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Impaired kidney growth in low-birth-weight children: Distinct
effects of maturity and weight for gestational age
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Impaired kidney growth in low-birth-weight children: Distinct
effects of maturity and weight for gestational age.

Background. Low birth weight is an important risk factor
for hypertension and unfavorable prognoses of a number of re-
nal diseases. It is also associated with reduced kidney size and
nephron number. A differentiation between the effects of low
birth weight versus being born premature or small for gesta-
tional age has, however, not been addressed.

Methods. The influence of weight for gestational age (per-
centage deviation from expected mean), gestational age, birth
weight, and early diet on kidney growth was studied in 178 chil-
dren born pre- or postmature and/or small or large for gesta-
tional age, comparing them to 717 mature children, birth weight
appropriate for gestational age. Kidney size was determined by
bilateral ultrasonography measuring length, width and depth,
using the equation of an ellipsoid for volume calculation. The
examinations were performed at 0, 3, and 18 months of age to-
gether with measurements of body weight, height, and skinfold
thickness.

Results. Weight for gestational age had a significant, positive
effect on combined kidney volume at all three ages (0 months,
P < 0.001; 3 months, P < 0.001; and 18 months, P < 0.001).
A slight catch-up growth in kidney size was seen in the most
growth-retarded infants (<10th percentile) between 0 and 18
months of age (mean �z score0−18mo = +0.22 SD) (P = 0.037).
Premature children had smaller kidneys compared to mature
at all ages (0 months, P = 0.001; 3 months, P = 0.007; and 18
months, P = 0.042), without any significant catch-up with age.
Relative kidney volume was inversely correlated with weight
for gestational age at birth (P = 0.007) but positively at 18
months (P = 0.008). Relative kidney growth 0 to 18 months was
positively correlated to weight for gestational age (P = 0.013).
Low birth weight was associated with impaired relative kidney
growth in response to formula feeding.

Conclusion. Being small for gestational age is associated with
small kidneys at birth and impaired kidney growth in early child-
hood. The present data suggest that intrauterine growth has a
regulatory influence on nephron formation and renal function
in humans reaching beyond the neonatal period.
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Low birth weight has been identified as an important
risk factor for unfavorable course or progression of a
number of renal diseases [1–6]. Likewise, an inverse as-
sociation between birth weight and blood pressure in
childhood and adult life is well-documented [7]. Possi-
ble underlying pathophysiologic mechanisms include re-
nal, metabolic, and vascular changes [8]. One hypothesis
is that intrauterine growth retardation may cause a re-
duced number of congenital nephrons [9], leading to in-
creased single nephron glomerular filtration rate (GFR),
thereby augmenting the risk of glomerulosclerosis and
subsequently elevated blood pressure [10]. This hypoth-
esis has been substantiated by several animal studies [11–
14] and questioned by some [15]. In humans, low birth
weight has been associated with reduced nephron num-
ber or density in autopsy studies [16–19], whereas oth-
ers did not find any association between birth weight
and glomerular number or the progression of diabetic
nephropathy [20, 21].

As age-adjusted kidney weight is strongly positively
correlated to the total number of glomeruli, kidney vol-
ume can be regarded as a proxy for nephron number
[22]. Low birth weight, both pathologically low (<2.5 kg)
and relatively within the normal range, has been asso-
ciated with reduced kidney size in infants and adults
[16, 23, 24]. However, due to lack of accurate informa-
tion on gestational age distinctions between an effect
of low birth weight per se versus being small for ges-
tational age or premature could not be made. In a re-
cent autopsy study of premature infants (gestational age
<28 weeks) of extremely low birth weight (≤1000 g)
radial glomerular counts were markedly decreased com-
pared to mature infants [25]. Glomerulogenesis contin-
ued until 40 days of age but did never reach the level
of mature infants. Likewise, in vivo studies of kidney
size in human fetuses of known gestational age have
shown that intrauterine growth retardation is accompa-
nied by decreased fetal kidney volume compared to fe-
tuses of appropriate weight for gestational age [26–28].
How kidney growth further evolves during infancy in
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small for gestational age or preterm children has not been
described.

Formula feeding induces increased kidney size com-
pared to breast feeding in 3-month-old healthy infants
born at term with birth weight appropriate for gestational
age [29]. Many preterm or small for gestational age in-
fants are prone to receive infant formula. Whether they
respond equally by increasing kidney size has not yet been
investigated.

To investigate the influence of intrauterine growth, ma-
turity, birth weight, and early diet on kidney growth and
shape, we have followed 189 children born pre- or post-
mature as well as small or large for gestational age for
the first 18 months of life, comparing them to a normal
reference material of 717 mature, healthy singletons with
birth weight appropriate for gestational age [30].

METHODS

Study design

A prospective longitudinal cohort study was performed
from 1997 to 2002 at Rigshospitalet and Hvidovre Hos-
pital, University of Copenhagen. All pregnant women of
Danish origin, geographically belonging to the hospital
referral area, and not referred because of expected com-
plications in pregnancy, were consecutively asked to join
the study in their first trimester of pregnancy. The children
were part of an ongoing cohort study establishing refer-
ence materials for kidney size and prevalence of renal
malformations, genital development and malformations,
and body growth [29–33].

The children were examined within the first 5 days of
life (0 months) and again at 3 and 18 months of age. In
case of preterm birth, examination took place around the
expected date of delivery and again 3 and 18 months later.
In case of postterm birth the child was examined shortly
after birth and again 3 and 18 months after the expected
date of delivery. At all examinations bilateral kidney ul-
trasonography and anthropometric measurements were
performed. At each visit the child was examined by one
out of a team of eight doctors. All methods of measuring
were standardized at workshops.

Inclusion and exclusion criteria

Children were included if they were born pre- or post-
mature and/or small or large for gestational age. Children
with major congenital malformations or severe chronic
diseases were excluded; however, mild hydronephrosis
(pelvic anteroposterior diameter 5 to 10 mm) at one ex-
amination or coexistence of cryptorchidism or hypospa-
dias was allowed. The normal reference ranges for kidney
size, shape, and growth in mature healthy children with
birth weight appropriate for gestational age have previ-

ously been published [30]. Data from these children were
included as reference material in the present analysis.

Gestational age and anthropometry

Gestational age (days) was determined by routine ul-
trasonography in pregnancy week 18 to 20. In 2.8% ges-
tational age was determined by last menstrual period.
Prematurity was defined as gestational age below
259 days (<37 weeks), and postmaturity as gestational
age above 294 days (>42 weeks). Birth weight (kg) was
obtained from birth records. Weight for gestational age
was expressed as the percentage deviation from the ex-
pected mean weight for gestational age. For this calcula-
tion a gender-specific fourth-degree polynomial equation
was used [34]. Small or large for gestational age was de-
fined as weight for gestational age below −22% or above
+22% of expected weight for gestational age approxi-
mate to −2 SD and +2 SD. Weight for gestational age
was additionally stratified into six classes according to
percentiles: 0 to 9.9, 10 to 24.9, 25 to 49.9, 50 to 74.9, 75
to 89.9, and 90 to100 percentiles.

Body weight was measured on a digital scale (Baby-
Scale Model) (Solotop Oy, Helsinki, Finland) to the near-
est 0.005 kg. Body length was measured supine with a
Kiddimeter (Raven Equipment LTD, Essex, UK) to the
nearest 0.1 cm. Body fatness was estimated measuring
subscapular skinfold thickness to the nearest 0.1 mm
using a skinfold calliper (Harpenden, British Indicators
LTD, London, UK). All anthropometric measurements
were registered as the mean of three measurements.

Ultrasonography

Kidney size was determined by ultrasonography using
a 5 MHz sector probe with an accuracy of 0.1 mm (Aloka
SSD 500) (Aloka Co., Ltd. Tokyo, Japan). The probe was
placed on the back of the child, at the neonatal exam-
ination with the child lying on the contralateral side in
a ventrally curved position, and at 3 and 18 months of
age in a supported sitting position. The kidney was iden-
tified in the sagittal plane along its longitudinal axis. In
this position three longitudinal anteroposterior measure-
ments of the largest length and width were performed.
The probe was then rotated 90 degrees and three cross-
sectional anteroposterior measurements of the width and
depth at the hilar level were performed. All dimensions
were measured to nearest 0.1 cm in both kidneys.

Mean length and depth were calculated as the aver-
age of three measurements and mean width as the av-
erage of six. Maximum pelvic anteroposterior diameter
was measured to nearest 0.1 mm and renal malforma-
tions classified. Kidney volume was calculated in cubic
centimeters using the equation of an ellipsoid: volume =
mean length ∗ mean width ∗ mean depth ∗ 0.523 [35]. Left
and right kidney volumes were added for the combined
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kidney volume (cm3). Relative kidney volume was calcu-
lated as combined kidney volume/body weight (cm3/kg).
Kidney shape was described by the ratio mean
length/[(mean width + mean depth) ∗ 0.5]. Relative kid-
ney growth was calculated as volume increase/weight in-
crease (� cm3/� kg) over the two intervals 0 to 3 months
and 0 to 18 months of age. Body weight and combined
kidney volume are linearly correlated at this age [30].
Details on intra- and interobserver variation of kidney
size have been reported previously [30]

Feeding classification at 3 months of age

No intervention was made concerning early nutrition.
If the child had received any kind of infant formula,
the name of the product was registered, as was the age
(weeks) at which formula feeding had started and, if rel-
evant, the age at which breast-feeding had stopped. The
children were stratified into three feeding categories ac-
cording to the type of feeding during the last month prior
to the 3-month examination: (1) fully breast fed (noth-
ing but breast feeding since birth), (2) partially breast
fed (combined breast and formula feeding), and (3) fully
formula fed (no breast milk since 2 months of age).

Statistics

Descriptives are given as mean (SD), mean (standard
error of the mean) or median (95% CI). Parameters that
were not normally distributed were log transformed prior
to analysis: kidney shape, combined and relative kidney
volume. Log transformed combined and relative kidney
volumes were converted into age and gender specific z
scores [(Xn − Xmean)/SD)] where Xn is the value of the
individual child, Xmean is the mean value for age and
gender, and SD is the standard deviation at the same age
and gender. This enables pooling of all data from girls and
boys at separate ages for analysis. The Xmean and SD val-
ues were derived from the reference material of mature,
healthy singletons born appropriate for gestational age
[30].

To differentiate the effect of weight for gestational age
and gestational age data was split: (1) the influence of
weight for gestational age was analyzed in the group of
children born at term (N = 782), and (2) the influence of
gestational age was analyzed in children with birth weight
appropriate for gestational age (N = 821). Differences
between classes of weight for gestational age or gesta-
tional age were tested with one sample t test (between
two groups) or one-way analysis of variance (ANOVA)
(between more than two groups). Differences between z
scores at two different ages were tested with paired sam-
ples t test for individual groups of weight for gestational
age and gestational age.

General linear models including all children were ap-
plied to analyze the influence of gender, gestational

age, weight for gestational age, birth weight, current
weight, current subscapular skinfold thickness, and diet
at 3 months of age on the following dependent vari-
ables: log-transformed combined kidney volume, log-
transformed relative kidney volume, log-transformed
kidney shape, and kidney volume increase per weight in-
crease over two time periods (0 to 3 months and 0 to
18 months of age). Each model was carefully controlled
by evaluation of residual plots.

Results were considered significant if P < 0.05. The
statistical analyses were performed in SPSS 11.0 for
Windows.

Ethical approval

The study was performed according to the Helsinki II
declaration and approved by the local ethics committee
[j.no. (KF) 01-030/97] and the Danish Data Protection
Agency (no. 1997-1200-074). Informed written consent
was given by the parents.

RESULTS

Participants

Of 189 eligible children being pre- or postmature
and/or small or large for gestational age 11 were excluded:
three with unilateral renal agenesis, two with severe bilat-
eral, and three with severe unilateral hydronephrosis (an-
teroposterior pelvic diameter ≥1.0 cm), one with Down
syndrome and congenital heart disease, one with severe
cerebral palsy, and one with gastroschisis. Thus, 178 chil-
dren were included, 30 twins and 148 singletons. Mild
hydronephrosis at one examination was seen in 26 chil-
dren and coexistence of cryptorchidism and/or hypospa-
dias was found in 15 boys. The reference group of healthy
mature (gestational age 37 to 42 weeks), appropriate for
gestational age (weight for gestational age ± 2 SD) single-
tons consisted of 717 children [30]. The total number of
children available for analysis was 895. The distribution
of boys and girls in each category of weight for gestational
age and maturity is given in Table 1.

Combined kidney volume (cm3)

Figure 1A shows the combined kidney volume
(z scores) for children born at term age 0 to 18 months
according to percentiles of weight for gestational age.
Weight for gestational age at birth had a significant, pos-
itive effect on combined kidney volume at all three ages
(0 months, P < 0.001; 3 months, P < 0.001; and 18 months,
P < 0.001). A small, but significant catch-up in kidney
size with age was seen in the most growth-retarded in-
fants (<10th percentile) between 0 and 18 months of age
(mean �z score0−18mo = +0.22 SD) (P = 0.037). No sig-
nificant changes with age were found in any other weight
for gestational age category.
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Table 1. Number of children grouped by maturity and weight for
gestational age N = 895

Weight for gestational age
Gestational
age weeks <− 2SD ± 2SD >− 2SD Total

Boys <37 6 36 42
37–42 16 312 15 343
>42 33 33

Total 22 381 15 418
Girls <37 2 22 1 25

37–42 11 405 23 439
>42 13 13

Total 13 440 24 477

The z-score of combined kidney volume according to
gestational age among appropriate for gestational age
children is presented in Figure 1B. Premature children
had significantly smaller kidneys compared to mature
children at all three ages (0 months, P = 0.001; 3 months,
P = 0.007; and 18 months, P = 0.042). Some degree of
catch up growth, however statistically insignificant, was
noted. In postmature children combined kidney volume
did not differ significantly from mature children at any
age.

In a general linear model including all children, com-
bined kidney volume at 0 and 18 months of age was
significantly positively correlated to both weight for ges-
tational age and current weight, and negatively correlated
to skinfold thickness (Table 2). Additionally, boys had
larger kidneys compared to girls at 0 months, but no gen-
der difference was seen at 18 months of age. At 3 months
of age a positive correlation between combined kidney
volume and both birth weight and current weight was
seen, in addition to increasing kidney volume with for-
mula feeding and boys having larger kidneys than girls
(Table 2).

Relative kidney volume (cm3/kg)

The influence of weight for gestational age on rela-
tive kidney volume (cm3/kg) in term children is shown in
Figure 2A. At birth an inverse correlation between weight
for gestational age and relative kidney volume was found
(P = 0.007). At 3 months of age the pattern changed
toward the opposite, reaching statistical significance at
18 months of age (3 months, P = 0.811; and 18 months,
P = 0.008). Relative kidney volume decreased in the most
growth-retarded group (<10th percentile) between 0 and
18 months of age (mean �z score0−18mo = −0.50 SD)
(P = 0.002), while an increase was seen in the heaviest
group (90th to 100th percentile) (mean �z score0−18mo =
+0.61 SD) (P < 0.001). No significant changes with
age were found in any other weight for gestational age
category.

The relative kidney volume (cm3/kg) according to
gestational age among appropriate for gestational age
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Fig. 1. Z score of combined kidney volume (cm3) from 0 to 18 months
of age. (A) Children born at term (gestational age 37 to 42 weeks strati-
fied into six categories of weight for gestational age. Symbols are: (•) 0
to 9.9 percentile (N = 80); (�) 10 to 24.9 percentile (N = 135); ( �) 25 to
49.9 percentile (N = 182); (�) 50 to 74.9 percentile (N = 186); (�) 75 to
89.9 percentile (N = 107); (�) 90 to 100 percentile (N = 92). (B) Chil-
dren born approximately for gestational age (weight for gestational age
± 2 SD) stratified into three categories according to maturity (preterm,
term, and postterm). Symbols are: (•) <37 weeks of gestation (N = 58);
(�) 37 to 42 weeks of gestation (N = 717); (�) >42 weeks of gestation
(N = 46). Dots represent means (± SEM).

children is presented in Figure 2B. At 0 months of age
a negative association between gestational age and rela-
tive kidney volume was seen; however, this was not sig-
nificant (P = 0.090). Premature children had a significant
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Table 2. Determinants of combined kidney volume at 0, 3, and 18 months of age

0 months of age 3 months of age 18 months of age

Initial model Final model Initial model Final model Initial model Final model

Variable b P b P b P b P b P b P

Gender (boys vs. girls) 1.112 0.000 1.086 0.000 1.046 0.028 1.051 0.000 1.024 0.205
Diet at 3 months

Fully formulafed 1.063 0.005 1.063 0.004
Partially breastfed 1.033 0.067 1.033 0.065
Fully breastfed Ref Ref

Gestational age days 1.005 0.122 0.999 0.684 1.003 0.327
Birth weight kg 0.845 0.190 1.104 0.440 1.045 0.000 0.903 0.391
Weight for gestational 1.008 0.079 1.002 0.034 0.998 0.668 1.005 0.252 1.001 0.017

age %a

Current weight kg 1.202 0.000 1.223 0.000 1.132 0.000 1.134 0.000 1.093 0.000 1.096 0.000
Skinfold thickness mm 0.985 0.069 0.981 0.015 1.002 0.613 0.986 0.002 0.985 0.001
Intercept cm3b 5.772 0.001 13.237 0.000 16.395 0.000 13.464 0.000 14.835 0.000 24.434 0.000

aWeight for gestational age given in% deviation from expected mean weight for gestational age.
bThe intercept is the initial value, which is subsequently modified by the values of the specific parameters like gender and birth weight.
Examples of interpretations Comparing two children at 0 months of age, a boy and a girl, with the same gestational age, birth weight, weight for gestational age

current weight, and skinfold thickness, the boy has on the average an 8.6% larger kidney volume compared with the girl. The combined kidney volume of a 3-month-old
formula, fed child is 6.3% larger than in a breast, fed child of identical gender, birth weight, and current weight. At 18 months of age, combined kidney volume increases
with 0.1% per 1 percentage point increase of weight for gestational age given identical current weight and skinfold thickness.

decrease of relative kidney volume from 0 to 3 months of
age (mean �z score0−3mo = −0.49 SD) (P = 0.001). At
3 months the premature group had significantly reduced
relative kidney volume compared to mature children (P =
0.010). The apparent increase of relative kidney volume
from 3 to 18 months among the premature was not sig-
nificant. The postmature children did not differ from the
mature at any time, and the trend of increasing relative
volume with age was not significant.

In a general linear model, including all children, rel-
ative kidney volume at 0 months of age was positively
correlated to male gender and negatively to birth weight
and skinfold thickness (Table 3). At 3 months of age male
gender and birth weight were both positively correlated
to relative kidney volume, but even stronger correlated to
increasing proportion of formula feeding. At 18 months
of age the significant determinants were weight for ges-
tational age and skinfold thickness, respectively, posi-
tively and negatively correlated to relative kidney volume
(Table 3).

Relative kidney growth (∆cm3/∆kg)

Kidney volume increase per kilogram body weight in-
crease from 0 to 3 months of age was in a general lin-
ear model (GLM) analysis significantly correlated to diet
(Table 4). Splitting the children into the three separate
feeding categories no influence of gestational age, birth
weight, weight for gestational age, or gender was found
in the two groups receiving breast milk. However, in the
fully formula fed group relative kidney growth was posi-
tively correlated to birth weight (P = 0.032, r2=0.06). The
model being �cm3/�kg0−3mo = 2.65 + (birth weight ∗
0.703). An increase of 1 kg of birth weight resulted in an

increasing relative kidney growth of 0.703 cm3/kg weight
gain from 0 to 3 months of age.

Relative kidney growth from 0 to 18 months of age
was significantly positively correlated to weight for gesta-
tional age (P = 0.009, r2 = 0.01) (Table 4). The resulting
model was �cm3/�kg0−18mo= 4.86 + (weight for gesta-
tional age ∗ 0.009). An increase of 10% point of weight
for gestational age resulted in a 9% increase of relative
kidney growth. Thus, the difference between a child of
weight for gestational age −22% (−2 SD) and +22%
(+2 SD) was 39.6% (4.66 versus 5.06 �cm3/�kg).

Kidney shape (length/[(width + depth) ∗ 0.5])

At 0 months of age a weak (r2 = 0.03), but signifi-
cant negative correlation between kidney shape and both
weight for gestational age (b = −0.9988, P = 0.000) and
gestational age (b = −0.9995, P = 0.033) was found in
a GLM analysis. Mean kidney shape stratified according
to weight for gestational age and gestational age is given
in Table 5. Premature small for gestational age children
had the slimmest kidneys (highest ratio) at 0 months. At
3 and 18 months of age no significant correlations were
found.

Weight gain

Changes in z scores of body weight from 0 to 18 months
of age among mature infants displayed a significant catch-
up growth in the most growth retarded groups and a
catch-down among the largest children. Listed from small
to large for gestational age in the six weight for gestational
age categories are mean �z score0−18mo +1.03 SD (P =
0.000), +0.37 SD (P = 0.002), +0.04 SD (NS), −0.09 SD
(NS), −0.31 SD (P = 0.018), and −1.10 SD (P = 0.000).
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Fig. 2. Z score of relative kidney volume (cm3/kg) for 0 to 18 month of
age. (A) Children born at term (gestational age 37 to 42 weeks stratified
into six categories of weight for gestational age. Symbols are: (•) 0 to 9.9
percentile (N = 80); (�) 10 to 24.9 percentile (N = 135); ( �) 25 to 49.9
percentile (N = 182); (�) 50 to 74.9 percentile (N = 186); (�) 75 to 89.9
percentile (N = 107); (�) 90 to 100 percentile (N = 92). (B) Children
born approximately for gestational age (weight for gestational age ±
2 SD) stratified into three categories according to maturity (preterm,
term, and postterm). Symbols are: (•) <37 weeks of gestation (N = 58);
(�) 37 to 42 weeks of gestation (N = 717); (�) >42 weeks of gestation
(N = 46). Dots represent means (± SEM).

In children with birth weight appropriate for ges-
tational age changes in z scores of body weight over
the same age period was significantly influenced by
maturity. Premature children showed catch-up growth

while the postmature were catching down. The mean �z
score0−18mo were +0.71 SD (P = 0.012), −0.02 SD (NS),
and−0.50 SD (P = 0.027) in premature, mature, and post-
mature, respectively.

Gender differentiated body growth during the two pe-
riods 0 to 3 months and 0 to 18 months of age did not differ
between feeding categories mean �weight0−3mo (SD) in
boys 3.01 (0.76) kg and in girls 2.57 (0.64) kg, and mean
�weight0−18mo (SD) in boys 8.33 (1.17) kg and in girls
7.68 (1.10) kg.

DISCUSSION

This prospective cohort of Danish children showed that
reduced weight for gestational age had a distinct impact
on kidney size, different from low birth weight or pre-
maturity. Weight for gestational age had a stronger influ-
ence than birth weight or gestational age on combined
kidney volume at 0 and 18 months of age, relative kidney
volume at 18 months, relative kidney growth between
0 and 18 months, and kidney shape at birth. Children
born small for gestational age did in general not show
any catch-up growth of combined kidney volume over
the first 18 months of life, except for the most growth re-
tarded children (<10th percentile) in whom kidney vol-
ume increased by 0.22 SD. Prematurity in children with
birth weight appropriate for gestational age was associ-
ated with reduced kidney size at birth and no significant
improvement was seen with age. Although formula feed-
ing, as compared to breast feeding, led to a significant
increase in relative kidney growth rate in all groups of
children, children with low birth weight showed a signifi-
cantly reduced response. This indicates a potential effect
of fetal growth restriction on kidney size and function
reaching beyond the neonatal period. Our data thus, con-
firm the findings from animal experiments and patient
populations.

Intrauterine growth retardation has been associated
with reduced kidney volume in human fetuses of known
gestational age [26, 27, 36] and is well described in animal
studies [12, 14, 37]. Low birth weight has also been asso-
ciated with reduced kidney size in children [23, 24] and
adults [24]. In autopsy studies low number and density
of nephrons has been shown in individuals of low birth
weight [16–19]. An inverse correlation between glomeru-
lar number and glomerular volume has been found in
both individuals of low birth weight [17, 18], adult pa-
tients who had suffered from hypertension [38] and
humans who had died from variable causes [39, 40]. This
inverse relation between glomerular number and size has
been interpreted as a sign of increased single nephron
filtration rate and glomerular hypertension, potentially
leading to advanced nephrosclerosis [10, 18, 38, 41]. Sev-
eral experimental animal studies have confirmed these
findings [10, 37].
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Table 3. Determinants of relative kidney volume (cm3/kg) at 0, 3, and 18 months of age

0 months of age 3 months of age 18 months of age

Initial model Final model Initial model Final model Initial model Final model

Variable b P b P b P b P b P b P

Gender (boys vs. girls) 1.087 0.000 1.074 0.000 1.024 0.224 1.035 0.008 1.022 0.217
Diet at 3 months

Fully formula fed 1.060 0.007 1.058 0.008
Partially breastfed 1.041 0.025 1.040 0.029
Fully breastfed ref ref

Gestational age days 1.003 0.417 0.998 0.567 1.002 0.464
Birth weight kg 0.869 0.280 0.975 0.063 1.125 0.359 1.025 0.022 0.931 0.546
Weight for gestational 1.004 0.341 0.996 0.428 1.004 0.369 1.001 0.005

age %a

Skinfold thickness mm 0.969 0.000 0.970 0.000 0.995 0.234 0.987 0.001 0.987 0.001
Intercept cm3/kgb 6.265 0.000 8.971 0.000 6.713 0.000 5.155 0.000 1.490 0.004 6.080 0.000

aWeight for gestational age given in% deviation from expected mean weight for gestational age.
bThe intercept is the initial value, which is subsequently modified by the values of the specific parameters like gender and birth weight.
Example of interpretation At 0 months of age, relative kidney volume decreases with 3.0% for each 1 mm increase of skinfold thickness given identical gender and

birth weight.

Table 4. Determinants of relative kidney growth (�cm3/�kg) between 0 to 3 months and 0 to 18 months of age

0 to 3 months of age 0 to 18 months of age

Initial model Final model Initial model Final model

Variable b P b P b P b P

Gender (boys vs. girls) −0.225 0.382 −0.085 0.555
Diet at 3 months

Fully formula fed 1.189 0.000 1.158 0.000 0.082 0.610
Partially breastfed 0.304 0.210 0.271 0.259 0.112 0.408
Fully breastfed Ref Ref Ref

Gestational age days −0.067 0.137 0.012 0.629
Birth weight kg 2.676 0.112 −0.451 0.640
Weight for gestational −0.089 0.134 0.024 0.473 0.009 0.013

age %a

Intercept cm3/kgb 13.270 0.055 3.923 0.000 3.005 0.439 4.863 0.000

aWeight for gestational age given in% deviation from expected mean weight for gestational age
bThe intercept is the initial value, which is subsequently modified by the values of the specific parameters like gender and birth weight.
Example of interpretation relative kidney growth from 0 to 3 months of age in a fully breast fed child is 3.92 cm3/kg, in a partially breast fed child, 3.92 + 0.27 =

4.19 cm3/kg, and in a fully formula fed child, 3.92 + 1.16 = 5.08 cm3/kg.

Low birth weight has been identified as an indepen-
dent risk factor of progression of several renal diseases:
in childhood unfavorable course of nephrotic syndrome
[2, 3] and IgA nephritis [4], multiple subclinical tubular
defects predisposing to renal lithiasis [42], increased risk
of renal scarring in adulthood following urinary tract in-
fection without vesicourethral reflux in childhood [5], and
increased blood pressure [7]. In adult patients low birth
weight has been associated with accelerated deterioration
of renal function in idiopathic membranous nephropathy
[43], elevated incidence of albuminuria in high-risk pop-
ulations [1, 44, 45], increased risk of end-stage renal dis-
ease, hypertension, and coronary heart disease [6, 7, 46,
47]. The limited catch-up kidney growth seen among the
growth retarded children in our study may, in part, ex-
plain the link between prenatal growth retardation and
later diseases. However, the associations have been ques-
tioned. In type 1 diabetic adults low birth weight (<20th

centile) was not associated with the progression of es-
tablished nephropathy (decline in GFR per year) [21].
Unfortunately, no information on gestational age was
available, and the authors discuss relevant confounders
like hypertension and maternal diabetes. A lack of asso-
ciation between low birth weight and glomerular number
and size was indicated in non–insulin-dependent diabetic
patients and age- and gender-matched controls [20]. The
number of subjects, however, was limited (26 + 19), the
range of birth weight was 2750 to 4500 g (none with se-
rious intrauterine growth retardation), and gestational
age was not known. In a rat study it was concluded that
birth weight had no influence on glomerular number and
volume [15]. The classification of low versus normal birth
weight was made within each litter; the two smallest male
pups were designated low birth weight and the two males
closest to the mean litter weight were designated normal
birth weight. By this procedure pups of identical birth
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Table 5. Mean kidney shape (length/[(width + depth) × 0.5]) at 0
months of age according to gestational age and weight for gestational

age.

Weight for gestational age
Gestational age
weeks <−2 SD ±2 SD >+2 SD

<37 2.05 2.01 1.89
(1.65–2.31) (1.64–2.53)

37–42 1.91 1.93 1.89
(1.59–2.56) (1.62–2.34) (1.63–2.23)

>42 1.91
(1.57–2.46)

Results are given as median (2.5 to 97.5 percentiles).

weight but from different litters were classified differ-
ently, which may have influenced the results profoundly.

Children born premature and/or small for gestational
age had slimmer kidneys than mature appropriate for ges-
tational age children. This is in accordance with studies
of kidney size in human fetuses of known gestational age
showing that intrauterine growth retardation is accompa-
nied by decreased fetal kidney volume with a sausage-like
shape compared to fetuses of appropriate weight for ges-
tational age [26, 27]. Glomerulogenesis takes place in a
centripetal direction from the inner cortex and outwards
with more and more generations of glomeruli added as
nephrogenesis proceeds until 32 to 34 weeks of gestation.
In an autopsy study of premature infants (gestational
age <28 weeks) of extremely low birth weight (≤1000 g)
radial glomerular counts were markedly decreased com-
pared to mature infants [25]. Glomerulogenesis contin-
ued until 40 days of age but did never reach the level of
mature infants. Assuming that the kidney has the shape of
an ellipsoid, a uniformly reduced cortical thickness in all
directions would result in a slimmer kidney shape. Thus,
we speculate if our findings of slim kidney shape in pre-
mature small for gestational age children may be a result
of impaired glomerulogenesis.

Body composition had a significant influence on rel-
ative kidney volume (cm3/kg). Thus, in two children of
same gender and weight, but different body composition
the lean child (smallest skinfold) has the largest kidney
volume. This result is well in line with previous data show-
ing that kidney volume correlates slightly better with lean
body mass than with height, weight, or body surface area
[48, 49]. In an autopsy study of 200 children younger than
2 years of age, the relative kidney weight (percent of body
weight) was negatively correlated with body weight for
height [50]. A comparison between kidney weight in lean
and obese adults showed lower relative kidney weight
(kidney weight/body weight) in the obese [51].

Intrauterine growth retardation can be caused by nu-
merous maternal, placental, or fetal factors. In our cohort
we were not able to differentiate between those. Like-
wise, we were not able to establish whether the growth

retardation occurred early or late in gestation. In ani-
mal studies, however, these factors have been studied
separately. Placental insufficiency in rats induced by lig-
ation of uterine arteries promoting intrauterine growth
retardation leads to reduced nephron number [12, 52,
53], increased albuminuria, and impaired compensatory
response to postnatal unilateral nephrectomy [52]. In
sheep intrauterine growth retardation induced by umbil-
icoplacental embolization in the third trimester did not
decrease nephron number, whereas spontaneous in-
trauterine growth retardation in twin pregnancies led to
reduced nephron endowment. This suggests that the tim-
ing of growth restriction is very important, assuming that
intrauterine growth retardation in twinning takes place
in both second and third trimester [54]. Maternal protein
restriction in rats has been associated with reduced kid-
ney size and low glomerular number in the offspring [12,
37, 55–59], as well as impaired renal functions [12, 56, 60]
with indications of progressive deterioration with age [55,
61]. The window of susceptibility to maternal protein re-
striction coincided with the period of nephrogenesis [56].

A few nutrients and hormones that are altered in case
of intrauterine growth retardation have been identified
as single factors with negative influence on nephrogene-
sis in animals [62, 63]. Vitamin A deficiency and maternal
hyperglycemia have been associated with low nephron
number in rats, both in a dose-response manner [64, 65],
and increased levels of maternal glucocorticoids were as-
sociated with impaired nephrogenesis and hypertension
in the offspring [66, 67].

In the present study, low birth weight was correlated
with impaired relative kidney growth among formula-fed
infants. Assuming that the normal renal response to for-
mula feeding is increased relative kidney growth, as com-
pared to breast-fed infants, caused by an increased renal
solute load and hyperfiltration due to elevated protein
intake [29], children of low birth weight are less capa-
ble of producing a corresponding appropriate adaptive
response. This is in line with studies in rats showing that
intrauterine growth retardation not only leads to reduced
nephron number, but also impaired response to postna-
tal unilateral nephrectomy [52] or experimental diabetes
[57].

CONCLUSION

Weight for gestational age is an important indepen-
dent determinant of kidney size not only at birth, but
persisting in early childhood up to at least 18 months
of age. Weight for gestational age has a stronger influ-
ence than crude birth weight or gestational age. Thus,
weight for gestational age rather than birth weight should
be used in future analyses of the impact of fetal growth
on renal size, function, and diseases in later life. Rela-
tive kidney volume decreased significantly with age in
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the most growth-retarded group. Whether this trend pro-
gresses after 18 months of age into a pathologic condi-
tion is, however, unknown. We also found a blunted re-
sponse in relative kidney growth during formula feeding
in low-birth-weight infants, suggesting that these children
are less capable of producing an appropriate adaptive re-
sponse. The present data suggest that intrauterine growth
has a regulatory influence on nephron formation and re-
nal function in humans reaching beyond the neonatal
period.
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