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Abstract The impact of chronological age on longitudinal
body growth from early childhood through adolescence using
detailed anthropometric methods has not yet been studied in
children with chronic kidney disease (CKD). We have
evaluated growth failure by measuring four components of
linear growth: body height (HT), sitting height (SHT), arm
length (AL) and leg length (LL). Data were prospectively
collected for up to 7 years on 190 boys (3–21 years old) with
congenital or hereditary CKD (all had developed at least
stage 2 CKD by the age of 10 years). Patients showed the
most severe growth failure in early childhood, followed by an
acceleration in growth in pre-puberty, a slowing-down of
growth at puberty, as expected, and thereafter a late speeding-
up of growth until early adulthood. This pattern was observed
irrespective of the degree of CKD and different treatment
modalities, such as conservative treatment, recombinant
human growth hormone (rhGH) therapy or transplantation.
LL showed the most dynamic growth changes of all the
parameters evaluated and emerged as the best indicator of

statural growth in children with CKD. A specific age-
dependent pattern of physical growth was identified in
pediatric male CKD patients. This growth pattern should be
considered in the evaluation of individual growth and the
assessment of treatment efficacy such as rhGH therapy.
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Introduction

Growth failure in pediatric patients with chronic kidney
disease (CKD) is a major obstacle for full rehabilitation and
may result in severely diminished adult height. Healthy
children typically exhibit a maximal growth velocity in
infancy, followed by a period of continuous slower growth
and thereafter a growth spurt during puberty. The distur-
bance in the growth pattern observed in pediatric patients
with CKD is due to a variety of factors, such as
malnutrition, anemia, metabolic acidosis and hormonal
disorders [1]. The age at onset of kidney disease plays a
major role, and the loss of relative height is greatest in the
first year of life [2, 3]. Puberty is frequently delayed in
adolescents with CKD, and the total pubertal height gain is
reduced. The type of underlying renal disease, renal
function and gender differences are further important
determinants.

Current strategies aimed at optimizing growth in patients
with CKD include the correction of metabolic disturbances,
renal replacement therapy in the form of dialysis and
transplantation, nutritional supplementation with tube feed-
ing or gastrostomy and treatment with recombinant human
growth hormone (rhGH). Previous studies have shown that
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children do not grow well on dialysis [4] and may
experience catch-up growth following transplantation [5]
and rhGH treatment [6]. However, too little is known about
the evolution of growth failure from early childhood
through adolescence in pediatric patients with CKD.
Previous studies were hampered by small numbers of
patients, non-homogeneous patient groups, limited follow-
up time and a lack of evaluation of segmental growth
(trunk, arm and leg length). Measurements of body height
alone may not adequately reflect the true influence of CKD
and treatment modalities on growth, since total body height
is a composite variable, and different body parts have their
own timing and intensity of growth. The trunk and the legs
develop in all growth phases quite differently [7], and
variable height is thus composed of two heterogeneous
growth components [8]. The evaluation of segmental
growth is of special interest as body disproportion has been
demonstrated as an important factor in cardiovascular
disease in the general population [9, 10].

We have therefore conducted a prospective, detailed
anthropometric study in a large cohort of pediatric patients
from two centers with a similar approach to treatment. In an
effort to investigate a homogenous group, we limited the
study to boys with congenital and hereditary CKD leading
to renal failure before the age of 10 years.

Patients and methods

Patients

The institutional review boards approved the study. In-
formed patient’s and/or caregiver’s consent was obtained
prior to enrollment. From May 1998 to October 2005, a total
of 190 male patients (age range: 3–21 years) with congenital
or hereditary CKD stage 2 and higher [11] [glomerular
filtration rate (GFR)<90 ml/min per 1.73 m2] underwent
prospective anthropometric measurements. Patients were
followed up in two pediatric nephrology centers (Charité
University Hospital, Berlin and Hannover Medical School).
GFR was determined by the Schwartz formula [12].
Patients with height-affecting skeletal abnormalities, such
as scoliosis, were excluded. Underlying renal diseases
were: obstructive uropathy with/without vesicoureteral
reflux (VUR; 36%), renal dysplasia/hypoplasia (28%),
nephronophthisis (9%), congenital nephrotic syndrome
(7%), hereditary glomerulopathies (6%), cystinosis (5%),
polycystic kidney disease (5%) and others (4%).

At initial anthropometric measurement, 80/190 (42%) of
the patients were on conservative treatment; 24/190 (13%)
patients were on dialysis, starting dialysis at a median age
of 7.6 years (range: 0.2–16.82 years); 86/190 (45%)
patients had been transplanted at least once (median age

at first transplant: 8.8 years; range: 2.05–14.55 years) and
had from one to three functioning renal allografts with a
median GFR of 49 ml/min per 1.73 m2.

Seventy-four (39%) of the 190 children had been treated
with rhGH. The median age at the start of rhGH therapy was
7.5 years (semi-interquartile range: 3.3 years). The median
duration of rhGH therapy was 2.6 years (semi-interquartile
range: 1.2 years).

During repeated anthropometric measurements, 26% of
148 patients progressed through different stages of CKD,
resulting in alterations in the treatment, such as conservative
management of CKD, dialysis and transplantation. The great-
est proportion of treatment changes occurred in those patients
on dialysis (71% of 17 patients with repeated measurements).

The median age of all 190 patients at the initial
measurement was 10.5 years (range: 3.02–19.4 years), and
the median GFR at initiation of the study was 37 ml/min
per 1.73 m2. Altogether, 614 yearly anthropometric
measurements were performed. Nine age groups were
divided into 2-year intervals beginning with 3–4, 5–6,
continuing up to 18+ years.

Anthropometric measurements of longitudinal body
dimensions included:

– Total body height (HT) – stature was measured as the
maximal distance between the vertex of the head,
which was held in the Frankfurt plane [13], and the
floor. The patients were measured barefoot, standing
erect with their heels together and arms hanging
naturally by their sides.

– Sitting height (SHT) was measured as the distance
between the seat surface and the vertex, with the head
in the Frankfurt plane. The patients were seated as
straight as possible with their back against the wall.

– Arm length (AL) was measured as the distance
between the acromion process and the tip of the third
finger of the left hand.

– Leg length (LL) was measured in the same position as
stature, as the distance between the spina iliaca anterior
superior on the left-hand side and the floor.

The same investigator (M.Ž) took all measurements, as
recommended by the International Biological Program [13]
with standardized equipment (Dr. Keller I Stadiometer-
Limbach-Oberfrohna, Germany; Siber Hegner Anthropom-
eter-Zürich, Switzerland). The accuracy of the measurements
was within 1 mm. Z-scores (standard deviation scores, SDS)
were calculated with reference limits derived from 5155
healthy children aged 3–18 years [14].

In order to analyze the effect of the degree of renal failure
on the growth pattern, we divided the patients into two groups
according to their median GFR. The mean GFR during the
observation period of the whole study cohort of 43 ml/min per
1.73 m2 was arbitrarily chosen as a cut-off. The median GFR
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in the group with “good” and “poor” renal function was 59
(semi-interquartile range: 10.6) and 30 (semi-interquartile
range: 13.1) ml/min per 1.73 m2, respectively.

Statistics

SDS values for the observed parameters were calculated
according to the equation

SDS ¼ xi � xsð Þ=SD
where xi is the individual value of the patient, and xs and
SD are the mean and standard deviation values for age and
sex-matched healthy peers, respectively.

To describe the group characteristics, we used the
median (M) as the measure of central tendency and the
semi-interquartile range (Q) as the measure of variability

Q ¼ Q3 � Q1ð Þ=2
where Q is one-half the distance between the first and third
quartile points.

The normality of the distribution was evaluated by the
Kolmogornov-Smirnov test in each age cohort for each
parameter. As the distribution did not differ significantly
from normal, parametric methods for analysis were applied.
Means of variables were compared in each age cohort with
the paired sample t-test, if the variance of groups was equal
(Levan test of homogenicity of variance). In cases where
the variance of the groups was not equal, the Welch and
Brown-Forsythe test was applied. The correlation coeffi-
cients in each age cohort and for each pair of variables were
analyzed with the paired samples t-test.

Age-dependent changes were determined with an analysis
of variance post-hoc least square.SPSS ver. 13 software (SPSS,
Chicago, Ill.) was used for all statistical calculations and for
the generation of growth curves with the spline function.

Results

Growth deficit and disproportion was more pronounced in
young children (3–6 years) than in school-aged children
(7–12 years) (Fig. 1). Children in early puberty showed a
continuous decrease in all four longitudinal dimensions,
followed thereafter by an increase until late adolescence
(Fig. 1, Table 1).

Total body height (HT) was most severely impaired
during early childhood with a mean HT-SDS of −2.2
(Table 1, Fig. 1). In the age cohort 3–4 years, HT-SDS in
59% of the patients was below −2. During pre-puberty, HT-
SDS increased significantly (p<0.01) from −2.2 to −1.6,
reaching a maximum in the age cohort 11–12 years, with
only 32% of patients having a HT-SDS below −2. The
expected pubertal period was characterized by a delay in

statural growth, leading to a slowing-down when compared
to healthy peers (p<0.05). Mean HT-SDS decreased from
the age group 11–12 years to 15–16 years from −1.6 to
−2.2 (Tables 1, 2, Fig. 1). In the age cohort 15–16 years,
46% had a HT-SDS below −2. Finally, SDS increased in
late puberty (patients 17–18 years) to −1.9 in; HT-SDS
below −2 was only found in 32% of these patients.

Sitting height (SH) was the best preserved parameter of all
longitudinal dimensions. SH-SDS reached the lowest mean
value of −1.6 in age cohorts 7–8 and 15–16 years for which
32 and 37% were below −2 SDS (Table 1, Fig. 1). The
highest SH-SDS was documented in the 11- to 12-year-old
cohort (−1.1 SDS), with only 19% of patients below −2
SDS. Significant differences in SH-SDS were found between
the peaks in the age cohorts 11–14 years and the troughs in
the age cohorts 7–8 and 15–16 years (Fig. 1, Table 2).

Arm length was the most stable of all observed parameters
(range: −2.1 to −1.6 SDS) (Fig. 1, Tables 1, 2). The AL-SDS
curve pattern was similar to that of stature. An acceleration
in growth occurred in pre-puberty when AL-SDS increased
significantly from childhood until the late pre-pubertal age
(11–12 years) from −2.1 to −1.6 (p<0.05) (Table 2). This
was followed by a slowing-down period: AL-SDS decreased
significantly (p<0.05) to −2 until the age of 15–16 years.
The late pubertal increase was not significant in AL-SDS,
reaching −1.8 in the 17- to 18-year-old cohort and −1.6 SDS
at adult ages. The percentages of cases below −2 SDS
ranged from 28% in subjects >18 years to 47% in the age
cohort of 3–4 years.

LL showed the most pronounced age-dependent changes
of all four parameters (Fig. 1, Table 2). In the age cohort of
5–6 years, mean LL-SDS was −2.7; in the age cohort of
17–18 years, −1.4; in the age cohort >18 years, only −1.5
SDS. The percentage of patients below −2 SDS decreased
from 63 to 11% from early childhood to adulthood. The
most marked acceleration in growth was observed in the
pre-pubertal age groups 5–6 up to 11–12 years (p<0.005),
where LL-SDS increased by 0.8 SDS (Fig. 1, Table 1).
During the expected onset of puberty of healthy children
(11–14 years) the mean LL-SDS decreased slightly from
−1.8 to −2 SDS. After this phase of decreased leg growth,
another speeding-up period was observed, although it was
not as pronounced as in pre-puberty. However, growth
lasted longer than in healthy peers, with a consecutive gain
in LL from the age of 16 years to adulthood.

A comparison of mean SDS values for paired parameters
of the longitudinal dimension in each age cohort (Table 1)
confirmed that differences were greatest in childhood and
smallest in the oldest age cohorts. The most dramatic
differences were seen between HT- and SHT-SDS, followed
by differences between extremity SDS (arm and legs). HT
and AL showed the greatest similarities; differences were
significant only in the pre-school age (Table 1).
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The correlation between HT and the other three observed
parameters showed an age dependence (Fig. 2). While the
correlation between extremities and HT was high, with a
relatively slight oscillation in different age cohorts, the
correlation between HT and STH varied between moderate
(r=0.75) in early childhood and high (r=0.92) in the early

pubertal years (Fig. 2). The correlation was highest between
HT-and LL-SDS and smallest between SHT-and LL-SDS.

The coefficient of determination (R2) was higher between
stature (HT) and LL (0.85) than between HT and AL (0.82)
or SHT (0.77); LL emerged as the best indicator for statural
growth in children with CKD.

Fig. 1 Mean standard deviation
scores (SDS) for stature, sitting
height, leg and arm length by
age cohorts. The SDS curves
were generated from cubic
splines

Table 1 Anthropometric parametersa expressed as mean standard deviation scores (SDS values, Z-scores) derived from a healthy population

Age cohorts (years) Number of patients A Body height SDSb B Sitting height SDSb C Arm length SDSb D Leg length SDSb

Mean SD Mean SD Mean SD Mean SD

3–4 42 −2.24 B,C 1.09 −1.43 A,C,D 0.97 −1.83 A,B,D 1.20 −2.30 B,C 1.28
5–6 56 −2.31 B,C,D 1.23 −1.24 A,C,D 1.02 −2.12 A,B,D 1.39 −2.70 A,B,C 1.42
7–8 57 −2.08 B,D 1.28 −1.56 A,C,D 1.11 −2.09 B,D 1.34 −2.32 A,B,C 1.38
9–10 68 −1.64 B,D 1.24 −1.28 A,C,D 1.30 −1.63 B,D 1.12 −1.83 A,B,C 1.26
11–12 81 −1.63 B,D 1.05 −1.09 A,C,D 1.10 −1.60 B,D 0.96 −1.77 A,B,C 1.02
13–14 67 −1.83 B,D 1.12 −1.14 A,C,D 0.95 −1.83 B,D 1.11 −1.99 A,B,C 1.18
15–16 76 −2.13 B,D 1.22 −1.62 A,C 1.24 −2.06 B,D 1.19 −1.84 A,C 1.06
17–18 63 −1.87 B,D 1.10 −1.22 A,C 1.14 −1.83 B,D 1.08 −1.43 A,C 0.96
>18 17 −1.88 B,D 1.32 −1.35 A 1.42 −1.57 D 1.38 −1.48 A,C 1.21

a A, Total body height; B, sitting height; C, arm length; D, leg length
b Significant differences (p<0.05; paired sample t-test) between anthropometric parameters within the same age cohorts are marked with A, B, C, D
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Table 2 Significance of growth changes (catch-up ↑↑↑, catch-down ↓↓↓ ) in total body height, sitting height, arm length and leg length in age
cohorts from 3–4 to >18 years of age (each age cohort is compared with all other age cohorts)
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HT-SDS values were significantly higher in patients with
good kidney function than in those with poor kidney
function (p<0.001) (Fig. 3a). However, the same pattern of
SDS curves was observed for both groups: early accelera-
tion in growth in pre-puberty, slowing-down at early
pubertal age and a late acceleration in growth at adoles-
cence. Interestingly, the mean annual pre-pubertal growth
gain (age: 5–10 years) was almost identical in patients,
regardless of their kidney function (56 mm for HT, 25 mm
for SHT, 26 mm for AL and 37 mm for LL in the group
with poor renal function compared to a growth gain of
60 mm for HT, 26 mm for SHT, 27 mm for AL and 40 mm
for LL in the group with good renal function).

A comparison of the growth pattern in patients with
conservative treatment and transplanted patients showed the
same basic shape as already described (Fig. 3b).

The effect of rhGH therapy on HT in all patients with a
follow-up of more than 1 year (n=25) is presented in
Fig. 4a,b. Not surprisingly, the stature of patients with
rhGH therapy was more severely impaired than that of
patients without rhGH therapy. Interestingly, both groups of

patients showed a similar pattern of growth retardation.
Nonetheless, the degree at which growth was speeded up in
pre-puberty and late adolescence was more pronounced in
patients treated with rhGH than in those who were not; the
average annual HT increase was higher (p<0.001) in
patients during rhGH treatment (60 mm) than in patients
never receiving rhGH (47 mm).

Growth velocity during different the time intervals before
and after renal transplantation (RTx) is shown in Fig. 5. The
phase of “end stage” CKD 1 year before renal transplantation
was associated with the lowest average growth velocity (GV)
of 48 mm/year. In the year of transplantation and the years
thereafter, GV was increasing, and in the first and second
year after RTx mean GV was 55 mm. The small sample size
(25 patients with appropriate data before and after RTx) and
the wide age span of 3–19 years were limiting factors for
statistically detailed analyses. In the pre-pubertal age, mean
GV was 73 mm for patients in the first and second year after
RTx (nine cases) and only 52 mm in the year before and the
year of RTx (five cases). In the age span 11–16 years,
differences in GV between pre- and post-RTx were more

Fig. 2 Paired sample correla-
tion between stature and the
other three longitudinal parame-
ters (sitting height, arm and leg
length) within age cohorts
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marked (the year before RTx, the mean GV was 41 mm vs.
67 mm in the group in the second year after RTx).

Discussion

In this prospective anthropometric study of 190 male
pediatric patients with congenital and hereditary CKD
leading to renal failure before the age of 10 years, a distinct

age-related pattern of impaired longitudinal growth could
be identified. Three novel observations were made.

Firstly, four periods of growth impairment were identi-
fied. Boys under 6 years of age showed the most severe
growth deficit in HT, AL and LL (early growth deficit).
From the age of 5 to 12 years, patients experienced a
consecutive and significant increase in HT and extremity
length (early speeding-up of growth). During the time of the

Fig. 4 Mean total body height standard deviation scores (SDS) (a)
and mean annual change (mm) in total body height (b) in boys with
congenital and hereditary chronic kidney disease (CKD) during
recombinant human growth hormone (rhGH) therapy and in boys
with congenital and hereditary CKD who never received rhGH

Fig. 3 Mean standard deviation scores (SDS) for stature by age
cohorts in boys with congenital and hereditary chronic kidney disease
(CKD): a according to the kidney function [glomerular filtration rate
(GFR) <43 ml/min per 1.73 m2 vs. GFR >43 ml/min per 1.73 m2],
b according to conservative treatment vs. renal transplantation
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expected onset of puberty in healthy children, patients aged
13–16 years showed a significant decrease in the SDS of
all measured anthropometric parameters (slowing-down of
growth). Thereafter, from 16 years to adulthood, these male
patients again had an increase in anthropometric SDS values
(late speeding-up of growth) when compared to healthy
children.

Previous publications have described aspects of this
growth pattern, either focusing on infancy [15, 16], pre-
puberty [2, 17–24] or puberty [25]. Unfortunately, these
studies were hampered by relatively small numbers of
patients and non-homogeneous patient groups (inclusion of
male and female patients, congenital and acquired CKD
and different onset of the disease). Furthermore, a wide age
range stratification was usually used (e.g. all children under
7 years [18, 24, 26]. There is general consensus that infancy
and early childhood represent the most vulnerable growth
periods in children with CKD [3, 15, 22, 24, 27–29].
Ismaili et al. [28] showed that mean HT-SDS decreased
from −0.7 in newborns to −2.4 at the age of 2 years in
infants with CKD caused by renal dysplasia. Schaefer et al.
[30] analyzed the growth of 321 prepuberal patients with
CRF: mean height for newborns was 49.8 cm and 79 cm for
2-year-old children, which corresponded to −0.039 and
−2.67 SDS, respectively, using the references of Prader et
al. [31]. In our study we documented data at birth from 108/
190 patients. Interestingly, the data are very similar to the
above-mentioned data of Ismaili et al. and Schaefer et al.
[28, 30]: mean birth length was 49.5±4.2 cm. We conclude
that the main reason for the growth deficit in early
childhood is due to growth failure in the infantile period.

No previous studies have investigated the evolution of
growth failure over the whole pediatric age range from
childhood to adulthood. The present study shows that
growth kinetics differed during early and late puberty,

beginning with a slowing-down of growth during early
puberty. This delay of the onset of puberty is common in
children with CKD [5, 32]. Rees et al. [17] noticed a delay
in sexual maturity and a decline in HT-SDS at the time of
the expected pubertal growth spurt in children who had had
renal transplantation, with clear evidence of a beginning
growth recovery in late adolescence. André et al. [25] noted
that delayed pubertal growth in children with CKD was
reflected by a decrease in HT-SDS at the age of 16 years
(−2.4±1.4 SDS). These findings correspond to our results
in showing a statural slowing-down in the age span from 12
to 16 years, followed by a speeding-up of growth that
continued until adulthood. The late pubertal acceleration in
growth is explained by the fact that delayed puberty in boys
with CKD is followed by a prolonged period of growth,
occasionally even after 20 years of age [25, 33–35].

Secondly, the degree of kidney failure and treatment
modalities, such as transplantation and rhGH treatment, did
significantly influence the severity of growth impairment,
but they did not alter the age dependent growth pattern
(Figs. 3, 4 and 5).

Thus, a speeding-up of growth in pre-puberty in children
with CKD cannot be attributed solely to an improvement in
medical care. Similar changes occur in healthy children living
in poor environments in developing countries: Adair [36] also
observed the most severe growth retardation during the first
two years of life and a speeding-up of growth at the time of
the expected puberty . Pre-puberty seems to allow catch-up
growth in both healthy and sick children. Rees et al. [17]
described pre-pubertal speeding-up growth in children after
renal transplantation, independent of medical treatment
(high-dose steroids and azathioprine or low-dose steroids
and cyclosporin). Conversely, Ellis [26] interpreted this
phenomenon to a discontinuation or withdrawal of steroids
within 1 year of transplantation in children receiving
tacrolimus.

Thirdly, poor leg growth appears to be the most important
factor for growth failure in pre-school aged boys with CKD.
In patients aged 3–4 years, mean SHT-SDS was −1.4, while
mean LL-SDS was −2.3, thus confirming the observation of
parents that these children need a considerably bigger size of
shirts than of trousers. In adulthood, SHT-SDS was −1.3 and
LL-SDS −1.4. LL showed the most dynamic changes in
children and adolescents with CKD. The correlation was
highest between HTand LL and weakest between SH and LL,
affirming previous auxological findings that the growth
phases of trunk and legs are different [7]. This suggests that
leg growth should be taken as the most sensitive indicator of
linear growth in children with congenital CKD.

Anthropological studies have also confirmed the concept
that impaired leg growth is a better indicator than HT or
SHT for disturbed early childhood environmental circum-
stances such as malnutrition or chronic diseases [37–44].

Fig. 5 Mean annual height increase (mm) – growth velocity (GV) –
by time distance. RTx time interval before and after renal transplant
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An association between impaired leg growth and increased
incidence of cardiovascular disease has been demonstrated
in the general population [9, 10]. Since cardiovascular
mortality is higher in children and adults with CKD
compared to the healthy population, future studies will
have to evaluate whether impaired leg growth is an
indicator for a high cardiovascular risk in patients with
CKD.

In this study we did not separate patients according to
treatment modalities (conservative, dialysis and transplan-
tation) as these change at a rapid pace in pediatric CKD.
For example, the average duration of the first dialysis
period in our patients was 1.23±1.33 years, and 71% of the
children on dialysis at the beginning of the study were
transplanted at least once during the observation time.

In summary, comprehensive data of body measurements
were prospectively collected (up to 7 years) in a large group
of pediatric patients (190 boys) with congenital and
hereditary CKD. With more than 600 yearly measurements
in this cohort, we were able to analyze age-dependent
growth during childhood and adolescence for the first time.
Growth impairment in boys with congenital or hereditary
CKD was age-dependent, with the most vulnerable period
of longitudinal growth being early childhood. The catch-up
potential was highest in pre-puberty. A slowing-down of
growth was experienced, as expected, during early puberty,
followed by a second speeding-up during late puberty.

Trunk growth had little synchronicity with leg growth. The
catch-up potential was mainly determined by leg growth.

We conclude that growth impairment in boys with CKD
follows an age-dependent pattern of distinct changes in
segmental growth throughout childhood and adolescence. A
good understanding of this pattern is of clinical relevance
for the interpretation of growth curves and decisions on
treatment options such as rhGH therapy.
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