 6.1 (1.9–17.9) 41.9 (18.3–61.0) 82.0 (64.4–90.6) <0.001

Ponderal index 1.8 ± 0.3 1.6 ± 0.3 1.9 ± 0.3 2.2 ± 0.4 <0.001

Ponderal index <2 67 (74.4%) 37 (82%) 30 (66%) 11 (24%) <0.001

Apgar score

1min 8.6 ± 0.9 8.6 ± 1.1 8.7 ± 0.8 8.7 ± 0.6 0.4175

5min 8.9 ± 0.2 8.9 ± 0.3 8.9 ± 0.3 8.9 ± 0.2 0.6094

Need of any resuscitation 8 (8.9%) 4 (8.9%) 4 (8.9%) 2 (4.4%) 0.353

Delayed cord clamping 83 (92.2%) 42 (93.3%) 41 (91.1%) 43 (95.5%) 0.490

Admitted to NICU 9 (10.0%) 5 (11%) 4 (8.8%) 4 (8.8%) 0.837

Values present number (percentage), mean ± SD, or median (interquartile range).
SGA small for gestation age, NICU neonatal intensive care unit.
aP value is comparison between total SGA and control groups.
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birth might be a marker of nephron formation.21,22 However, no
threshold has been defined to characterize normal nephron
numbers or PCX levels. In a study published in 2017, Hayashi
et al.17 measured PCX, β-2-microglobulin, and N-acetyl-β-D-
glucosaminidase in the urine of preterm neonates at birth and
at 37–39 weeks of postmenstrual age to evaluate the usefulness of
PCX as a biomarker of nephrogenesis, glomerular function, and
podocyte injury.17 PCX was detectable in all urine samples, with
urinary levels at birth (188.3 ± 134.8 ng/mg creatinine) being
higher than the previously reported reference value of 62.8 ±
4.4 ng/mg creatinine in adults. The authors proposed that higher
levels of PCX at the time of birth were due to ongoing
nephrogenesis and/or renal injury during complications of
delivery.17,20 The authors also hypothesized that lower levels
of PCX at 37–39 weeks of corrected age reflected an adaptation of
renal function to the extrauterine environment. In this study,
22.8% of enrolled neonates had fetal growth restriction. However,
authors did not provide separate data about this group of
neonates. Like the study by Hayashi et al.,17 we have also observed
wide variation in the urinary PCX levels. This may be due to a wide
range of gestation of enrolled neonates and a wide range of the
normal number of total nephrons in neonates. More recently, in
2019, Aly et al.23 have reported deranged glomerular but
comparable tubular functions in SGA preterm neonates in
comparison to AGA preterm neonates. In this study, 50 (25 SGA
and 25 AGA) infants were included. On the day of life 1, the SGA
group had higher serum sodium, serum urea, and urinary
creatinine. On day 5, SGA infants had a significant increase in
serum creatinine (P= 0.04). Urinary N-acetyl-β-D-glucosaminidase
and fractional excretion of sodium were comparable among the
two groups on days 1 and 5. However, in our study, both tubular
(fractional excretion of sodium, β-2-microglobulin) and glomerular
(serum creatinine, creatinine clearance, PCX) functions were
comparable in SGA and AGA neonates.
Our study has many strengths. To the best of our knowledge,

this is the first study investigating the effect of presence and
severity of fetal growth restriction on glomerular and tubular
development and function. We prevented possible confounding
by matching for gestation and excluding neonates with significant
perinatal insult. We report a wide repertoire of renal functions by
measuring creatinine clearance, fractional excretion of sodium,
serum creatinine, and serum β-2-microglobulin. However, we did
not measure the size of kidneys by imaging or nephron number
by renal biopsy. Latter would have needed an invasive procedure
that was not justified without any preliminary evidence of the
effect of fetal growth restriction on renal development. Our study
was powered to detect at least a 50% reduction in urinary PCX
levels, and we cannot exclude a smaller effect size. Last, we used
size at birth as a proxy of fetal growth restriction to enroll
neonates in the study. A better subject selection strategy would
be the enrollment of pregnant women in which fetal growth
restriction has been identified based on serial changes in the fetal
biometry. However, we believe that neonates with birth weight
<3rd centile are unlikely to be just constitutionally small and
therefore have presented a secondary analysis based on birth
weight percentile value. No observation of a “dose–response”
relationship between the birth weight percentile and urinary PCX
levels further strengthens our conclusion that fetal growth
restriction does not affect the nephrogenesis.
To conclude, this study did not observe any effect of the

presence or severity of fetal growth restriction on glomerular
development or renal functions. The results of this study are
important given the high prevalence of LBW in India. It would be
important to replicate the results of the study in larger cohorts.
Long-term measurement of renal functions should be part of such
a study. This study also highlights the need for a better biomarker
of intrauterine nephrogenesis and its correlation with fetal growth
restriction to reflect the fetal origin of adult diseases.Ta
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Fig. 2 Violin plot: Distribution of urinary podocalyxin (PCX) values in different study groups.
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