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Abstract

Background. Very few data are available on longi-
tudinal renal growth in small for gestational age (SGA)
infants born at term. The aim of this prospective study
was to estimate comparatively the renal growth in
SGA infants and in infants born appropriate for
gestational age (AGA) during the first 2 years of life.
Methods. The study comprised groups of SGA and
AGA infants with a gestational age (GA) of 36–41
weeks. The SGA group was classified into two
subgroups of symmetrical and asymmetrical neonates
according to the ponderal index. Serial renal ultra-
sonography (US) was performed at the ages of 41
weeks corrected age [GA (in weeks) plus age after birth
(in weeks)] and at 3, 6, 12 and 24 months of
chronological age and kidney length (KL) was related
to other anthropometric indices.
Results. A total of 312 infants participated in the study
out of which 197 were SGA, and a total number of 802
measurements were performed. The symmetrical SGA
infants and, to a lesser degree, the asymmetrical SGA
infants had smaller kidneys at birth compared with the
AGA infants (P< 0.0001 and P< 0.001, respectively).
The symmetrical SGA infants had a lower body weight
(BW) (P< 0.001, P< 0.01) and crown-heel length
(CHL) (P< 0.01, P< 0.05) than controls at the ages
of 12 and 24 months of chronological age. The
asymmetrical SGA infants had a lower BW (P< 0.01,
P< 0.05) than controls at the ages of 12 and 24 months
of chronological age. On the contrary, the KL in both
SGA groups was not different from that of the AGA
infants after the 41st week of corrected age and up to
the 2nd year of life.
Conclusion. SGA term infants had shorter KL at birth
compared with AGA infants but a similar length from
the 3rd to the 24th month of life. Early catch-up kidney
growth was observed in both SGA groups and is
more prominent in the symmetrical SGA infants.

This observation may represent either an accelerated
renal maturation process or early compensatory kidney
hypertrophy in this group of infants.
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Introduction

Epidemiological studies have shown that children born
small for gestational age (SGA) are at increased risk
for development of renal disease and hypertension
during adult life [1,2].

Studies in humans and animals have supported the
concept that low birth weight may be associated with a
lower number of nephrons at birth and later hyperten-
sion [3–8]. A recent histomorphometric study in adults
demonstrated an association between reduced nephron
number and primary hypertension [9].

Brenner and Chertow [10,11] have proposed that the
crucial link between fetal growth restriction, adult
hypertension and renal functional decline may be
impaired nephrogenesis. They suggested that the
reduced number of glomeruli leads to hyperfiltration,
which in turn leads to systemic hypertension, glomer-
ular sclerosis and progressive deterioration of renal
function [10,11].

Glomerular hypertrophy is regarded as an early
marker for the development of glomerulosclerosis
[6,10]. The precise time point during life at which
hypertrophy and the ensuing renal damage occur is not
known [6,10,11]. Renal size, as estimated by ultraso-
graphy (US), may be a potential surrogate measure for
nephron numbers and also an indirect index of
accelerated renal growth under a variety of clinical
conditions [12–14].

Data on postnatal kidney growth in SGA infants
born full-term are very limited [15]. The present
longitudinal prospective study was designed to inves-
tigate comparatively the renal growth pattern in SGA
and appropriate for gestational age (AGA) neonates
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with a gestational age GA> 36 weeks and to correlate
the growth of the kidneys with other anthropometric
indices during the first 2 years of life.

Patients and methods

This study was performed prospectively and included infants
born at term (>36 to 41 weeks GA) with low birth weight for
GA. The infants enrolled in the study were born at the
University Hospital of Ioannina where they were subse-
quently followed up at the out-patient clinic for monitoring
of growth and development. All neonates born SGA at full-
term during a period of 2 years were eligible for the study.
The study protocol was approved by the Hospital Ethics
Committee and informed parental consent was obtained.
Exclusion criteria were infants with congenital anomalies,
a history of prenatal hydronephrosis, urinary tract infection
and other renal anomalies detected before or during the
study period. At the time of the study, this regional hospital
took care of the majority of deliveries (85%) in the area of
Northwestern Greece. The control group comprised infants
born in the hospital during the same period with the same
GA but with appropriate weight for that GA (AGA).

The GA at birth was assessed according to the mothers’
menstrual history and US at 12–18 weeks of GA, and then
confirmed by assessment of the babies’ maturity by
neonatologists within 24 h of delivery [16]. Body weight
(BW), crown-heel length (CHL) and head circumference
(HC) were recorded immediately after delivery. Infants were
categorized as SGA (BW at birth <10th percentile for GA)
or AGA (BW at birth 10th–90th percentile for GA) using the
corresponding age-gender-specific percentiles in growth
curves among Greek children [17].

SGA neonates are a heterogeneous group in terms of the
aetiology, severity of growth restriction and body propor-
tionality. According to the timing of embryonic damage,
intrauterine growth restriction can be divided into two types:
early, usually leading to symmetric growth restriction (type I)
affecting the BW, CHL and HC equally, and late (often in
the third trimester) affecting mainly the BW and leading to
asymmetric growth restriction (type II) [18]. Thus, the SGA
infants were further classified into two groups, symmetrical
and asymmetrical, according to their ponderal index (weight
at birth in g� 100/length at birth in cm, cubed) [19].

US examinations were performed blindly and indepen-
dently by two senior radiologists, who were specialists in
paediatric radiology (Maria Argyropoulou and Frederica
Papadopoulou). As the neonates of the study were not of the
same GA (>36–41weeks), for more precision, the first US
estimation was performed at the time they reached the
corrected age [corrected age (in weeks)¼GA (in weeks) plus
age after birth (in weeks)] of 41 weeks. Subsequent
measurements were made at the chronological ages of 3, 6,
12 and 24 months in all study infants. Measurements of
kidney length (KL) were performed using 5–8MHz linear or
curved array transducers (7MHz) (HDI Philips 5000).
A single maximal longitudinal measurement of each kidney
was obtained sonographically in the supine position [20–22].
Renal length measurement was performed because this
method has been reported to have the lowest inter-observer
variation and better reproducibility compared with sono-
graphic volumetric estimations of the renal size, especially

when comparing repeated measurements [23]. The inter-
observer variability and the limits of agreement for this study
were estimated in a sample of 30 KL measurements in infants
based on the method of Bland and Altman [24]. The
mean value of the difference (MV) and the standard
deviation of the difference (SDD) were 0.99 and 0.63mm,
respectively. The SDD is a measurement of the inter-observer
variability. The respective 95% limits of agreement:
[MV� (1.98� SDD)] expressed as percentage (%) of KL
varied from �0.52 to þ4.5%.

BW was determined to the nearest 0.1 kg with the child
dressed only in underwear and wearing no shoes, using a
digital electronic scale (SECA, Hamburg, Germany). HC was
measured, with a measuring tape, as the maximum circum-
ference between the supraorbital ridge and the occiput. CHL
was measured to the nearest 0.1 cm by a Harpenden
stadiometer. Serum creatinine (Scr) levels were estimated,
using a modified Jaffe reaction, in the three groups of
children at the time of the 12 months US examination.

Sample size

The number of infants was selected to allow a minimum of
45–50 measurements for each comparison in any study
period, after taking into account the drop-off trends from a
previous study of similar design [25]. This number of infants
was considered to be sufficient to document a 10% difference
in kidney length between groups with a power of >0.90 at a
significance level of 0.05. In sample size calculation, data of
the mean values of renal length (�SD) of the earlier study in
preterm infants was used [25,26].

Statistical analysis

Overall statistical analysis was performed by repeated
measures analysis of variance using the StatView software
of S.A.S. Institute Inc. Differences between symmetrical and
asymmetrical groups and the control group for each
parameter, and for every time period were evaluated by
using the one-way ANOVA test followed by the Fisher’s
PLSD test. Differences were considered significant at
P< 0.05. Regression analysis models were also used in
order to investigate possible significant statistical relation-
ships between the KL measurements and the anthropometric
indices throughout the study period.

Results

A total of 312 infants participated in the study. Of 246
SGA neonates eligible for the study, the parents of
197 (80%) agreed for them to participate in the study.
The non-participants did not differ in respect to the
anthropometric indices, GA, gender and socioeco-
nomic status from the participant group. The total
numbers of measurements in the subgroups of
symmetrical and asymmetrical SGA infants were 262
and 264, respectively. The number of measurements in
the AGA group (controls) was 276. The children had
a mean of 2.5 US examinations during the period
of the study; 253 (81%) had more than one US
examination, and 114, 71, 38 and 30 had 2, 3, 4 and 5
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US examinations, respectively. The smaller cohort
sizes, later in the study, were due almost solely to
parents’ lack of interest in continuing the study, with a
small percentage of drop-off (<10%) due to a change
in area of living or to loss of contact. There were no
significant differences in GA and gender between the
two SGA groups and the respective control group at
any study period.

Risk factors for fetal growth retardation were
identified in 61% of the SGA infants of the
study (75% of asymmetrical and 48% of symmetrical
SGA infants). In asymmetrical neonates, these were:
pregnancy–induced hypertension in 39%, placental
insufficiency in 17%, previous SGA-born child in
6.5%, chronic maternal disease in 6.5% and low
weight gain during pregnancy in 6.5%. In symmetrical
SGA infants, they were pregnancy–induced hyperten-
sion in 12.5%, maternal undernutrition or low weight
gain during pregnancy in 12.5%, drug taking or
cigarette smoking in 8%, placental factors in 7%,
chronic maternal disease in 4% and small pre-
pregnancy maternal size in 4%.

Table 1 depicts the mean (�SD) values of anthro-
pometric indices and the KL in the two groups of SGA
infants (symmetrical and asymmetrical) and the AGA
infants (controls) during the first 2 years of life. No
major difference was observed between the lengths of
the right kidney and the left kidney, a finding observed
previously [17,18,21], therefore the mean value of both
kidneys (KL) was used in the analysis. No differences
were observed in KL between male and female infants
throughout the study period.

Both groups of SGA infants had smaller anthropo-
metric indices at birth compared with the AGA infants
(Table 1). The SGA infants had also smaller BW,
CHL, HC and KL at 41 weeks corrected age (Table 1).
Symmetrical SGA infants had lower BW (P< 0.001),
CHL (P< 0.01) and HC (P< 0 01) than controls at the
age of 12 months and lower BW (P< 0.01) and CHL
(P< 0.05) at 2 years of chronological age (Table 1).
Asymmetrical SGA infants had lower BW (P< 0.01)
and HC (P< 0.01) than controls at the age of 12
months and lower BW (P< 0.05) at 2 years of
chronological age. Conversely, the KL in both
groups of SGA infants was significantly shorter than
that of the controls only at 41 weeks of chronological
age (P< 0.0001, P< 0.001 for the symmetrical and
asymmetrical groups, respectively) and did not differ
significantly thereafter. The mean KL (mm) at 41
weeks was 44.3� 4.5, 45.5� 3.7 and 48� 3.8 for
symmetrical, asymmetrical and control children,
respectively. At 2 years, KL mean was 66� 5.1,
67.4� 3.9 and 66.7� 3.2 for the three groups,
respectively.

Table 2 shows the correlations between KL and the
anthropometric indices in all three groups of infants.
At 41 weeks corrected age, a close correlation was
observed between KL and each of the anthropometric
indices in all three groups. In the control group,
significant correlations were observed between KL and
CHL and also between KL and BW throughout the
study period. Similar correlations between KL and
both CHL and BW were observed in the asymmetrical
SGA infants. However, in the symmetrical SGA

Table 1. Anthropometric indices and KL in symmetrical and asymmetrical SGA and AGA children

Groups of infants n BW (g) CHL (cm) HC (cm) KL (mm)

Birth
Symmetrical SGA 104 2190� 325**** 44.0� 3**** 31.6� 1.9**** –
Asymmetrical SGA 93 2250� 150** 47.1� 1.2** 32.2� 1.5**** –
Control AGA 115 2919� 460 49.2� 2.3 34.1� 4.4 –

41 weeks
Symmetrical SGA 86 2830� 540**** 48.8� 2.3**** 34.4� 1.5**** 44.3� 4.5****
Asymmetrical SGA 88 2900� 576**** 50.0� 2.0**** 34.7� 1.5**** 45.5� 3.7***
Control AGA 94 3560� 270 52.2� 2.7 36.2� 1.4 48.0� 3.8

3 months
Symmetrical SGA 62 5081� 620**** 56.1� 2.5**** 39.0� 1.6**** 53.6� 3.4
Asymmetrical SGA 63 5205� 805*** 58.3� 3** 39.2� 2.7** 53.3� 3.9
Control AGA 60 5680� 730 60.0� 2.6 40.0� 1.4 54.4� 4.2

6 months
Symmetrical SGA 48 6775� 911*** 64.8� 2.9*** 42.7� 3.1 56.5� 4.0
Asymmetrical SGA 51 6900� 940*** 65.9� 3* 42.4� 1.3 56.0� 4.0
Control AGA 54 7460� 720 67.1� 2.9 43.0� 1.4 57.0� 4.0

12 months
Symmetrical SGA 42 8690� 9 16*** 74.3� 3.4** 45.3� 1.6** 61.5� 5.0
Asymmetrical SGA 41 8930� 1190** 76.3� 4.2 45.3� 1.2** 62.4� 4.0
Control AGA 42 9590� 820 77.0� 2.9 46.3� 1.3 62.9� 4.0

24 months
Symmetrical SGA 24 11125� 1030** 85.8� 4.5* 47.3� 1.2 66.0� 5.1
Asymmetrical SGA 21 11700� 1400* 87.1� 3.9 48.3� 2.5 67.4� 3.9
Control AGA 26 12470� 1600 88.0� 4.7 47.2� 2.8 66.7� 3.2

BW, body weight; CHL, crown-heel length; HC, head circumference; KL, kidney length (mean of length of R and L kidney).
*P< 0.05, **P< 0.01, ***P< 0.001, ****P< 0.0001, ANOVA, Fishers’ PLSD test.
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infants, although a positive correlation between KL
and CHL or BW was observed at 41 weeks and at 12
and 24 months chronological age, no correlation was
apparent at 3 and 6 months of chronological age
(Table 2).

Scr values were obtained in all symmetrical and
asymmetrical SGA infants and in 37 of 42 controls at
the time of the 12 months US examination. The mean
values did not differ significantly among the three
groups and were 0.39� 0.04, 0.40� 0.04 and
0.40� 0.05 (mg/dl mean�SD), respectively.

Discussion

The symmetrical SGA infants in this study, and to a
lesser degree the asymmetrical SGA infants, had
smaller kidneys at birth compared with the AGA
infants. The results of the present study show that in
the early postnatal period, between the 41st week of
corrected age and the 3rd month of life, rapid renal
growth takes place in the groups of both symmetrical
and asymmetrical SGA infants. As a consequence, the
KL at 3 months is similar in the three groups despite
the fact that the SGA infants remain considerably
smaller and lighter at that time than the AGA controls.
This catch-up growth is more prominent in the
symmetrical SGA infants and kidney size was inde-
pendent of the other anthropometric indices during
the first months of life in this group. Only in the
symmetrical group of SGA infants at 3 and 6 months
of life was no correlation shown between the KL and
the other auxological parameters, which may be
attributable to the higher velocity of kidney growth
at this period compared with the other anthropometric
indices.

The early catch-up renal growth was followed by
comparable kidney growth velocity up to the age of 24
months, by which time KL in both groups of SGA
infants (symmetrical and asymmetrical) was no differ-
ent from that of the controls (AGA). A small kidney

size has been associated with hypertension in adults
[27] although the converse has been shown in a group
of hypertensive children [12]. A longer follow-up of
children born SGA may reveal whether their kidney
size declines with age or remains similar to the
kidney size of children born AGA.

It has been shown that the last (third) period
of nephronogenesis is completed at 34–36 weeks of
embryonic age [28,29]. Preterm neonates born earlier
than this age are able to continue to form nephrons
postnatally while neonates born after 34–36 weeks
have already completed this process [28,29]. In a
previous study on kidney growth in preterm SGA
infants with a GA of 31–36 weeks, similar rapid renal
growth in this group of infants was shown during the
first 6 months of life [25]. A continuing process
of nephrogenesis, blocked in fetal life in an unfavour-
able intra-uterine environment, may have caused this
catch-up growth in KL in children born preterm. In the
present study, all the SGA infants were of GA >36
weeks. Thus nephron formation was considered
complete before birth. It could be speculated that the
catch-up in KL observed in the infants of the study can
be in part attributable to compensatory hypertrophy.

Renal growth occurs as a result of normal develop-
ment or as compensation to a reduction in renal mass
[30]. It has been postulated that tubular overgrowth
primarily accounts for the observed renal enlargement
in both developmental and compensatory renal
growth, since the glomerular mass accounts for only
a small percentage of the total renal mass [30].

In the single published study on early renal growth
in full-term and preterm SGA infants, Schmidt et al.
[15] examined a large cohort of neonates at birth, 3 and
18 months of life estimating kidney volume by US [15].
They observed, in accordance with the results of this
study, that SGA infants had smaller kidneys at birth
than AGA infants. They also found, in the group of
80 SGA full-term infants with birth weight below the
10th percentile, slight but statistically significant
catch-up kidney growth from birth to 18 months of

Table 2. The R values of KL vs BW, CHL and HC in the three study groups (symmetrical SGA, asymmetrical SGA, controls) during the first
2 years of life

41 Weeks 3 Months 6 Months 12 Months 24 Months

R value P value R value P value R value P value R value P value R value P value

Symmetrical SGA
CHL 0.57 0.0001 0.20 NS 0.19 NS 0.33 0.08 0.43 0.05
HC 0.48 0.0001 0.22 NS 0.02 NS 0.26 0.09 0.23 NS
BW 0.60 0.0001 0.18 NS 0.19 NS 0.34 0.04 0.40 0.07

Asymmetrical SGA
CHL 0.56 0.0001 0.57 0.0001 0.46 0.001 0.53 0.003 0.41 0.08
HC 0.50 0.0001 0.18 NS 0.33 0.002 0.17 NS 0.34 NS
BW 0.55 0.0001 0.53 0.0001 0.54 0.0001 0.60 0.001 0.45 0.08

Controls AGA
CHL 0.52 0.0001 0.39 0.01 0.26 0.09 0.12 NS 0.50 0.03
HC 0.52 0.0001 0.35 0.01 0.17 NS 0.04 NS 0.14 NS
BW 0.58 0.0001 0.47 0.001 0.30 0.03 0.28 0.05 0.35 0.10
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life (mean �z score¼þ0.22 SD), which they interpret
as a limited catch-up, possibly explaining in part the
link between prenatal growth retardation and later
diseases. In the present study, rapid catch-up growth in
KL was observed. The different findings between the
two studies may be accounted for by study design,
methodology and definitions. Although in both the
studies, infants born with birth weight <10th percentile
were classified as SGA, the birth weights (not reported
in the study of Schmidt et al. [15]) may have different
distribution in these two studies and differences in the
severity of growth restriction cannot be ruled out.
Differences in the aetiology of growth restriction
between the two studied populations of SGA infants
may also have played a role. In Schmidt’s study [15],
it was found that among the AGA infants, females had
a smaller KL than males at birth but not at the 18th
month and, a gender difference not observed in the
present study, possibly because of the lower number
of infants.

The timing of growth restriction is very important
and a recent experimental study showed that reduced
nephron number is dependent on the timing of the
growth restriction and not on the LBW per se [31].
This parameter was taken into account in the design of
this study by making the classification into symmet-
rical and asymmetrical neonates. Despite the fact that
KL was less affected in asymmetrical SGA infants than
in symmetrical SGA infants in the early postnatal
period, no other differences in regard to KL were
observed thereafter.

During the first 3–4 months of life, most infants
double their birth weight and the kidney matures
rapidly to cope with the increased metabolic demands
[28]. Most SGA infants seem to have more rapid
growth (catch-up) compared with AGA infants during
the same period [32]. SGA infants, such as those
studied, with their kidneys having possibly a smaller
nephron number, can compensate by accelerating the
functional and structural maturation of the existing
nephrons. The recruitment of the cortical non-perfused
glomeruli could be accelerated as has been shown
experimentally [30]. Glomerular compensatory hyper-
trophy could also contribute to this adaptation process
and, as a consequence, a prolonged hyperfiltration
period may already begin soon after birth.

SeCr did not differ among the three study groups at
12 months. Although this may indicate similar renal
function at this age, other more sensitive indexes of
renal function (e.g. urine microalbumin) were not
examined. So, subtle differences in renal function
between the three groups cannot be excluded.

Based on the findings of the present study, it is not
possible to speculate about later renal complications
(e.g. hypertension) in the neonates of the study because
although in autopsy studies kidney volume has been
shown to correlate well, although indirectly, with
the number of functioning nephrons [27], there
has been no study reported showing a direct relation
between KL estimated by US and nephron number.

Conclusion

It is concluded that SGA children born at term
have small kidneys at birth and show accelerated
renal growth, which occurs early and continues up to
3 months of life. Further studies are needed to
delineate the long-term effects of this phenomenon.

Conflict of interest statement. None declared.
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