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Abstract
Background Short stature is a frequent complication after pediatric kidney transplantation (KT). Whether the type of transplan-
tation and prior treatment with recombinant human growth hormone (GH) affects post-transplant growth, is unclear.
Methods Body height, leg length, sitting height, and sitting height index (as a measure of body proportions) were prospectively
investigated in 148 prepubertal patients enrolled in the CKD Growth and Development study with a median follow-up of
5.0 years. We used linear mixed-effects models to identify predictors for body dimensions.
Results Pre-transplant Z scores for height (− 2.18), sitting height (− 1.37), and leg length (− 2.30) were reduced, and sitting height
index (1.59) was increased compared to healthy children, indicating disproportionate short stature. Catch-up growth in children
aged less than 4 years was mainly due to stimulated trunk length, and in older children to improved leg length, resulting in
normalization of body height and proportions before puberty in the majority of patients. Use of GH in the pre-transplant period,
congenital CKD, birth parameters, parental height, time after KT, steroid exposure, and transplant function were significantly
associated with growth outcome. Although, unadjusted growth data suggested superior post-transplant growth after (pre-
emptive) living donor KT, this was no longer true after adjusting for the abovementioned confounders.
Conclusions Catch-up growth after KT is mainly due to stimulated trunk growth in young children (< 4 years) and improved leg
growth in older children. Beside transplant function, steroid exposure and use of GH in the pre-transplant period are the main
potentially modifiable factors associated with better growth outcome.
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Introduction

Growth failure is frequent in children with stage 5 chronic
kidney disease (CKD 5). Its etiology is multifactorial and
includes intrauterine growth restriction, malnutrition, mineral

and bone disorder, acidosis, fluid and electrolyte abnormali-
ties, and disturbances of the somatotropic hormone axis [1].
Registry data shows that growth outcome has improved con-
siderably in these patients during recent decades [2, 3].
However, reduced adult height is still noted in approximately
40% of children with CKD 5; it not only affects quality of life,
self-esteem, and social rehabilitation, but is also associated
with excessive mortality in these patients [3–8].

Kidney transplantation (KT) resolves many of the metabol-
ic and endocrine disorders contributing to uremic growth fail-
ure, but rarely results in substantial catch-up growth [5, 9, 10].
Young age at KT, transplant function and steroid exposure are
important factors influencing post-transplant growth, but they
only partly explain the large variability of growth outcome [5,
9, 11–14]. Whether the type of transplantation (living versus
deceased donor; pre-emptive KT versus prior dialysis) or
treatment with recombinant human growth hormone (GH)
prior to KT impact on post-transplant growth are largely
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unknown [5, 10, 15]. Previous analyses mainly coming from
patient registries did not include detailed data on factors af-
fecting growth, such as abnormal birth history, low parental
height, pubertal status, and medication use (i.e., steroids, GH)
and could therefore not adjust for these variables [13, 16–19].
Finally, CKD 5 in children is associated with more severe
impairment of leg growth in comparison to trunk growth
resulting in disproportionate short stature [13, 19, 20]. We
hypothesized that KT stimulates the growth of linear body
segments (trunk and legs) differentially in toddlers and older
children and that its effects on body proportions are therefore
age dependent.

To this aim, we assessed post-transplant changes in linear
body dimensions (height, sitting height, and leg length), and
the ratio of trunk length to total body height (sitting height
index) as a measure of body proportion and its determinants in
148 prepubertal children enrolled in the prospective CKD
Growth and Development Study.

Methods

Study design and population

From May 1998 until November 2019, a total of 947 children
with CKD stages 3–5D and after KT were enrolled in the
CKDGrowth and Development Study, which is a prospective,
observational cohort study performed at two pediatric ne-
phrology centers in Germany (Hannover Medical School
and Charité Universitätsmedizin Berlin). Patients are followed
up at yearly intervals for clinical, biochemical and anthropo-
metric assessment as previously described [19]. The study was
approved by the local ethics committees, and research was
performed in accordance with the declaration of Helsinki.
Study participants and/or their parents gave their consent prior
to participation.

For the present analysis, all first-time graft recipients,
transplanted before the age of 8 years with a functional kidney
transplant and with at least one valid follow-up visit were
included. Patients with height-affecting skeletal abnormalities
and/or severe locomotor dysfunction (n = 16) were excluded.
All follow-up visits were included unless the patient reached
age of 12 years to avoid bias of puberty. Thus, data from 148
patients (66% male), who underwent 722 annual measure-
ments, with a median follow-up of 5.0 years (IQR, 3–7 years)
could be included in the analysis (Table 1).

Children’s personal health care records were used to obtain
data on gestational age, umbilical cord artery pH, birth weight,
and length. Attainment of CKD 5 was defined by initiation of
dialysis or pre-emptive KT. The prescribed dietary intake was
in accordance with targeted requirements and estimated glo-
merular filtration rate (eGFR) was assessed by the Schwartz
formula [21]. Newborns were classified as small for

gestational age (SGA) if birth weight or length was < 10th
percentile according to national growth standards [22].
Primary immunosuppressive protocols included daily prednis-
olone treatment. Prednisolone dosage was generally tapered
down by week 8 to 4 mg/m2/day. From 2007, in cases of
stable graft function and lack of rejection, patients were regu-
larly weaned off steroids between 6 and 12 months post KT.
Overall, steroids were withdrawn in 18% of patients after a
median period of 8 months (range 6–12 months). Indicators
for the use of GH treatment in the pre- and post-transplant
period were a height SD score (SDS) < − 2.0 and a height
velocity < 25th percentile. Genetic target height was calculat-
ed from mid-parental height [23].

Anthropometry and outcome variables

Anthropometric measurements were performed by the same
investigator (MŽ) as recommended by the International
Biologic Program [24] with standardized equipment (Dr.
Keller I Stadiometer, Limbach-Oberfrohna, Germany; Siber
Hegner Anthropometer, Zürich, Switzerland) as previously
described [13]. The sitting height index was calculated as
the ratio between sitting height and total body height [25].
SD scores (SDS) for each segment of linear growth were cal-
culated using reference values from healthy children [26, 27].

Statistical analyses

Data is given as mean ± SD and/or 95% CIs unless otherwise
indicated. All anthropometric data is presented as age- and
sex-related SDS values. Distribution normality was evaluated
by the Shapiro-Wilk test for each parameter. Previous studies
demonstrated that both chronological age as well as duration
and timing of growth affecting measures, like KT, impact on
body growth in children with CKD 5 [5, 13, 20]. Therefore,
measurements were grouped according to age cohorts (2 to
11 years) and time after KT using yearly intervals. This
allowed us to create two sets of correlated outcomes for sta-
tistical analysis. A total of 722 annual measurements (mean
4.9 per child) were available.

Linear mixed-effects models were used to assess predictors
(defined as factors and covariates) of growth outcome and
calculate adjusted and non-adjusted mean Z scores for linear
body dimensions and proportions. Factors: congenital CKD
(yes versus no), pre-emptive KT versus prior dialysis, living
versus deceased donor, SGA history (yes versus no), sex (fe-
male versus male), and prior GH treatment (yes versus no).
Due to the low frequency of GH treatment after KT (4%) this
parameter was not included in the statistical analysis.
Covariates: age at CKD 5, age at KT, time after KT, birth
weight for length, umbilical cord artery pH at birth, parental
height, as well as steroid dosage, eGFR, bicarbonate, and he-
moglobin levels after KT.
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The SPSSMMX-repeated measurement procedure defined
as Kronecker product covariance structures was used, where
covariance matrices are adjusted to respective time scales: one
time scale with origin defined by time of birth and the other
scale with origin at the age at KT. Finding the best Kronecker
product structure for our data required selecting models for
each of the time repeated factors. An unstructured covariance
matrix for age cohort paired with also unstructured time after
KT was chosen. A cubic spline function was used in Figs. 1
and 2 for graphical presentation of linear growth. The standard
statistical package SPSS for Windows, version 26.0 (IBM
Corporation, New York, USA) was used for statistical calcu-
lations. Results were considered significant at a level of
p < 0.05.

Results

Key characteristics of the study cohort are given in
Table 1. Median age at CKD 5 and KT was 2.8 years and
3.7 years, respectively. In agreement with the young age at
the time of CKD 5, the majority of patients suffered from
congenital CKD (79.1%) mostly related to congenital
anomalies of the kidneys and urinary tract (48%), which

probably explains the high proportion of boys (62.2%).
Twenty-seven percent of patients were born SGA, and
35.1% and 29.3% of patients underwent pre-emptive and/
or living donor KT, respectively. Growth hormone was
commenced in the pre-transplant period in 33.8% of pa-
tients over a median period of 1.4 years (IQR 0.57–2.23),
and discontinued at the time of KT in all patients. Mean
eGFR and steroid-dosage was 59 ml/min per 1.73 m2 and
0.1 mg/kg per day, respectively. Metabolic acidosis (bicar-
bonate < 22 mmol/L) and mild (hemoglobin < 12 g/dl) or
moderate (hemoglobin < 10 g/dl) anemia was noted in
35.1%, 72.1%, and 14.9% of annual measurements,
respectively.

Body dimensions and proportions before kidney
transplantation

Pre-transplant mean Z scores for all linear body dimensions
were reduced: height − 2.18 ± 1.08, sitting height − 1.37 ±
0.97, leg length − 2.30 ± 1.17 (each p < 0.001 versus healthy
children, Fig. 1a). Higher impairment of leg length compared
to sitting height (p < 0.001) resulted in a markedly elevated
sitting height index (1.59 ± 1.1 SDS, p < 0.001 versus healthy
children, Fig. 1b), indicating disproportionate short stature.

Table 1 Clinical characteristics of 148 prepubertal pediatric kidney transplant recipients

Nonrepeated measurementsa % or median IQR Range No. of patients

Male, % 66.2 98 of 148

Age at KT, years 3.68 2.07–5.60 0.49–7.98 148

Age at dialysis initiation, years 1.96 0.59–4.16 0.01–7.81 98 of 148

Age at CKD 5, years 2.77 0.93–4.87 0.01–7.87 148

Duration of dialysis, years 1.02 0.43–1.85 0.01–4.75 98

Pre-emptive KT, % 35.1 52 of 148

Living donor, % 29.3 43 of 147

Congenital CKD, % 79.1 117 of 148

SGA history, % 27.4 37 of 135

GH therapy before KT, % 33.8 50 of 148

Age at start of GH therapy, years 1.93 1.22–4.03 0.27–6.31 50

Duration of GH treatment, years 1.40 0.57–2.23 0.11–5.39 50

Genetic target height, SDS −0.13 −0.79–0.55 −2.93–1.46 142

Repeated measurementsb Estimated marginal mean 95% CI Range No. of measurements

eGFR, mL/min per 1.73 m2 59 55–63 5–191 666

Steroid dosage, mg/kg per day 0.098 0.086–0.109 0.00–0.67 710

Plasma HCO3, mmol/L 22.6 22.0–23.2 18.3–33.3 693

Hemoglobin, g/dL 11.2 11.0–11.4 6.5–15.3 706

IQR, interquartile range; KT, kidney transplantation; CKD 5, stage 5 chronic kidney disease; SGA, small for gestational age;GH, growth hormone; SDS,
SD score; eGFR, estimated glomerular filtration rate
a Basic data (nonrepeated measurements) are given as median and interquartile range (25–75th percentile)
b Average values (estimated marginal means) during the observation period are based on all annual values, repeated measurements within the same
individual (evaluated with the linear mixed model, random patients and age cohorts)
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Changes of body dimensions and proportions after
transplantation

The increase in standardized height was most pronounced dur-
ing the early post-transplant years, and amounted to 0.53 SDS
and 0.84 SDS at 2 and 5 years, respectively (each p < 0.01
versus baseline Fig. 1a). Accordingly, the percentage of patients
with short stature (height ≤ − 2.0 SDS) decreased from 61.8% at
baseline to 38.0% and 28.2% at 2 and 5 years, respectively
(each p < 0.01). The degree and timing of catch-up growth of
linear body segments, i.e., trunk and legs, differed distinctly.
Although both standardized leg and trunk length significantly
increased during the first 2 years after KT (p < 0.01), the in-
crease in sitting height clearly exceeded that of leg length (0.68
SDS versus 0.41 SDS, p < 0.05). Thereafter, no significant
changes in sitting height SDSwere noted, whereas standardized
leg length continuously further increased resulting in sustained
improvement of sitting height index (Fig. 1b). The latter

reached the level of statistical significance from the 6th year
onwards when compared to baseline values (Fig. 1b).
Accordingly, the percentage of patients with abnormal body
proportion, defined as sitting height index ≥ 2 SDS, decreased
from 35.8% at baseline to 20.6% at 5 years (p < 0.05).

Age-related changes in body dimensions after KT are given
in Fig. 1c. Two distinct age periods were noted, i.e., before
and after 4 years of age, reflecting the transition from toddler-
hood to preschool age. Sitting height SDS increased continu-
ously before the age of 4 years, while leg length SDS de-
creased (each p < 0.05) which explains the lack of catch-up
growth in terms of body height and indicates progressive body
disproportion. By contrast, a sustained increase in both stan-
dardized leg length and body height was noted after the age of
4 years (each p < 0.05, Fig. 1c) while sitting height SDS even
decreased from 6 to 7 years of age, and remained constant
thereafter indicating improvement of body proportions (each
p < 0.05 for age cohort 5 and above versus age 4 years).

Fig. 1 Post-transplant growth in 148 prepubertal children by the time
after kidney transplantation (a, b), and by age cohorts (c). a mean Z
scores for height, sitting height, and leg length. All linear body
dimensions were significantly reduced at baseline compared to healthy
children (each p < 0.001), the degree of impairment significantly differed
between the three body dimensions, indicating disproportionate stunting
(each p < 0.001); all body dimensions increased after kidney
transplantation (KT), which became significant after the 1st year (sitting
height) and 3rd year (leg length), respectively (each p < 0.05 versus
baseline). The lower dotted horizontal line refers to the lower normal

range (− 2.0 SD score). b mean Z scores for sitting height index (ratio
between sitting height and total body height) as a measure for body
disproportion. Mean sitting height index was significantly increased
before KT compared to healthy children and continuously decreased
after KT which reached the level of statistical significance from the 6th
year onwards. c mean Z scores for height, sitting height, and leg length
height by age cohorts. Catch-up growth after KT was mainly due to
increased standardized sitting height in young children (< 4 years), and
improved standardized leg length in older children. The lower dotted
horizontal line refers to the lower normal range (− 2.0 SD score)
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Determinants of post-transplant growth

Figure 2 illustrates non-adjusted post-transplant growth in
specific subgroups. Impairment of linear body dimensions
before KT was higher in children with SGA history compared
to those with no SGA history (each p < 0.05), but did not
significantly differ in other subgroups. Linear body dimen-
sions after KT significantly differed in all presented subgroups
(each p < 0.05) except for sitting height after pre-emptive KT
compared to prior dialysis and for stature and leg length in
male compared to female patients (Table 2).

In the multivariate analysis, congenital CKD was signifi-
cantly associated with sitting height index (Table 3). Time
after KT was associated with height, leg length, and sitting
height index. The use of GH in the pre-transplant period,
steroid dosage, eGFR, SGA history, and parental height were
associated with all linear body dimensions after KT (each
p < 0.05), whereas birth weight for length and umbilical cord
artery pH were associated with body height and sitting height
only. By contrast, the type of KT, age at CKD 5 or KT, and
hemoglobin and plasmaHCO3 levels were not associated with
growth outcome.

Fig. 2 Mean Z scores SD for height, sitting height, and leg length before
and after kidney transplantation (KT) by a primary disease (congenital
CKD (n = 117) versus others (n = 31)); b small for gestational status
(SGA, n = 37) versus others (n = 98), type of KT; c pre-emptive KT

(n = 52) versus prior dialysis (n = 96); d living (n = 43) versus deceased
KT (n = 103); e use of growth hormone treatment prior to KT (yes (n =
50) versus no (n = 92); and f male (n = 98) versus female (n = 50). SDS,
SD score; GH, growth hormone. Data were not adjusted for confounders
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Next, we adjusted anthropometric data for age at CKD 5
and at KT, time after KT, steroid dosage, hemoglobin and
HCO3 levels, eGFR, birth weight for length, umbilical cord
pH, and parental height, to estimate the specific impact of
certain dichotomous clinical parameters on post-transplant
growth (Table 4). All linear body dimensions were signifi-
cantly impaired in patients with a history of SGA but were
superior in patients with prior GH treatment when compared
to their respective controls (each p < 0.05). Patients with con-
genital CKD showed a higher degree of body disproportion
compared to their peers (p < 0.05). By contrast, neither the
mode of transplantation nor sex turned out to be significant
determinants of post-transplant growth after adjustment for
confounders.

Discussion

The main findings of our study suggest that catch-up growth
after KT in young children (< 4 years) is mainly due to stim-
ulated trunk growth and improved leg growth in older chil-
dren, resulting in normalization of body height and propor-
tions before puberty in the vast majority of patients. In addi-
tion to transplant function and steroid exposure, use of GH in
the pre-transplant period, congenital CKD, birth parameters,
and parental height were significantly associated with growth
outcome. Although, unadjusted growth data suggested supe-
rior post-transplant growth after (pre-emptive) living donor
KT, this was no longer detectable after adjusting for the
abovementioned confounders.

As expected, our young patient cohort (age at KT < 8 years)
presented with marked growth retardation at the time of KT
with a mean standardized height of − 2.18 SDS, which was
lower compared to that in recent reports from North American
(− 1.73 SDS) and European (− 1.77 SDS) registries most like-
ly due to the high percentage of children with congenital CKD
(79%) [5, 9]. Consequently, and in line with our previous
studies, 38% of patients presented with abnormal body pro-
portions due to a more severe impairment of leg compared to
trunk length, supporting the concept that CKD 5 in young age
results in disproportionate short stature; this is similarly ob-
served in other genetic diseases affecting the skeleton, e.g.,
skeletal dysplasia, X-linked hypophosphatemia, and Ullrich
Turner syndrome or chronic illness [25, 28–31].

Catch-up growth after KT was highest during the early
post-transplant years, and amounted to 0.53 SDS and 0.84
SDS at 2 and 5 years, which was slightly higher than those
reported from European and North American registries rang-
ing from 0.5 to 0.7 SDS within 5 years after KT in prepubertal
children. This may be at least partly related to their higher
init ial growth defici t in our patient cohort [32].
Consequently, the percentage of patients with normal height
(≥ 2 SD) increased from 38.2% at the time of KT to 78.3% atTa
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the age of 11 years. Nevertheless, we have to state that catch-
up growth until pubertal age was incomplete in 21.7% of
patients. Since pubertal growth is usually impaired in pediatric
KT patients, due to a delayed and shortened growth spurt, this
illustrates the importance of growth-promotingmeasures prior
to KT such as adequate nutrition, correction of metabolic ac-
idosis, and GH treatment [1, 33, 34].

Interestingly, the degree of catch-up growth of linear body
segments, i.e., trunk and legs, was clearly age dependent. In
children aged less than 4 years, trunk catch-up growth was
more pronounced compared to leg catch-up growth, which
was significant later on only. Thus, catch-up growth in young
children primarily concerned a normalization of trunk length,
while leg length and thus body proportions were only im-
proved in later years. These data might reflect an evolutionary
principle of preferred growth of body segments containing
vital organs (the trunk) in periods of catch-up growth. The
sequence of trunk and leg catch-up growth in the present study
resembles the situation in healthy children where trunk growth
precedes leg growth in early childhood resulting in both nor-
malization of height and body proportions in the majority of
patients before pubertal age [26]. The latter finding is of im-
portance as our previous analysis of growth after KT in a
mixed cohort of prepubertal and pubertal children suggested
that improvements in body proportions are only to be expect-
ed during pubertal age [13]. A reversible within-variation of
organ systems or body segments as seen in the present study is

called “phenotypic flexibility/plasticity” and seems to be of
evolutionary benefit by allowing an individual to survive in
case of deterioration of living conditions and enabling in-
creased chances of reproduction after improved environmen-
tal conditions or illness, e.g., as seen here in children with
CKD 5 undergoing KT [35, 36].

In the multivariable analysis, time after KT, allograft func-
tion, corticosteroid dosage, congenital CKD, birth parameters,
and parental height were significantly associated with post-
transplant growth, which is in line with previous studies [5,
9, 11–14, 37]. The average prednisolone dosage during the
study period amounted to 3 mg/m2 per day and steroid with-
drawal was done in 18% of patients, only. Thus, a more vig-
orous steroid-withdrawal or use of steroid-free free immuno-
suppressive protocols might have resulted in superior growth
outcome as suggested by recent trials [11, 12, 14, 37].

Analysis of unadjusted data revealed superior growth out-
come after (pre-emptive) living donor KT with respect to all
linear body dimensions. However, this did not hold true after
adjusting for confounders including age at CKD 5, age at KT,
time after KT, steroid dosage, eGFR, plasma HCO3, hemo-
globin, birth parameters and parental height. Our data suggest
that the superior growth outcome in children undergoing pre-
emptive or living donor KT reported from some but not all
uncontrolled studies is probably not related to the procedure
per se but rather due to associated factors like better graft
function, lower steroid exposure, and/or better-preserved

Table 3 Linear mixed-effects models of determinants of adjusted Z scores for anthropometric parameters in 148 kidney transplant recipients

Parameter Height Leg length Sitting height Sitting height index

Congenital CKDa −0.42 (−0.93 to 0.08) −0.50 (−1.07 to −0.07) −0.15 (−0.58 to 0.29) 0.68i (0.10 to 1.27)

Pre-emptive KTb −0.19 (−0.70 to 0.33) 0.11 (−0.69 to 0.47) −0.26 (−0.70 to 0.19) −0.14 (−0.74 to 0.46)
Living donor KTc 0.16 (0.25 to 0.57) 0.03 (−0.43 to 0.49) 0.14 (−0.22 to 0.49) −0.09 (−0.57 to 0.38)
Genderd 0.02 (−0.34 to 0.38) 0.01 (−0.40 to 0.42) 0.05 (−0.26 to 0.36) 0.12 (−0.35 to 0.52)
Age at CKD 5 (in year) 0.18 (−0.05 to 0.40) 0.20 (−0.05 to 0.45) 0.16 (−0.03 to 0.35) −0.09 (−0.35 to 0.17)
Age at KT (in year) −0.11 (−0.35 to 0.14) −0.15 (−0.42 to 0.13) −0.17 (−0.38 to 0.04) 0.03 (−0.26 to 0.32)
Total time after KT (in 10 * year) 0.11g (0.08 to 0.13) 1.04g (0.78 to 1.30) 0.18 (−0.06 to 0.43) −0.69g (−0.97 to 0.40)
GH before KTe 0.47 (0.09 to 0.85) 0.49 (0.06 to 0.92) 0.37 (0.04 to 0.70) −0.34 (−0.79 to 0.10)
Steroid dosage (in mg/kg) −0.83g (−1.45 to −0.20) −1.11g (−1.82 to −0.40) −0.65h (−1.30 to −0.01) 0.88 (−0.03 to 1.79)
Hemoglobin (in 10 * g/dl) 0.32 (0.10 to 0.75) 0.28 (−0.20 to 0.75) −0.25 (−0.20 to 0.70) −0.38 (−0.97 to 0.22)
Plasma HCO3 (in 10 * mmol/l) 0.12 (0.16 to 0.40) 0.08 (−0.22 to 0.38) −0.10 (−0.19 to 0.39) −0.14 (−0.24 to 0.52)
eGFR (in 100 * ml/min per 1.73 m2) 0.65g (0.45 to −0.85) 0.57g (0.35 to 0.80) 0.63g (−0.41 to 0.85) 0.01 (−0.28 to 0.30)
Small for gestational age historyf −0.74g (−1.19 to −0.30) −0.74g (−1.25 to −0.24) −0.60g (−0.98 to −0.22) 0.25 (−0.27 to 0.77)
Birth weight for length (in 100 * g/cm) 1.95h (0.35 to 3.55) 1.34 (0.48 to 3.15) 1.86g (0.47 to 3.24) −0.60 (−2.48 to 1.28)
Umbilical cord artery pH 2.43h (0.02 to 4.83) 1.69 (−1.04 to 4.43) 2.54h (0.44 to 4.63) 0.07 (−2.74 to 2.89)
Parental height (in 1000 * cm) 0.17g (0.09 to 0.26) 0.18g (0.08 to 0.28) 0.15g (0.08 to 0.23) −0.06 (−0.17 to 0.04)

Data are presented as ß values (95% confidence intervals). a Congenital CKD (1) versus others (0); The numbers in parentheses indicate the dummy
variable used for parameters of the LMM model. b Pre-emptive KT (0) versus previous dialysis treatment (1); c Living-related donor graft (LRD = 0)
versus deceased donor graft (DD = 1); d Gender (female = 0, male = 1); e Growth hormone treatment before KT (0) versus others (1); f Small for
gestational age history (0) versus others (1). g p < 0.01; h p < 0.05
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growth at the time of KT in these patients [5, 6, 9, 15].
Nevertheless, (pre-emptive) living donor KT remains the
treatment of choice in children with CKD 5 due to its superior
outcome with respect to neurocognitive development, quality
of life, and cardiovascular health [38–40].

It is our policy to apply GH treatment in all children with
CKD stages 3–5D presenting with persistent growth failure
based on current guidelines [1, 41]. Consequently 34% of our
patients attaining CKD 5 at young age (2.8 years) were started
on GH prior to KT, but stopped in all patients at the time of
transplantation. It was hypothesized that this approach may
impact on post-transplant growth [1]. Here we could clearly
demonstrate that GH treatment in the pre-transplant period is
significantly associated with superior growth outcomes after
KT (increase in height, 0.47 SDS; leg length, 0.49; sitting
height, 0.36 SDS) even after adjustment for confounders,
supporting the vigorous use of GH in short children with
CKD [1, 41–43].

Our study has several limitations and strengths. First, the
number of patients in some subgroups was rather small.
Second, due to the low frequency of GH use in the post-
transplant period (4%), this parameter could not be incorpo-
rated in the multivariate analysis. Third, socioeconomic status
which has been shown to be associated with treatment adher-
ence and patient outcome after KT could not be addressed in
the present study [44]. Fourth, several other parameters poten-
tially affecting growth before and/or after KT, such as age at
onset of CKD and years during significant growth impacting
CKD, parathyroid hormone, albumin and sodium levels, and
data on nutritional adequacy could not be addressed in our
study. However, the prospective comprehensive anthropomet-
ric assessment, collection of major biochemical and clinical
parameters, exclusion of pubertal patients, and long follow-up
enabled to us analyze the age-dependent impact of KT on
body dimensions and proportion and its determinants inde-
pendent of main confounders.

In conclusion, catch-up growth after KT is mainly due to
stimulated trunk growth in young children (< 4 years), and
improved leg growth in older children, resulting in normali-
zation of body height and proportions until pubertal age in the
vast majority of patients. Beside transplant function, steroid
exposure and use of GH in the pre-transplant period are the
main potentially modifiable factors associated with better
growth after KT. Therefore, clinical management should fo-
cus on these factors. In addition, given risk factors for poor
growth outcome like abnormal birth history, congenital CKD,
and low parental height should be taken in account when
rendering a decision whether to initiate such growth-
promoting measures in order to maximize growth outcomes.
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