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 Introduction

Maintaining optimum growth is one of the most 
challenging problems in the management of chil-
dren with chronic kidney disease (CKD): reports 
published in 2013 showed that approximately 
50% of children requiring kidney replacement 
therapy (KRT) before their 13th birthday had a 
final height below the normal range [1–4]. Short 
stature is a marker for increased mortality and 
hampers the psychosocial integration of pediatric 
CKD patients [5–7]. There is, however, evidence 
that, alongside advancements in the medical and 
technical management of CKD and kidney 
replacement therapy (KRT), height prognosis has 
substantially improved over the past decades [1, 
2, 4, 8–11]. In 799 pre-dialysis children with 
mostly mild to moderate CKD (median age 
11  years, estimated glomerular filtration rate 
(eGFR) 50  mL/min/1.73  m2) followed in the 
Chronic Kidney Disease in Children (CKiD) 
Study, the median height standard deviation score 
(SDS) was −0.55. Among 594 patients from 12 

European countries with CKD stage 3–5 (median 
eGFR 30  mL/min/1.73  m2) who were followed 
prospectively in the 4C Study, mean height SDS 
was −1.57, with 36% of patients having a height 
below the third percentile. In 1001 children in the 
International Pediatric Peritoneal Dialysis 
Network (IPPN), the mean height SDS at initia-
tion of dialysis was −1.97 [10]. Hence, these data 
from contemporaneous large cohort studies dem-
onstrate that growth failure progressively occurs 
with decreasing eGFR.  In the 2020 USRDS 
report the percentage of incident end-stage kid-
ney disease (ESKD) patients with short stature 
was lowest in the oldest patients age groups, 
being 20.3% at 18–19.9 years, 25.8% at 14–17, 
20.1% at 10–13, 38.8% at 5–9 and 51.9% at 
0–4 years of age [11, 12].

There appears to be a positive trend over time: 
e.g. in Germany, the mean standardized height in 
children on KRT has increased over the past 
20 years from −3.0 SDS to −1.8 SDS [1]. Yet this 
is not the case in all parts of the world, particu-
larly in those with inadequate local resources, 
where height prognosis remains dismally low [2, 
13]. Even across Europe, the 4C Study observed 
growth failure to vary widely between countries, 
from 7% to 44% [9].

There is no single cause of failing growth in 
children with CKD (Fig.  56.1). The two most 
important influences are the severity of CKD and 
young age at its onset, so that children with CKD 
due to congenital kidney abnormalities manifest-
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Fig. 56.1 The etiology of growth failure in CKD is mul-
tifactorial and includes intrauterine growth restriction 
(IUGR), genetic factors such as parental height and pri-
mary renal disease, prematurity, and malnutrition which 
especially limits growth in children with congenital 
CKD. Mineral and bone disorder (CKD-MBD), metabolic 
acidosis, anemia, loss of electrolytes and water, and dis-
turbances of the somatotropic and gonadotropic hormone 
axes are additional factors. CKD is a state of growth hor-
mone (GH) insensitivity, characterized by deficiency of 
functional insulin-like growth factor I (IGF-I), to reduced 
GH receptor expression in target organs like the liver, dis-
turbed GH receptor signaling via the Janus kinase - signal 

transducers, activators of transcription (JAK2-STAT5) 
due to inflammation induced SOCS (suppressor of cyto-
kine signalling), and increased IGF-binding capacity due 
to excess of IGFBPs. Finally, reduced release of hypotha-
lamic gonadotropin-releasing hormone (GnRH), due to 
uremia-related inhibitory factors such as angiotensin II 
(AngII), and steroid treatment may result in decreased cir-
culating levels of bioactive luteinizing hormone (LH), 
hypogonadism and reduced pubertal growth spurt. PTH, 
parathyroid hormone; FSH, follicle stimulating hormone; 
IGFBP, insulin-like growth factor binding proteins. 
[Reproduced with permission of [30])

ing in infancy are usually more severely affected 
than those with acquired conditions developing 
in later childhood. This review summarizes the 
current knowledge of the phenotype, pathophysi-
ology and therapeutic options for children with 
failing growth resulting from CKD.

 Normal Growth

The physiological growth pattern can be divided 
into fetal, infantile, mid-childhood and pubertal 
phases (Fig.  56.2) [14]. During fetal life, nearly 
30% of final height has already been achieved, so 
low birth weight and prematurity can substantially 
influence subsequent growth and final height 
attainment: although many otherwise normal 

infants born prematurely grow normally, and those 
who are small for gestational age (SGA) catch up 
in the first 6 months of life, around 10%, particu-
larly if SGA, remain below the normal range for 
height into adulthood. A further one third to one 
half of total postnatal growth occurs during the 
first 2 years of life, and 20% during the pubertal 
phase. Throughout each postnatal phase the pre-
dominant influences on growth are different. 
Whereas in infancy, growth mainly depends on 
nutritional intake, growth in mid-childhood is 
driven by the somatotropic hormone axis. During 
puberty, the gonadotropic hormone axis stimulates 
growth via increased proliferation of growth plate 
chondrocytes and modulation of growth hormone 
(GH) secretion from the pituitary gland, resulting 
in the pubertal growth spurt (Fig. 56.2) [14].
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Fig. 56.2 Typical 
growth pattern in 
congenital chronic 
kidney disease. Relative 
loss in the nutrient- 
dependent infantile and 
gonadal hormone- 
dependent puberty 
phases, and percentile- 
parallel growth in the 
mainly GH-dependent 
growth period in 
mid-childhood are 
shown. The shaded area 
represents the normal 
range, third to 97th 
centiles. (Reproduced 
with permission of [14])

 Effect of CKD on the Phases 
of Growth

The classical growth pattern for a child born with 
CKD was described in 1974 [15]. Length at birth 
is usually already below the mean (Fig.  56.2) 
[16]. As with any chronic disease, height velocity 
is most affected during periods of rapid growth. 
Marked growth retardation occurs during the first 
2 years of life, followed by percentile parallel 
growth in mid-childhood, but catch-up growth is 
unusual. In the pre-pubertal years, the appear-
ance of secondary sexual characteristics is 
delayed and the growth rate again decreases dis-
proportionately [17, 18]. The pubertal growth 
spurt is later than normal and its magnitude 
impaired, resulting in further loss of growth 

potential and reduced final height (Fig.  56.2) 
[14]. Over the last 20 years, although these basic 
principles remain, this classic description has 
been reassessed as there have been new concepts 
and treatments for most patients in all postnatal 
phases of growth.

 The Fetal Phase

Reduced fetal growth was described as a feature of 
the classic growth pattern of the child with CKD in 
1994, and has been demonstrated in several studies 
since [16, 19–22]. Both prematurity and low birth 
weights are common. The incidence is particularly 
high in infants on dialysis but perhaps more surpris-
ingly is high in children with less severe CKD as 
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well [23]. Registry data do not always distinguish 
between infants who do or do not have co morbidi-
ties (such infants often have below normal mean 
birth weight and length) but it has been shown that 
of just over 400 children with a mean eGFR of 
around 40 mL/min/1.73 m2 in the US CKD registry, 
low birth weight (LBW, <2500 g) occurred in 17%, 
prematurity (gestational age < 36 weeks) in 12% 
and small for gestational age (SGA, birth 
weight  <  tenth percentile for gestational age) in 
14%. It has been hypothesized that poor intrauterine 
growth conditions, e.g. maternal malnutrition and 
smoking, could cause both intrauterine growth 
retardation and kidney dysplasia [24, 25]. Likewise 
genetic abnormalities, e.g. dysregulation of Wilms’ 
tumor suppressor gene, could cause both short stat-
ure and renal hypodysplasia [26]. Interestingly, in 
the US CKD registry 40% of patients had needed 
intensive care (ICU) at birth. The comparable over-
all incidence of abnormal birth history in the US 
population is 7–8%. Low birth weight, prematurity, 
SGA and requirement for ICU were all risk factors 
for poor growth outcomes, independent of renal 
function [21]. Likewise, intrauterine growth retar-
dation, neonatal distress and parental height were 
shown to be important independent predictors of 
poor growth outcome in a cohort of 509 German 
children with CKD stage 3–5 [27].

 The Infantile Phase

It is not surprising that adverse effects on growth 
are most intense during the infantile phase, and in 
particular the first 6 months of life, as the rate of 
growth is as high as 25  cm per year at birth, 
18 cm per year at 6 months of age, and still 12 cm 
per year at 12 months of age. These figures are 
higher than at any other time during childhood 
and adolescence. Such growth challenges require 
nutrient intakes that are relatively higher than at 
any other age. As the infantile phase is predomi-
nantly dependent on nutrition, inadequate intake 
at this time can have a dramatic influence on 
growth. Indeed, any circumstances leading to 
decreased growth rates in this phase result in 
severe growth retardation and a potentially irre-
versible loss of growth potential [28, 29]. The 
decrease in mean standardized height can amount 

to 0.6 SD per month in infants with CKD stage 5. 
In recent years the increasing acceptance of KRT 
for all infants, including those with associated 
comorbidities, has increased the challenge to 
achieve normal growth in this age group [20]. 
Malnutrition in young children with CKD is due 
to inadequate nutritional intake and frequently 
recurrent vomiting as well. In addition, catabolic 
episodes due to infections, loss of water and elec-
trolytes, and CKD-mineral and bone disorder 
(CKD-MBD) are major contributing factors to 
growth impairment in this period. If these distur-
bances are adequately controlled, severe stunting 
can be avoided in the majority of patients without 
untreatable comorbidities [19, 20, 30]. However, 
most infants suffering from severe CKD need 
supplementary feeding in order to provide ade-
quate nutrient, water and electrolyte intake [31].

 The Childhood Phase

During this phase, the somatotropic hormone 
axis becomes the most important influence on 
growth. Growth is closely correlated with the 
degree of kidney dysfunction in this period. 
Although there is no critical threshold, growth 
patterns are typically stable if the GFR remains 
above 25  mL/min/1.73  m2 and tend to diverge 
from the percentiles below this level [23]. Sequels 
of CKD such as anemia, metabolic acidosis and 
malnutrition seem to be less important in mid- 
childhood. However, even a growth rate that par-
allels the centiles may not be ‘normal’, as children 
with good renal function and steroid-free immu-
nosuppression following transplantation exhibit 
significant catch-up, compatible with the concept 
of continued suppression of an intrinsic catch-up 
growth potential in the uremic state [32, 33].

 The Pubertal Phase

 Pubertal Development
Delayed onset and progression of pubertal devel-
opment was a common feature when KRT pro-
grams for children started [17]. Studies of the 
timing of pubertal onset have been hampered by 
the fact that bone age is only a crude marker for 
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assessment in CKD.  Indeed, the distribution of 
bone age at pubertal onset varies at least as much 
as the distribution of chronological age in these 
patients. However, data from the late eighties dem-
onstrated a delay of pubertal onset by 2–2.5 years 
in children with ESKD [17]. Menarche occurred 
after the upper limit of the normal age range (i.e. 
15 years) in almost half of the girls treated by dial-
ysis or transplantation [34]. Moreover, despite the 
achievement of pubertal stage IV or V, a substan-
tial proportion of dialysis patients presented with 
permanently impaired reproductive function [35]. 
Fortunately, in the last twenty years most children 
requiring KRT before pubertal age present with 
normal or only slightly delayed pubertal onset. In 
two recent studies, mean age at pubertal onset as 
well as age at menarche did not differ between 
children on KRT and healthy children; and the 
serum levels of pubertal reproductive hormones 
were normal in the great majority of patients [1, 
36]. Bone maturation in patients on KRT contin-
ues to be delayed by approximately 1.4 years com-
pared to healthy children, although this does not 
negatively impact on pubertal development [1]. 
The age at onset of puberty has been positively 
correlated with the age at transplantation. Thus, 
early renal transplantation is a prerequisite for pre-
vention of pubertal delay in children with stage 5 
CKD [18, 36]. A recent analysis of the CKiD 
cohort including children with CKD stage 3–5 
revealed delayed menarche in 10% of adolescent 
patients which was associated with African 
American race, lower eGFR, ever corticosteroid 
use, and longer duration of CKD [18, 37]. Delayed 
menarche was strongly associated with reduced 
height (<−2.0 SDS). Thus, delayed puberty is an 
important contributor to short stature in female 
patients even prior to dialysis. Patients who show 
delayed puberty—defined in boys by a testicular 
volume < 4 mL at the age of 14 years and in girls 
by a breast stage <B2 at age 13.5 years—should 
undergo work up by a pediatric endocrinologist 
including potential induction of puberty [30].

 Pubertal Growth
During the last two decades in parallel with the 
improvement in sexual maturation has been 
an improvement in pubertal height gain [1, 2, 
17, 18]. Longitudinal growth in 384 German 

children on KRT who were followed between 
1998 and 2009 was compared with 732 children 
enrolled in the European Dialysis and Transplant 
Association (EDTA) Registry between 1985 
and 1988 (Fig.  56.3) [1]. In line with previous 
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Fig. 56.3 (a) Mean height velocity of European children 
with renal replacement therapy in the EDTA study 1985–
1988 (blue lines) versus the Hannover/Berlin (H/B) pedi-
atric population cohort 1998–2009 (red lines) in different 
age cohorts. (b) Age-dependent height standard deviation 
score of European children on kidney replacement ther-
apy 1985–1988 (EDTA study, n = 732, blue error bars) 
and in the HB group (n  =  384, red error bars). EDTA 
European Dialysis and Transplant Association, CI 
Confidence interval. Reproduced with permission of [1]
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studies, the pubertal growth spurt in the EDTA 
patients was delayed by approximately 2.5 years. 
In many patients no clear pubertal growth spurt 
was present, and consequently standardized 
height decreased during pubertal age. In contrast, 
a clear pubertal growth spurt was present and the 
onset of the pubertal growth spurt was within 
the normal range in the majority of the patients 
followed- up more recently. Consequently, stan-
dardized height even improved during puberty 
and until adult height. A strong negative correla-
tion between total pubertal height gain and age at 
transplantation was reported in two studies a [18, 
36]. Thus, whereas 20 years ago a loss of about 
1.0 SD was expected during puberty, nowadays 
normal or only slightly reduced pubertal growth 
spurt can be expected if long-term dialysis is 
avoided.

 Segmental Growth

It has been postulated that during malnutrition 
there is preferential preservation of growth of 
vital organs at the expense of less vital tissues 
such as the limbs, so that malnutrition during 
childhood results in disproportionate stunting 
with impairment of leg growth, and preserved 
trunk and head growth [38]. Consequently, rela-
tive leg length is increasingly used as a biomarker 
of childhood nutrition in epidemiological studies 
[39, 40]. Information pertaining to segmental 
growth has been collected in the CKD Growth 
and Development Study, in which more than 800 
pediatric CKD patients before and after trans-
plantation have been enrolled since 1998 [41–
43]. Patients with a long-term history of CKD 
and KRT showed an age related disproportionate 
growth pattern [41–43]. Growth impairment and 
disproportionality was most obvious in early 
childhood. Sitting height was mostly preserved, 
whereas growth of the legs and arms was most 
severely affected. This resulted in a markedly 
elevated sitting height index (ratio of sitting 
height to total body height). Leg length was more 
affected in prepubertal patients. Consequently, 
body disproportion was less pronounced in 
pubertal patients. In addition to transplant func-

tion and steroid exposure, congenital CKD, 
smallness for gestational age, young age, and use 
of recombinant human growth hormone (rhGH) 
in the pre-transplant period were significantly 
associated with growth outcome (stature and 
degree of body disproportion. Catch-up growth 
after kidney transplantation is mainly related to 
improved trunk growth in children aged less than 
4 years and stimulated leg growth in older chil-
dren resulting in complete normalization of body 
proportions until attainment of adult height in the 
vast majority of patients [42, 44].

 Adult Height and Height Prediction

When interpreting the adult heights of patients 
treated for CKD in childhood, it has to be remem-
bered that the data obtained at any time will 
reflect treatment practices spanning the previous 
two decades. Furthermore, most reports of adult 
heights do not or incompletely discriminate 
according to patient characteristics (e.g. diagno-
ses, ages of onset of CKD, types and durations of 
KRT), and in particular registries do not separate 
out children with co morbidities that affect 
growth in their own right. With that in mind, 
reduced adult heights have been reported in up to 
50% of CKD patients, although there has been a 
trend for improvement over the past decade [1–4, 
17, 18, 45]. Mean adult heights vary from 148–
158 cm for females and 162–168 cm for males 
(second centiles 151 and 163 cm respectively).

The ESPN/EDTA registry has shown that, 
after adjustment for age and period of start of 
KRT, final height increased significantly from 
−1.93 SDS in children who started KRT before 
1990, to −1.78 in children in 1990–1999, and to 
−1.61  in those starting KRT after 1999 
(p  <  0.001). While 55% of patients attained an 
adult height within the normal range between 
1990 and 19,995, this figure had risen to 62% 
between 2006–2011 [2]. The improvement in 
adult height over time was independent of age at 
the start of KRT (Fig. 56.4). Poorest growth out-
comes were associated with earlier start and lon-
ger duration of dialysis or a diagnosis of a 
metabolic disorder such as cystinosis and hyper-
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Fig. 56.4 Changes in 
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oxaluria; whereas those with a longer time spent 
with a renal transplant and those treated with 
rhGH did the best [2–4, 46–49].

There is evidence that over the years, final 
height post transplantation is improving [3]. This 
is likely to be due to a combination of factors 
such as better growth attained pre transplant, e.g. 
by adequate nutrition and rhGH therapy, pre- 
emptive transplantation thus avoiding dialysis, 
and to the development of protocols that mini-
mize the use of corticosteroids. European data 
show an improvement in final height from −2.06 
SDS in children who reached adulthood in 1990–
1995 to −1.33 SDS in 2006–2011[2]. In the 2014 
NAPRTCS report, the mean height SDS of those 
>19 years of age was −1.37. Twenty-five percent 
of these patients had a height SDS of −2.2 or 
worse, and 10% were more than 3.2 SD below 
the mean. This has improved considerably as 
adult height SDS was −1.93 with the 1987–1991 
cohort, −1.51 for 1992–1996 cohort; −1.06 for 
the 1997–2001 cohort, −0.98 for the 2002–2006 
cohort and −0.89 for the most recent cohort 
(https://naprtcs.org/system/files/2014_Annual_
Transplant_Report.pdf).

Older age at start of KRT, starting KRT more 
recently, cumulative time with a transplant, and 

greater height SDS at initiation of KRT were 
independently associated with a higher adult 
height SDS. Most impressively, recent results of 
the avoidance of steroids post transplant alto-
gether are excellent, with mean final heights of 
177 cm and 175 cm in males transplanted prepu-
bertally and postpubertally respectively, with sim-
ilar figures of 165 cm and 162 cm for females [4].

The application of adult height prediction 
methods in children suffering from CKD is not 
recommended. In several validation studies final 
height was overpredicted by 3–10  cm [17, 18, 
46]. Most likely this reflects the complexity and 
thus unpredictability of growth and development 
under the conditions of chronic uremia, with 
highly variable and dynamic impacts of disease 
progression, medications, bone disease, KRT 
modalities, skeletal maturation, and pubertal tim-
ing [18, 46].

 Causes of Growth Failure in CKD

Growth failure in CKD is due to a complex inter-
play of many different factors, with varying 
effects at different ages and stages of CKD 
(Fig.  56.1). While some factors, such as nutri-
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tional and hormonal abnormalities, and hemato-
logical and metabolic derangements such as 
acidosis, electrolyte imbalance, and CKD-MBD 
are potentially correctable, the effects of others, 
such as birth parameters, associated syndromes, 
race and parental heights, are not [27]. There is a 
substantial global variation of the degree of 
growth failure in children on KRT which is at 
least partly explained by differences in econom-
ics. In a recent survey of the IPPN network gross 
national income was a strong independent pre-
dictor of standardized height, adding to the 
impact of other well-known factors, e.g. congeni-
tal CKD, anuria, and dialysis vintage as outlined 
below [50]. Likewise the country of residence 
was an independent predictor of growth outcome 
in a large European cohort of children with CKD 
stage 3–5, which may be related to differences in 
the timing of diagnosis and/or referral to a center 
specialized for children with CKD—which in 
turn may have economic causes [9].

 Cause of Renal Disease

 Congenital Abnormalities 
of the Kidneys and Urinary Tract 
(CAKUT)
Renal tubular sodium and bicarbonate losses are 
common in children with CAKUT, and can cause 
salt depletion and acidosis both of which can 
contribute to growth failure [51]. Supplementation 
with salt and bicarbonate may be necessary, 
along with free access to water.

 Glomerulopathies
Growth may be affected in children with glomer-
ulopathies, even in early CKD [52]. The nephrotic 
state per se and glucocorticoid treatment are 
known risk factors. Prolonged high corticosteroid 
doses lead to severe growth failure. Although 
partial catch-up growth can be seen after cessa-
tion of glucocorticoid treatment, this is usually 
restricted to young (prepubertal) patients [53]. 
Congenital nephrotic syndrome is often associ-
ated with severe growth retardation during the 
first months of life, even in patients with pre-

served kidney function, and seems to be second-
ary to persistent edema, recurrent infections, 
losses of peptide and protein-bound hormones in 
the urine, and/or protein-calorie malnutrition [54, 
55]. In the Finnish-type nephrotic syndrome ade-
quate nutritional support is vital and bilateral 
nephrectomies and initiation of dialysis may be 
necessary to stabilize growth. In less severe types 
of congenital nephrotic syndrome, unilateral 
nephrectomy and/or treatment with prostaglan-
din synthesis inhibitors and RAS antagonists can 
reduce proteinuria and thereby stabilize growth 
and the overall clinical condition [54–56].

 Tubular and Interstitial Nephropathies
Tubular dysfunction characterized by losses of 
electrolytes, bicarbonate, and water can lead to 
severe growth failure even in the presence of nor-
mal glomerular function. The growth suppressive 
effects of isolated tubular defects are illustrated by 
the severe growth failure typically seen in patients 
suffering from renal tubular acidosis, Bartter syn-
drome, and nephrogenic diabetes insipidus [57]. 
Supplementation with electrolytes, water and 
bicarbonate may be able to prevent growth failure 
or even induce catch-up growth [58].

The most severe growth failure, which may be 
very difficult to treat, occurs in patients suffering 
from complex tubular disorders such as Fanconi 
syndrome [58–61]. In these patients, only partial 
catch-up growth can usually be achieved even with 
vigorous water and electrolyte supplementation. 
Systemic metabolic disorders (such as cystinosis, 
primary hyperoxaluria and mitochondrial cytopa-
thies) resulting in complex tubular dysfunction, 
progressive loss of kidney function, and involve-
ment of other vital organs (e.g. liver, bone, and 
brain) also lead to severe growth failure [61–63]. 
In children with nephropathic cystinosis, growth 
failure occurs already in infancy when glomerular 
function is typically not yet compromised. 
Progressive growth failure is further sustained by 
generalized deposition of cystine crystals altering 
the function of the growth plate, bone marrow, 
hypothalamus, and pituitary and thyroid glands. 
Early initiation of treatment with cystine depleting 
agents (cysteamine) results in an improvement of 
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growth rates and substantial delay in the develop-
ment of ESKD [61, 64]. Nevertheless, in a recent 
European study mean standardized height in chil-
dren suffering from nephropathic cystinosis with 
CKD 2–5 was 1.0 SDS lower compared to that in 
children with other causes of CKD at comparable 
age and degree of CKD, compatible with an addi-
tional impact of an underlying osteoblast defect in 
this disease [65, 66]. In patients with primary hyp-
eroxaluria, supplementary treatment with citrate 
and pyridoxine can delay the progression of CKD 
in some patients, and possibly improve longitudi-
nal growth [62]. However real catch-up growth 
after combined liver-kidney transplantation is 
rarely observed even in prepubertal oxalosis 
patients [48]. New ribonucleic acid interference 
(RNAi) therapies are expected to become the stan-
dard of treatment in these children, so that end-
stage kidney disease, KRT and consecutive growth 
failure may be avoidable in the vast majority of 
cases in the future [67].

 Stage of CKD and Dialysis

Even moderate reduction of GFR has been 
reported to result in impaired growth. The princi-
pal registry providing data on the epidemiology 
of growth in conservatively managed CKD is the 
North American Pediatric Renal Trials and 
Collaborative Studies (NAPRTCS). The 2006 
report covers the 10  years between 1994–2004 
and includes a very large cohort of over 5000 
children with GFRs of up to 75 mL/min/1.73 m2. 
As expected, the most growth retarded were the 
youngest children, with a mean standardized 
height for under 2 years of age of −2.3 SD, but 
mean height SDS was reduced at all ages (−1.7, 
−1.4, −1.0 at 2–6, 6–12 and > 12 years respec-
tively), with over one third overall being below 
the third centile for height. Standardized height 
worsened with progression of CKD, so that there 
was a strong correlation between creatinine clear-
ance and height SDS (−3.2, −1.9, −1.5, and −0.9 
for GFR <10, 10–25, 25–50 and  >  50  mL/
min/1.73 m2 respectively) [68]. This means that 
many children, and particularly the very young, 

are already short at the time of entry to KRT pro-
grammes [69]. This has been confirmed more 
recently in a cohort of 42 children followed dur-
ing the first 6 years of life, when the mean height 
SDS was normal at CKD stage 1–2, approxi-
mately −0.5 at CKD stage 3–5 and much less, at 
−1.5 SDS, for those on dialysis [70].

That short stature becomes more common in 
children on dialysis has been confirmed by the 
United States Renal Data System (USRDS), a 
registry collecting data on patients on KRT pro-
grams in the US. The 2007 report shows that the 
height and weight of approximately half of chil-
dren on dialysis were below the 20th centile for 
the normal population [71]. Comparison of 2007 
and 2016 data demonstrates that the prevalence 
of short stature in the incident pediatric ESKD 
population has not improved over the past 
10  years [12]. The British Association for 
Paediatric Nephrology (BAPN) report for height 
SDS of prevalent patients on dialysis at the end of 
2017 was −2 with interquartile range of −1 to 
−3, having been −1.3 (−0.3 to −2.4) SDS at the 
start of KRT (UK Renal Registry (2021) UK 
Renal Registry 23rd Annual Report  – data to 
31/12/2019, Bristol, UK.  Available from renal.
org/audit- research/annual- report). Children on 
dialysis were shorter than their transplanted peers 
whose mean Height SDS was −1.0 (−0.2 to −2), 
although both groups are below the heights of the 
normal age matched population. The International 
Pediatric Dialysis Registry collects data from 
more than 3000 children on peritoneal dialysis 
(PD) from around the world, and is, therefore, 
able to provide comparisons of all aspects of PD 
according to region in the largest cohort of chil-
dren on PD to date. Currently, the mean standard-
ized height on commencing PD is −2.35 SDS, 
and is below normal worldwide, but there is a 
large variation, ranging in 21 countries from 
−1.3 in the UK, to −3.5 in Brazil. Regional varia-
tions in resources are likely to contribute to these 
differences [31]. Given our knowledge that in the 
majority of reports standardized height declines 
with increasing time on dialysis, the obvious key 
to prevention of growth deterioration is pre- 
emptive transplantation [72].
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 Protein-Calorie Malnutrition

Anorexia is a common symptom of CKD, due to 
a combination of altered taste sensation, 
decreased clearance of cytokines that affect appe-
tite and satiety, obligatory losses of salt and water 
leading to a preference for salty foods and large 
volumes of water, and the need for multiple med-
ications. Vomiting is also common, particularly 
in infants, whose diet is liquid and therefore high 
volume, and because gastro-esophageal reflux is 
frequent and elevated polypeptide hormones 
result in abnormal gastrointestinal motility. PD 
results in raised intra-abdominal pressure, which 
may affect both appetite and cause vomiting and 
constipation, and dietary and fluid restrictions 
may result in an inadequate diet. Peritoneal dialy-
sate losses of protein and sodium may be high. 
Finally, co-morbidities may cause poor feeding 
in their own right [31, 73]. Nutritional deficiency 
is, therefore, one of the most frequent and impor-
tant factors contributing to growth failure. The 
Pediatric Renal Nutrition Taskforce has produced 
guidelines for the nutritional management of 
children with CKD stages 2–5 and on dialysis 
(vide infra) [74, 75].

 Protein-Energy Wasting

Protein-energy wasting (PEW) is characterized 
by maladaptive responses including anorexia, 
elevated basic metabolic rate, wasting of lean 
body tissue, and under-utilization of fat tissue for 
energy [76]. It differs from malnutrition in which 
appetite is maintained, and weight loss is associ-
ated with protective metabolic responses such as 
a decreased basic metabolic rate and preservation 
of lean body mass at the expense of fat mass. 
Malnutrition can usually be overcome by nutri-
tional supplementation or changes in the compo-
sition of the diet, whereas PEW can only be 
partially reversed by increased nutrition. Why 
some children develop PEW is unknown, but 
inflammation is likely to play a role [77]. 
However, growth failure is one of the main mani-
festations of PEW in children with CKD.  New 
understandings of the pathophysiology of PEW 
in CKD have the potential for novel therapeutic 

strategies such as ghrelin agonists and melano-
cortin antagonists [31].

 Obesity

At this stage it is important to mention obesity, 
which is emerging as a growing problem for chil-
dren with CKD. In the ESPN/ERA-EDTA regis-
try including 25 countries, of 5199 patients below 
the age of 18 years the prevalence of underweight 
was 4.3%, while 19.6% and 11.2% were over-
weight or obese respectively [78]. Receiving ste-
roid therapy and living with a kidney transplant 
were independent risk factors for overweight. 
The incidence of obesity parallels that around the 
world in the normal population. The IPPN data-
base demonstrates this regional variation, with 
BMI-SDS ranging from a mean of 0.8 in the US 
to −1.4  in India in children of all ages [31]. 
Twenty six percent of infants were obese in the 
US and 50% malnourished in Turkey [31, 58]. In 
North America, the frequency of obesity is 
increasing in the CKD population both before as 
well as at CKD stage 5 [79]. Obesity is a particu-
larly a problem after kidney transplantation. This 
has been studied in the NAPRTCS database in a 
retrospective cohort study of 4326 children trans-
planted between 1995 and 2006, and followed up 
to 2007. Median BMI increased by 11% at 
6 months but with no substantial changes thereaf-
ter [80]. In Europe, children with the lowest BMI 
and those over 5 years of age at transplant showed 
the greatest increases in BMI post-transplant 
[78]. UK 2017 data shows that the mean BMI of 
transplanted children was 1 SDS (0–1.8), whereas 
it was 0 (−0.8–1.1) for children on dialysis (UK 
Renal Registry (2021) UK Renal Registry 23rd 
Annual Report—data to 31/12/2019, Bristol, 
UK.  Available from renal.org/audit- research/
annual- report). The use of steroid sparing regi-
mens may mitigate post transplant obesity [4]. 
Important to note, among transplanted recipients, 
a very short stature (OR: 1.64, 95% CI: 1.40–
1.92) and glucocorticoid treatment (OR: 1.23, 
95% CI: 1.03–1.47) were associated with a 
higher risk of being overweight/obese. Hence, at 
least in post-transplant patients, obesity is also a 
risk factor for poor growth.
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 Metabolic Acidosis

Metabolic acidosis (serum bicarbonate 
<22 mEq/L) usually begins when the GFR falls 
below 50% of normal, and is associated with 
decreased longitudinal growth and increased pro-
tein breakdown [81, 82]. Metabolic acidosis is 
also associated with endocrine consequences: in 
experimental uremia there is increased glucocor-
ticoid production, increased protein degradation, 
and profound effects on the somatotropic hor-
mone axis. The latter is characterized by down 
regulation of spontaneous GH secretion by the 
pituitary gland, decreased expression of the 
GH-receptor and insulin like growth factor I 
(IGF-I) receptor in target organs, and decreased 
IGF I serum concentrations [83]. Hence, meta-
bolic acidosis induces a state of GH insensitivity, 
which is likely to contribute to impaired longitu-
dinal growth in CKD patients.

 Disturbances of Water and Electrolyte 
Balance

Although the relationship between salt loss and 
growth failure has not been formally proven in 
CKD, children with isolated tubular disorders 
resulting in urinary salt and water losses show 
severe growth retardation which can be at least 
partly resolved by adequate salt and water supple-
mentation. The same applies to patients with a 
reduced chloride diet or with familial chloride diar-
rhea [84]. Growth impairment in diabetes insipidus 
supports the concept that polyuria may also con-
tribute to growth failure in CKD patients [85].

 CKD-Mineral and Bone Disorder 
(CKD-MBD)

It is widely accepted that skeletal deformities due 
to CKD-MBD contribute to uremic growth fail-
ure [86, 87]. Pronounced secondary hyperpara-
thyroidism can interfere with longitudinal growth 
by destruction of the growth plate architecture, 
epiphyseal displacement and metaphyseal frac-
tures. Severe destruction of the metaphyseal bone 
architecture may result in complete growth arrest. 

Treatment with 1,25-dihydroxyvitamin D3 
(1,25(OH)2D3) improves growth in uremic rats, 
but this not been demonstrated in children with 
CKD [88, 89].

PTH levels primarily reflect osteoblast activ-
ity. Therefore, it has been speculated that low 
PTH levels may be associated with poor bone 
and statural growth, and conversely high PTH 
levels might be expected in well growing chil-
dren; and similarly, that poor growth might be 
expected with adynamic bone disease and better 
growth in its absence. Information on this issue 
is conflicting. Diminished growth rates have 
been shown in four dialyzed patients who had 
adynamic bone disease on bone biopsy, and 
PTH levels were positively correlated with the 
annual change in standardized height [90]. 
However, the proportion of patients showing 
adynamic bone disease in this population, where 
all subjects received high-dose intermittent cal-
citriol treatment, was rather high (25%). 
Therefore, this does not represent patients 
treated nowadays [91]. Indeed, low bone turn-
over was noted in only 4% of pediatric patients 
on dialysis in a recent study. In addition, there 
was no relationship between PTH levels and 
growth rates in 35 prepubertal children on dialy-
sis for more than one year. Moreover, stable 
growth was seen with PTH levels only slightly 
above the normal range, and even catch-up 
growth occurred in children younger than 
2  years [92]. In addition, one well-designed 
direct histomorphometric assessment in chil-
dren on dialysis revealed no association between 
low bone turnover and body growth [93]. The 
IPPN offers the most up to date information 
from the largest cohort of PD patients: the 
annual prospective change in standardized 
height tended to correlate inversely with time-
integrated mean PTH levels: patients with mean 
PTH levels >500  pg/mL (i.e. > 9 times upper 
limit of normal (ULN)) showed a significant 
loss in height SDS as compared to children with 
lower PTH levels (−0.28 versus −0.05 SDS per 
year; p  <  0.05) [94]. Thus, dialyzed children 
with normal or only slightly elevated PTH levels 
have the potential for normal growth, whereas 
patients with high PTH levels (>500 pg/mL) are 
at increased risk of growth failure.
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 Anemia

Longstanding anemia in CKD patients has pro-
found systemic consequences including anorexia 
and catabolism due to altered energy turnover, 
and multiple dysfunctions of organ systems. 
Retardation of growth and development is a hall-
mark of untreated chronic anemias of non-renal 
origin, such as thalassemia major. Theoretically, 
anemia may interfere with growth via mecha-
nisms such as poor appetite, undercurrent infec-
tions, cardiac complications and reduced oxygen 
supply to cartilage. The advent of recombinant 
human erythropoietin in the late 1980s permitted 
study of the effects of anemia correction on lon-
gitudinal growth in CKD.  Although short-term 
stimulatory effects of erythropoietin on longitu-
dinal growth have been reported anecdotally, no 
persistent catch-up growth could be demonstrated 
in several multicenter clinical trials [95, 96] 
Partial correction of anemia has, though, 
improved exercise capacity and decreased heart 
rate and resting oxygen consumption [95, 97].

 Endocrine Changes

Uremia interferes with the metabolism and regu-
lation of various peptide hormones. This leads to 
inappropriate concentrations of circulating hor-
mones and/or altered hormone action on target 
tissues (Fig.  56.1). Distinct alterations of the 
somatotropic and gonadotropic hormone axes 
have been identified, which are believed to play 
an important role in uremic growth failure [98].

 Gonadotropic Hormone Axis

 Gonadal Hormones
Low or low normal total and free testosterone 
(T) as well as dihydrotestosterone (DHT) plasma 
concentrations due to decreased synthesis and/or 
increased metabolic clearance have been 
reported in adolescents and adults with long-
standing uremia [99]. The reduced conversion of 
T to DHT secondary to diminished 5α-reductase 
activity might contribute to the delayed pubertal 

development seen in some boys on dialysis 
[100]. Likewise, plasma estradiol levels in 
women tend to decrease in parallel with GFR 
reduction, and some adolescent girls show low-
normal or decreased estradiol levels in relation 
to pubertal age [100, 101]. However, these 
observations were all made more than 20 years 
ago. At least in transplanted children this issue 
seems to be resolved nowadays. In a recent 
study, the majority of transplanted children with-
out prior long- term dialysis had normal estradiol 
and testosterone levels [36]. This may at least 
partly explain the improvement of pubertal 
development in patients on KRT during the last 
decades [1].

 Gonadotropins
Increased plasma concentrations of LH and FSH 
in combination with decreased or low-normal 
gonadal hormones suggest a state of compen-
sated hypergonadotropic hypogonadism in 
patients with CKD stage 5 [102]. However, in 
patients on dialysis, gonadotrophin secretion 
may be inadequate relative to the degree of hypo-
gonadism. This is compatible with an additional 
defect of pituitary gonadotropin release and the 
analysis of spontaneous pulsatile LH secretion 
has provided insights into the underlying patho-
physiology [103, 104]. In dialyzed patients mean 
LH plasma levels are elevated despite signifi-
cantly reduced pituitary LH secretion, due to the 
markedly impaired kidney metabolic clearance 
of LH. When kidney function is restored by kid-
ney transplantation, pulsatile LH secretion nor-
malizes and hypergonadotropic FSH and/or LH 
levels are only rarely observed [36, 103]. Animal 
studies suggest that a primary hypothalamic 
defect may contribute to the delayed onset of 
puberty in patients with uremia. The observed 
reduced release of hypothalamic gonadotropin- 
releasing hormone (GnRH) is due to uremia- 
related inhibitory factors and/or to an increased 
tone of the inhibitory neurotransmitter gamma- 
aminobutyric acid [105, 106].

Beyond the quantitative alterations of gonado-
tropin release, uremia also affects the biological 
quality of circulating gonadotropins. In pubertal 
and adult dialysis patients the proportion of bio-
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active LH in relation to the total immunochemi-
cally measurable amount of LH is reduced. This 
might be due to altered glycosylation and/or 
accumulation of less active isoforms [105–107].

In summary, insufficient activation of the 
hypothalamic GnRH pulse generator, likely 
mediated via circulating inhibitors, appears to be 
the key abnormality underlying delayed puberty 
and altered sexual functions in patients with 
CKD stage 5. However, kidney transplantation is 
able to completely normalize all these alterations 
in the majority of patients if long periods on dial-
ysis treatment are avoided.

 Somatotropic Hormone Axis

 Growth Hormone Secretion 
and Metabolism
In both pediatric and adult CKD patients fasting 
GH concentrations are normal or even increased, 
depending on the stage of CKD.  GH, a 
22- kilodalton protein, is almost freely filtered by 
the glomerulus (sieving coefficient  ~0.82) and 
thereby ultimately cleared from the circulation 
[108]. Indeed, a linear relationship between GFR 
and the metabolic clearance rate of GH has been 
shown; GH clearance is reduced by approxi-
mately 50% in patients with CKD stage 5 [108, 
109]. The prolonged plasma half-life of GH, 
rather than increased endogenous secretion, 
explains the increased circulating GH concentra-
tions in uremia. Pituitary GH secretion is unal-
tered in prepubertal patients but decreased in 
adolescents with CKD, suggesting insufficient 
stimulation by gonadal steroids during puberty 
[110, 111]. In addition, malnutrition and meta-
bolic acidosis negatively impact GH secretion 
rates in children with CKD [112].

 Growth Hormone Receptor and GH 
Signaling
Experimental studies have advanced our under-
standing of uremic GH resistance. Both, the 
GH-induced hepatic as well as the growth plate 
cartilage IGF-I synthesis is diminished, due to 
either decreased expression of the GH receptor 
(GH-R) and/or a postreceptor signaling defect 

[113, 114]. Whereas reduced expression of the 
GH-R encoding mRNA in liver and growth plate 
chondrocytes was seen, hepatic and growth plate 
cartilage GH-R protein levels were comparable 
in uremic and non-uremic animals when cor-
rected for uremia-associated anorexia by pair 
feeding [113–115]. Thus, whereas a decreased 
GH-R abundance in the liver and the growth 
plate cartilage is questionable, a postreceptor 
GH signaling defect was identified as cause of 
the diminished hepatic IGF-I secretion upon GH 
stimulation. In fact, aberrant GH-dependent 
JAK-STAT signaling has been noted in experi-
mental animals [116]. Binding of GH to its 
receptor leads to activation of the JAK-STAT 
cascade by tyrosine phosphorylation, and tran-
scriptional activation of IGF-I synthesis and pro-
teins of the suppressor of cytokine signaling 
(SOCS) family. The latter are responsible for 
dephosphorylation of the GH-activated cascade 
and as such provide a GH-regulated negative 
feedback loop. However, under the conditions of 
chronic uremia the equilibrium between 
GH-induced transcriptional activation of IGF-I 
and SOCS is shifted towards SOCS overstimula-
tion. Recent studies suggest that the chronic 
inflammatory state associated with CKD con-
tributes to GH resistance, as SOCS are also 
induced by inflammatory cytokines [117, 118].

In humans, GH binding protein (GHBP), 
which enters the circulation by proteolytic cleav-
age of the extracellular receptor domain, is taken 
as a measure of GH receptor expression. In line 
with animal experiments, GHBP plasma levels in 
CKD patients are decreased and are related to 
residual kidney function [119].

 Insulin-Like Growth Factor Plasma 
Binding and Tissue Action
Apart from GH resistance, insensitivity to IGF-I 
is also found in patients with advanced CKD 
[120–122]. While serum concentrations of IGF-I 
and IGF-II are usually within the normal range in 
children with CKD stage 1–4, IGF-I levels are 
slightly reduced and those of IGF-II mildly 
increased in dialyzed patients [123]. In contrast 
to the unchanged total amount of circulating 
immunoreactive IGF, somatomedin bioavailabil-
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ity is reduced in advanced CKD pointing to the 
existence of circulating inhibitors [124]. A low- 
molecular weight somatomedin inhibitor 
(~1  kDa) was reported to circulate in uremic 
serum in an early study, but this has not been 
characterized further. Later studies focused on 
the accumulation of the specific high-affinity 
IGF-binding proteins (IGFBP1–6), which are 
normally cleared by the kidneys and are consid-
ered the main cause of diminished somatomedin 
bioactivity in uremia. In particular, the concen-
trations of IGFBP-1, −2, −3, −4 and − 6 increase 
as kidney function declines and IGFBP-1, -2 
and -6 have been shown to inhibit IGF I bioactiv-
ity in-vitro [125, 126]. In contrast, the serum con-
centration of IGFBP-5 is normal and IGFBP-5 
proteins undergo intense proteolytic cleavage in 
chronic uremia [126]. Likewise, the elevated 
level of IGFBP-3 is mostly due to the accumula-
tion of proteolytic fragments whereas intact 
IGFBP-3 is markedly diminished [127]. The 
molar excess of IGFBPs over IGFs is approxi-
mately 150% in children with CKD and 200% in 
children on dialysis as compared to 25% in chil-
dren without CKD.  An inverse correlation 
between growth retardation and IGFBP-1, -2, 
and -4 serum concentrations has been described 
[128]. Reduced IGF bioactivity can be normal-
ized by removing unsaturated IGFBP [124]. 
These data are in favor of the concept that serum 
IGFBPs increase with progression of CKD, and 
that the greater excess of IGFBPs by CKD stage 
5 contributes to the more severe growth failure 
and reduced response to rhGH therapy in these 
children. In addition, cellular IGF signaling is 
impaired in the uremic state; it remains to be elu-
cidated whether a postreceptor mechanism simi-
lar to the one observed for GH signaling is 
responsible for this phenomenon [118, 122, 124].

In summary, the marked deficiency of IGF-I 
synthesis, the modest elevation of GH levels due 
to decreased metabolic clearance, and increased 
IGF plasma binding capacity, strongly support 
the concept of a multilevel homeostatic failure of 
the GH-IGF-I system.

 Corticosteroid Treatment

Long-term glucocorticoid treatment in patients 
after transplantation leads to diminished longitu-
dinal growth by impairment of the somatotropic 
hormone axis. High-dose glucocorticoid treat-
ment suppresses pulsatile GH release from the 
pituitary gland mainly by reduction of pulse 
amplitude [129]. The physiologic increase in GH 
secretion during puberty is reduced in allograft 
recipients receiving glucocorticoid treatment (≥ 
4 mg/m2 per day) and the association between sex 
steroid plasma concentrations and GH release 
observed in healthy adolescents is blunted [129]. 
These changes are mainly due to increased hypo-
thalamic somatostatin release.

In addition to reduced GH release, corticoste-
roids suppress GH-R mRNA and protein in ani-
mals and most likely also in humans [130]. 
Consequently, hepatic IGF-I mRNA levels are 
reduced in animals receiving glucocorticoids. 
However, plasma concentrations of IGF-I in 
patients treated by glucocorticoids are normal or 
only slightly reduced. In individual children on 
corticosteroid treatment impaired longitudinal 
growth occurs despite normal GH secretion and 
plasma IGF-I levels, suggesting insensitivity to 
GH and IGF-I at the level of the growth plate. 
Indeed, a direct growth inhibiting effect of dexa-
methasone on the growth plate was shown by 
local injection in rabbits [131]. In cultured growth 
plate chondrocytes glucocorticoids decreased 
DNA synthesis and cell proliferation in a dose- 
dependent fashion, associated with reduced 
expression of the GH receptor and diminished 
paracrine IGF-I synthesis [132]. In addition, 
pharmacological doses of glucocorticoids also 
impaired the proliferative response to the calcio-
tropic hormones calcitriol and PTH [132]. This is 
at least partly related to a diminished release of 
paracrine IGF-I secretion by these hormones. 
IGF-I modulates its own activity in cultured rat 
growth plate chondrocytes by the synthesis of 
both inhibitory (IGFBP-3) and stimulatory 
(IGFBP-5) binding proteins. This is modified by 
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glucocorticoid treatment. Therefore, glucocorti-
coid treatment not only interferes with the 
somatotropic hormone axis with respect to GH 
secretion and GH / IGF-I receptor signaling, but 
also by modulation of paracrine IGF-I synthesis 
and binding by IGF binding proteins. Even more 
important, based on in vivo studies in rabbits 
catch-up growth after glucocorticoid exposure 
may remain incomplete in general [131]. 
Consequently, all efforts must be undertaken to 
reduce steroid exposure in children with CKD 
before and after kidney transplantation [133].

 Treatment of Growth Failure 
in Chronic Kidney Disease

 General Measures

The main measures for prevention and treatment 
of growth failure in children with CKD are sum-
marized in Table 56.1. Close growth monitoring 
with intervals depending on previous growth, age 
and stage of CKD is essential. Early referral to a 
pediatric nephrology center followed by careful 
nutritional and metabolic management is vital in 
the prevention of growth retardation [134]. 
Growth retardation is clearly correlated to the 
degree of CKD.  Therefore, adequate measures 
should be undertaken to preserve GFR, and to 
provide adequate dialysis in those children who 
require maintenance dialysis [72]. Preservation 
of kidney function requires treatment of elevated 
blood pressure, aiming for blood pressure values 
below the 50th and 75th percentile in proteinuric 
and non-proteinuric children, respectively [135]. 
Renin-angiotensin aldosterone system inhibitors, 
preferentially angiotensin-converting enzyme 
inhibitors or angiotensin receptor inhibitors, 
should be used to treat high blood pressure and 
ameliorate proteinuria in children with CKD 
[136]. Nephrotoxic medication should be 
avoided, and urinary tract infections in children 
with congenital abnormalities of the kidneys and 
urinary tract (CAKUT) should be treated. Finally, 

disease specific treatment, e.g. treatment with 
cysteamine in patients with nephropathic cysti-
nosuis, may be required.

Table 56.1 Main measures for prevention and treatment 
of growth failure in pediatric CKD

Prevention:
   •  Close growth monitoring with intervals 

depending on previous growth, age and stage of 
CKD

   •  Preserve kidney function by:
    –  treating elevated blood pressure and reducing 

proteinuria, preferrably using RAAS 
inhibitors

    –  avoiding nephrotoxic medication
    –  prompt treatment of urinary tract infections

   •  Provide adequate energy and protein intake and 
consultation with a renal dietician.

    –  Consider enteral feeding by gastrostomy or 
nasogastric tube in cases of persistent 
insufficient oral intake

   •  Substitute water and electrolyte losses and correct 
metabolic acidosis

   •  Keep PTH levels in the recommended CKD 
stage-dependent target range and substitute native 
vitamin D in cases of low vitamin D levels

   •  Aim for early (preemptive) kidney transplantation 
with minimal steroid exposure in patients with 
end-stage CKD

   •  Provide adequate dialysis in patients requiring 
maintenance dialysis

Treatment:
   •  Consider use of growth hormone treatment in 

cases of persistent growth failure, i.e. 
height < third percentile and height 
velocity < 25th percentile, excluding patients who 
have received a transplant within the last 
12 months

   •  Consider intensified dialysis or hemodiafiltration 
in in patients requiring maintenance dialysis 
presenting with persistent growth failure

   •  Consider use of rhGH therapy in pediatric kidney 
transplant recipients for whom expected catch-up 
growth cannot be achieved by steroid 
minimization, or for patients where steroid 
withdrawal is not feasible due to high 
immunological risks, particularly in children with 
suboptimal graft function (eGFR <50 mL/
min/1.73 m2)

CKD chronic kidney disease, RAAS renin-angiotensin 
aldosterone system, PTH parathyroid hormone, eGFR 
estimated glomerular filtration rate
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Adequate nutritional management is crucial 
in infants and young children, who frequently 
need supplementary feeding via nasogastric tube 
or, preferably, gastrostomy [75, 137]. In a retro-
spective analysis of growth in 101 infants and 
young children with severe CKD it could be dem-
onstrated that persistent catch-up growth can be 
achieved in the majority of patients when there is 
good metabolic control and enteral feeding is 
commenced at the first sign of growth delay 
(Fig. 56.5) [20]. However, spontaneous growth as 
well as catch-up growth after initiation of enteral 
feeding is limited in patients with comorbidities 
[20, 138]. The use of enteral feeding varies 
around the world, as has been clearly demon-
strated by the IPPN report of 153 infants on PD: 
gastrostomies are most commonly used in the 
US, where 80% of infants on PD are gastrostomy 
fed; 20% have gastrostomies in Europe, but there 
are very small numbers or none in the rest of the 
world [13]. Nasogastric feeding is commonest in 
Europe and Latin America. Gastrostomy feeding, 
rather than demand or nasogastric tube feeding, 
is associated with better preservation of linear 
growth in the infants in the IPPN database 
(Fig. 56.6)) [13]. This may be related to decreased 
vomiting with gastrostomies as compared to 
nasogastric tubes. Catch-up growth in children 
started on enteral feeding after the age of 2 years 
may be substantial but is markedly reduced in 
those on dialysis and strongly negatively corre-
lated with age [139]. The assurance of adequate 
caloric and energy intake requires the patient and 
families to be advised by a kidney dietician, espe-
cially when supplementary feeding via nasogas-
tric or gastrostomy tube is required [74, 137] In 
general, the initial prescription for energy intake 
in children with CKD should approximate that of 
healthy children of the same age (suggested 
dietary intake, SDI) [74]. To optimize growth in 
children with suboptimal weight gain and linear 
growth, energy intake should be adjusted towards 
the higher end of the SDI [74]. Caloric intake 
should account for growth failure and be related 
to “height age” rather than to chronological age if 
the child’s height is below the normal range. 
Calorie intake in excess of 100% of SDI may not 
improve catch-up growth but rather results in 

obesity and may thereby negatively contribute to 
long-term cardiovascular morbidity in CKD 
patients [140, 141]. If there is excessive weight 
gain dietary energy intake should be reduced for 
children on PD to compensate for the energy 
derived from dialysate glucose, estimated at 
8–12  kcal/kg per day. In addition; to promote 
optimal growth, target protein intake in children 
with CKD should be at the upper end of the SDI 
[74]. In patients on PD, a slightly higher intake 
(+0.2 g/kg/day) is recommended to compensate 
for dialytic protein losses. The aim is to maintain 
a normal serum albumin and a urea below 
20  mmol/L as far as possible. High protein 
intakes should be avoided since, despite many 
attempts, anabolizing or growth promoting 
effects of high-protein diets have neither been 
demonstrated in animal models nor in children 
with CKD.  On the contrary, high protein diets 
may be detrimental by aggravating metabolic aci-
dosis and augmenting the dietary phosphorus 
load.

Metabolic acidosis should be vigorously 
treated by alkali supplementation aiming for 
serum bicarbonate levels equal or above 
22 mEq/L. This can be assured by treatment with 
sodium bicarbonate and/or the use of HCO3- 
based or lactate based dialysis solutions in 
patients on dialysis [11]. In addition, supplemen-
tation of water and electrolytes is essential in 
patients presenting with polyuria and/or salt los-
ing nephropathies. Supplementation of sodium 
chloride is also important in young children on 
PD, since significant amounts of sodium chloride 
(i.e. 2–5  mmol/kg body weight) may be elimi-
nated via ultrafiltration.

 Dialysis and Intensified Dialysis
Although dialysis attenuates the uremic state, 
longitudinal growth is not usually improved and 
long-term PD or HD are associated with a grad-
ual loss of standardized height in children and 
adolescents, and can be as high as 1 SD per year 
in infants [9, 142–144]. Children on dialysis who 
maintain some residual kidney function have the 
best growth; indeed residual kidney function may 
be a better predictor of longitudinal growth than 
dialytic clearance [145, 146]. However, a recent 
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Fig. 56.5 Course of 
mean standardized 
height and body mass 
index (BMI) of children 
presenting within the 
first 6 months of life 
with a glomerular 
filtration rate less than 
20 mL/min/1.73 m2 
receiving tube feeding in 
order to provide at least 
100% of the 
recommended daily 
allowance (RDA) of 
healthy children. (a) 
Height SDS and BMI 
values for all patients. 
(b) Height SDS and 
BMI values for patients 
without comorbidites. 
(c) Height SDS and BMI 
values for patients with 
comorbidities. 
(Reproduced with 
permission of [20])
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Fig. 56.6 Whereas both nasogastric tube (NGT) and gas-
trostomy (GS) feeding improve nutritional status, only GS 
feeding associates with stabilized linear growth in young 
infants undergoing CPD. The data points represent mean 
estimates at key time points of postnatal development, 
(i.e., birth, commencement of CPD, initiation and discon-

tinuation of nasogastric tube or gastrostomy feeding, 
enrollment to IPPN [study entry], and last available obser-
vation). Two-dimensional error bars denote the 95% con-
fidence intervals to mean age and SDS at the respective 
time point. [Reproduced with permission of [13]]

Italian study in infants on chronic PD reported 
catch-up growth in 50% of patients [147]. High 
peritoneal transporter status, a condition associ-
ated with increased morbidity and mortality in 
adults, is associated with poor longitudinal 
growth in children on chronic PD [148]. This 
might be due to the putative association of high 
peritoneal transport with inflammation, which 
can suppress statural growth by interference with 
GH signaling (vide supra), or excessive losses of 
proteins and amino acids important to growth.

It has been suggested that intensified dialysis, 
achieved by either extended thrice-weekly ses-
sions, daily nocturnal or short daily sessions, 
might be able to induce catch-up growth [148–
150]. According to a French study, catch-up 
growth can be maximized when intensified 
hemodiafiltration (3 h, 6 times a week) and rhGH 
therapy are combined [148, 149, 151–154]. 
Using this approach in 15 mainly prepubertal 

children for an average observation time of 
21  months, there was an average increase in 
growth velocity from 3.8 cm/year at baseline to 
8.9 cm/year (Fig. 56.7). This resulted in a mean 
of 1.7 SDS gain of standardized height, repre-
senting complete catch-up growth according to 
the attainment of the target height SDS [153]. A 
recent non-randomized study demonstrated supe-
rior growth in children treated with hemodiafil-
tration compared to those with conventional 
hemodialysis (HD) (Fig.  56.8) [155]. From a 
pathophysiological point of view, intensified 
hemodiafiltration (HDF) is a better substitute for 
physiological kidney function and may allow 
substantially better clearance of uremic toxins, 
e.g. middle-molecular weight compounds [155]. 
As a result, microinflammation and metabolic 
acidosis may be abolished, leading to improved 
appetite and tissue anabolism. The improved 
removal of inflammatory cytokines might reverse 

D. Haffner and L. Rees



1535

Fig. 56.7 Examples of growth charts (height and weight 
chart; growth velocity chart in centimeters per year; body 
mass under chart) of two patients on daily online hemodi-

afiltration (start indicated by bars) in addition to rhGH 
treatment . TC on height chart is the familial target height 
in (centimeters). [Reproduced with permission of [153]]
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Fig. 56.8 Improved height SDS in children on hemodi-
afiltration (HDF) compared to hemodialysis (HD). The 
figure shows change in height SDS in the HD and HDF 
arms at baseline and 1-year follow-up. Data are shown as 
median and interquartile range. Within-group analyses 
performed by Wilcoxon matched-pairs signed- rank test 
and HD versus HDF cohorts compared by Mann–Whitney 
U test. At 12 months the height SDS in the HDF group 
was higher than in the HD group (P = 0.04). (Reproduced 
with permission of [155])

GH resistance enabling the full therapeutic 
potential of rhGH [152]. The positive effects of 
intensified dialysis, particularly home HD, usu-
ally outweigh the potential impact on psychoso-
cial integration and treatment costs. Prospective 
randomized trials appear required to provide 
definite proof to this promising concept. In 
 particular, the relative contribution of concomi-
tant rhGH therapy to the growth improvement 
observed with intensified dialysis remains to be 
defined.

 Transplantation
Although many of the metabolic and endocrine 
disorders contributing to uremic growth failure 
are resolved by kidney transplantation, post- 
transplant catch-up growth is usually restricted to 
young children and occurs far from regularly [3, 
156]. As well as transplant function, age, severity 
of stunting at time of transplantation and gluco-
corticoid dosage are inversely associated with 
longitudinal growth. One retrospective study 
found that while standardized height was compa-
rable at time of transplantation, it was signifi-
cantly higher among living-related donor (LRD) 
than deceased donor transplant (DDT) recipients 
5  years later [157]. This benefit of LRD grafts 
was independent of GFR arguing for preferential 
LRD in children with respect to post-transplant 
growth.

It must be stressed that even low-dose glu-
cocorticoid treatment (<4  mg/m2/day) results 
in growth suppression in children after trans-
plantation. While complete steroid withdrawal 
has been associated with unacceptably high 
rejection rates in children with azathioprine 
and/ or cyclosporine A medication, withdrawal 
or even complete steroid avoidance appears 
much safer with the currently preferred immu-
nosuppressants [158]. In a randomized trial of 
late steroid withdrawal in patients on treatment 
with cyclosporine A, mycophenolate mofetil 
steroid-free patients showed improved growth 
compared to controls (i.e. change in height 
SDS; 0.6  ±  0.1 versus −0.2  ±  0.1) within 
27 months [159]. However, catch-up growth in 
pubertal patients was rather limited compared 
to that in prepubertal patients. It seems logical 
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Fig. 56.9 Mean standardized height at time of renal trans-
plantation compared to adult height and comparison of 
adult height with genetic target height in patients with ste-
roid-withdrawal during month 4–6 after transplantation
Mean standardized height at the time of transplantation 
and final height in prepubertal (n  =  36) and pubertal 

(n = 24) patients. (d) Mean adult height (open bars) and 
genetic target height (hatched bars) in boys (n = 25) and 
girls (n = 17). Data in (c) and (d) are given as mean ± SEM. 
(Reproduced with permission of [4])

that if steroids are withdrawn at an early stage, 
or even completely avoided, a better growth 
outcome will be observed. Indeed, a retrospec-
tive analysis of longitudinal growth in a cohort 
of 74 children who had been weaned off ste-
roids within 6  months of transplantation 
showed remarkable results [4, 159]. Mean 
adult height was −0.5 ± 1.1 SDS and −1.0 ± 1.3 
SDS in prepubertal and pubertal patients and 
was within the normal range (>−2 SD) in 94% 
and 80% of them respectively (Fig.  56.9). 
Likewise, early steroid-withdrawal (< 6 weeks) 
and complete steroid avoidance improved stan-
dardized height by approximately 1.0 SDS 
within 3–5 years post-transplantation [32, 33, 
160, 161]. Although experimental data indicate 
that mTOR inhibitors may interfere with chon-
drocyte proliferation and/or gonadal hormone 
synthesis, recent case control studies in trans-
planted children revealed similar growth rates 
in patients with and without mTOR inhibitor 
treatment [162].

In summary, efforts to avoid a height deficit 
before transplantation, early (preemptive) kidney 
transplantation, and immunosuppressive strate-
gies characterized by the early withdrawal or 
even complete avoidance of steroids can improve 
adult height and normalize body proportions in 
children after successful transplantation.

 Endocrine Therapies

 Vitamin D
Calcitriol deficiency is a major cause of second-
ary hyperparathyroidism and CKD- 
MBD.  Although calcitriol supplementation 
reverses the biochemical, radiographic, and his-
tological signs of high turnover bone disease, 
neither experimental nor clinical studies demon-
strate consistent improvement in longitudinal 
growth [89, 162–164]. These conflicting results 
might be due to differences in the mode of admin-
istration and to the pleiotropic calcitriol-specific 
effects on growth plate chondrocytes. In addition, 
only a week association between parathyroid 
hormone (PTH) levels and linear growth was 
reported in children with advanced CKD [94]. In 
general, minimal PTH suppressive active vitamin 
D analogues dosages should be used in order to 
keep PTH levels in the desired target range [165]. 
Finally, supplementation with cholecalciferol or 
ergocalciferol should be initiated in children with 
serum 25-hydroxyvitamin D concentrations 
below 75 nmol/L (<30 ng/mL) [166].

 Calcimimetics
Uncontrolled and controlled studies provide evi-
dence that calcimimetics are an effective therapy 
for secondary hyperparathyroidism in pediatric 
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dialysis patients [167]. Calcimimetics suppress 
PTH secretion by activating the calcium-sensing 
receptor (CaR). The CaR is expressed by epiphy-
seal chondrocytes; its stimulation stimulates 
chondrocytic proliferation and differentiation. 
Thus, calcimimetics may affect longitudinal 
growth in uremia as well. In fact, the calcimi-
metic cinacalcet improved food efficiency and 
body weight gain in uremic rats, but no effects on 
growth plate morphology and/or longitudinal 
growth were seen [168]. Likewise, no beneficial 
or adverse effect on longitudinal growth was 
noted during calcimimetic treatment periods of 
up-to three years in children on dialysis [167]. A 
comprehensive European guideline on the use of 
cinacalcet in children on dialysis was published 
recently [169].

 Growth Hormone
Pharmacological treatment of children with CKD 
and growth delay with rhGH actually predated 
the elucidation of the pathomechanisms that 
underlie chronic uremic alterations of the 
GH-IGF-1 axis [114, 169–171]. Administration 
of rhGH markedly stimulates IGF-I synthesis 
with only a modest effect on IGFBPs, thereby 
normalizing somatomedin bioactivity and pro-
moting longitudinal growth [172]. The efficacy 
and safety of long-term treatment with rhGH in 
children with CKD before and after kidney trans-
plantation is well established and clinical prac-
tice recommendations on this topic were recently 
published in 2019 [30].

 Efficacy of rhGH in Prepubertal 
Children
In prepubertal children with pre-dialysis CKD, 
rhGH therapy typically doubles height velocity 
during the first treatment year [173]. Catch-up 
growth continues asymptotically during extended 
treatment [174–176]. In dialyzed children, the 
treatment response is significantly attenuated 
compared to children with pre-dialysis CKD (0.8 
SD vs. 1.3 SD) [177]. RhGH responsiveness is 
similarly poor in children on peritoneal dialysis 
and standard hemodialysis, but as noted previ-
ously, can be markedly improved when dialytic 
clearance is augmented by daily HDF [153].

Based on the current experience with rhGH in 
pediatric CKD patients, a model to predict growth 
response was developed [178]. The prediction 
model was developed using a cohort of 208 pre-
pubertal children with CKD stage 3-5D followed 
in a pharmaco-epidemiological survey (KIGS), 
and validated in an independent group of 67 CKD 
patients registered at the Dutch Growth Research 
Foundation. The height velocity during the first 
rhGH treatment year (PHV) was predicted by the 
following equation: PHV (centimeters per 
year)  =  13.3  –  [age (years)  ×  0.38  +  (weight 
SDS × 0.39)] – [hereditary renal disorder (0 when 
absent or 1 when present) × 1.16] +  [Ln rhGH 
dose (milligrams per kilogram per 
week)  ×  1.04]  +  [GFR (milliliters per min-
ute × 1.73 m2) × 0.023]. This equation explains 
37% of the overall variability of the growth 
response. The SE of the estimate or error SD of 
the prediction model was 1.6  cm and non- 
responders in the validation group were correctly 
identified. This model may help in predicting 
non-responders and in tailoring treatment strate-
gies for growth retarded children with CKD.

Several RCTs have shown the benefit of rhGH 
therapy in short prepubertal renal transplant 
recipients. A meta-analysis of five prospective 
RCTs involving a total of 401 patients showed 
that patients receiving rhGH therapy had a sig-
nificantly higher growth velocity 1 year after the 
initiation of therapy than the control group, with 
a mean height SDS difference of 0.68 (95% CI 
0.25–1.11) [173].

 Effects of rhGH on Pubertal Growth 
and Adult Height
In a study following patients with CKD and 
ESKD from late prepubertal age to final height, 
the average height increment in rhGH treated 
patients was twice that seen in a matched control 
group [46]. The main benefit for total growth and 
final height was achieved before the onset of the 
pubertal growth spurt, whereas no overall effect 
on pubertal height gain was observed (Fig. 56.10).

Data on adult height are available from 11 
non-randomized trials in which rhGH was admin-
istered for at least 2 years, comprising a total of 
836 patients on various modes of KRT [30]. In 
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Fig. 56.10 (a) Synchronized mean height velocity 
curves of 32 boys (left panel) and 6 girls (right panel) with 
CKD during rhGH Treatment (closed circles), as com-
pared with 50 children with CKD not treated with rhGH 
(open circles) and 232 normal children (thin lines). The 
dots indicate the time of the first observation, which cor-
responds to the start of rhGH treatment in the growth 
hormone-treated children, minimal prespurt height veloc-
ity, and the time of the end of the pubertal growth spurt. 
(Reproduced with permission of [46]). (b) Synchronized 

mean height curves of 32 boys (left panel) and 6 girls 
(right panel) with CKD during rhGH treatment (closed 
circles), as compared with 50 children with CKD not 
treated with rhGH (open circles). Normal values are indi-
cated by the third, 50th, and 97th percentile. The dots indi-
cate the time of the first observation, which corresponds to 
the start of rhGH treatment in the growth hormone-treated 
children, and the time of the end of the pubertal growth 
spurt. (Reproduced with permission of [46])
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five studies a matched historical control group 
was included. The median change in standard-
ized height until attainment of adult height 
amounted to 1.1 SDS (range 0.2–1.6 SDS) in 
rhGH treated patients (p  <  0.05 for each final 
height measurement versus initial height mea-
surement). This change corresponded to a median 
absolute increase in rhGH treated patients by 
7.4 cm (range 1.4–10.8 cm) in boys and 7.0 cm 
(range 1.3–10.1 cm) in girls, based on European 
reference values. However, this calculation may 
underestimate the rhGH effect since in the non- 
rhGH treated controls adult height was signifi-
cantly below the initial standardized height 
indices in all except one study. Height attained at 
the start of rhGH and throughout the duration of 
rhGH treatment were positively associated with 
final height, whereas time spent on dialysis, age 
at puberty onset, and age of start of rhGH were 
negatively associated with final height [46, 47]. 
Taken together, the available studies suggest that 
rhGH improves adult height in short prepubertal 
and pubertal CKD patients prior to and after kid-
ney transplantation.

 Efficacy of rhGH in Infants
According to standard concepts of the patho-
physiology of uremic growth failure, malnutri-
tion and fluid and electrolyte imbalances have a 
much greater impact on infant growth than altera-
tions of somatotropic hormones. Consequently, 
correction of the nutritional status has been con-
sidered the primary measure to restore normal 
growth in growth retarded infants, postponing the 
option of endocrine therapeutic intervention to 
beyond the second year of life. This concept has 
been challenged by several reports of initiating 
rhGH in growth retarded infants with CKD [179–
181]. A randomized controlled study involving 
30 growth retarded infants (mean age: 16 months) 
with moderate CKD (mean eGFR: 25  mL/
min/1.73 m2) revealed excellent catch-up growth 
from from −3.0 to −1.1 SDS within 24 months of 
treatment, in contrast to no significant change in 
controls [179]. Another study reported an 
increase in height SDS from −3.3 to −2.2 within 
12  months in 8 infants with a mean age of 
22 months and CKD stage 3–4 [180]. In a ran-

domized study of 16 infants with stage 3–4 CKD 
who were receiving at least 80% of the recom-
mended daily allowence for calories and of whom 
seven were enterally fed, those randomized to 
rhGH showed significantly higher length gains 
(14.5 versus 9.5 cm/year; delta height SDS +1.43 
versus −0.11) [181]. Hence, the results of these 
studies lend further support to the previous obser-
vation that the relative efficacy and cost effi-
ciency of rhGH is actually best when initiated at 
young age, i.e. during infancy and early child-
hood [30]. While the provision of adequate nutri-
tion is certainly vital to growth and development 
of infants with CKD, some children show growth 
failure despite adequate nutrition. In these 
patients, any further increases of energy intake 
typically lead to fat deposition, but not catch-up 
growth. Early rhGH therapy appears to be an 
attractive option to accelerate length and weight 
gain in such infants. The fact that the enhanced 
growth also helps the infant achieve the body size 
required for kidney transplantation more expedi-
tiously is another substantial benefit [30].

 General rhGH Treatment Strategies
Children from 6  months of age with stage 3–5 
CKD or on dialysis should be candidates for 
rhGH therapy if they have persistent growth fail-
ure, defined as a height below the third percentile 
for age and sex and a height velocity below the 
25th percentile, once other potentially treatable 
risk factors for growth failure have been ade-
quately addressed, and provided the child has 
growth potential (open epiphysis on X-ray of the 
wrist) [30]. RhGH therapy should also be consid-
ered for children older than 6 months with stage 
3–5 CKD or on dialysis who present with a height 
between the third and tenth percentile but persis-
tent low height velocity (<25th percentile), once 
other potentially treatable risk factors for growth 
failure have been adequately addressed. Such 
early, preventive therapy is probably more cost- 
effective than starting at a more advanced age 
when growth retardation has become more evi-
dent and higher absolute rhGH doses are required.

Children suffering from nephropathic cystino-
sis often show severe growth retardation despite 
somewhat mild reductions in GFR, which is 
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thought to be related to the deleterious effects of 
Fanconi syndrome, resulting in hypophospha-
temic rickets and malnutrition and/or an underly-
ing obsteoblast/osteoclast defect [61]. Therefore, 
rhGH treatment is recommended in short chil-
dren with nephropathic cystinosis at all stages of 
CKD [30].

The growth response to rhGH treatment is 
positively associated with residual kidney func-
tion, target height, initial target height deficit and 
duration of rhGH treatment, and inversely corre-
lated with the age at start of treatment [46, 47, 
174, 177, 178]. Daily dosing is more effective 
than three doses per week and the optimal dose is 
0.045–0.05 mg/kg body weight per day by sub-
cutaneous injections in the evening [30]. Parents 
and physicians should encourage children from 
about 8 to 10 years of age to do the rhGH injec-
tions on their own if adequate training and adher-
ence can be assured, because this may ultimately 
improve patient adherence and self-esteem [30]. 
Whereas discontinuation of rhGH results in 
catch-down growth in approximately 75% of 
CKD patients this phenomenon is rarely observed 
when rhGH treatment is discontinued after kid-
ney transplantation, highlighting the close rela-
tionship between kidney function and growth 
[182]. Furthermore, although the absolute height 
gain achieved by rhGH is independent of age, the 
reference range increases with age. Thus, rhGH 
treatment should be started as early as growth 
retardation becomes evident (i.e. height below 
third percentile) [30]. If height velocity in the 
first year of rhGH treatment is less than 2 cm per 
year over baseline, it is recommended to assess 
patient adherence to rhGH therapy through the 
measurement of serum IGF-I levels and/or the 
use of an injection pen with downloadable mem-
ory function, ensuring administration of the cor-
rect weight-adjusted GH dose, and addressing 
any, possibly subclinical, nutritional and meta-
bolic issues [30].

The primary treatment target should be to 
return the child’s height into her/his individual 
genetic percentile channel. Treatment may be 
suspended once this target is reached, but growth 
should be monitored closely as outlined above. In 
patients receiving rhGH while on conservative 

treatment rhGH should be continued after the ini-
tiation of dialysis, but stopped at the time of kid-
ney transplantation. RhGH therapy should, 
however, subsequently also be considered for 
pediatric kidney transplant recipients for whom 
expected catch-up growth cannot be achieved by 
steroid minimization or for patients in whom ste-
roid withdrawal is not feasible due to high immu-
nological risk, particularly in children with 
suboptimal graft function (eGFR <50  mL/
min/1.73 m2). Growth should be monitored for at 
least 1  year post-transplantation before rhGH 
therapy is considered, in order to allow for spon-
taneous catch-up growth without need for rhGH 
therapy [30].

 Potential Adverse Events Associated 
with rhGH Therapy
The safety of long-term rhGH treatment in CKD 
has been evaluated in several clinical studies and 
registries [30]. RhGH therapy in short children 
with CKD stage 3–5D and after kidney transplan-
tation was not associated with an increased inci-
dence of malignancy, slipped capital femoral 
epiphysis, avascular necrosis, glucose intoler-
ance, pancreatitis, CKD progression, acute 
allograft rejection or fluid retention. Intracranial 
hypertension (ICH), manifesting in 3 out of 1376 
CKD patients, was the only adverse event signifi-
cantly associated with rhGH therapy [183]. 
However, in all three instances ICH occurred 
after discontinuation of rhGH. Due to the poten-
tially increased risk of ICH in CKD, baseline 
fundoscopy is recommended prior to therapy ini-
tiation [30]. Furthermore, hydration should be 
carefully monitored in CKD patients receiving 
rhGH since overhydration may be a predisposing 
factor for ICH. In the presence of symptoms like 
headache or vomiting, an immediate workup for 
ICH including fundoscopy should be performed.

Although insulin secretion increases during 
the first year of rhGH treatment and 
 hyperinsulinemia persists during long-term ther-
apy, normal glucose tolerance is preserved during 
up to 5  years of rhGH administration in CKD 
patients on conservative treatment, dialysis, and 
after kidney tansplantation. Hyperinsulinemia is 
most pronounced in transplanted patients on con-
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comitant glucocorticoid therapy. 
Hyperinsulinemia may, at least in theory, contrib-
ute to the development of atherosclerosis or 
induce diabetes mellitus by exhaustion of ß-cells. 
However, up to now this has not been observed in 
CKD patients receiving rhGH [183].

Aggravation of secondary hyperparathyroid-
ism has rarely been reported in CKD patients on 
rhGH treatment, and the underlying pathomecha-
nisms remain to be elucidated [184]. RhGH 
might have a direct stimulatory effect on the 
parathyroid gland and/or might have subtle 
effects on calcium homeostasis which in turn 
stimulate PTH secretion. Finally, increased lon-
gitudinal bone growth by rhGH treatment may 
unmask preexisting renal osteodystrophy. 
Therefore, bone metabolism should be evaluated 
carefully in candidates for rhGH therapy and 
severe hyperparathyroidism and renal osteodys-
trophy should be adequately treated before initia-
tion of such therapy in CKD patients. Likewise, 
rhGH therapy should be stopped in patients with 
persistent severe secondary hyperparathyroidism 
(PTH > 500 pg/mL). RhGH may be reinstituted 
when PTH levels return to the desired PTH target 
range [30].

 Future Perspectives

Despite attention to nutrition and the availability 
of rhGH therapy, the problem of CKD associated 
growth failure has not been resolved in the major-
ity of dialysis patients. If early kidney transplan-
tation is not possible, the concept of intensified 
hemodiafiltration combined with rhGH may be a 
promising option for patients suffering from 
growth retardation and GH insensitivity on con-
ventional dialysis therapy. Independent of con-
comitant rhGH therapy, hemodiafiltration appears 
to allow improved growth rates than conventional 
hemodialysis and, if available, should be the pre-
ferred extracorporeal dialysis modality in all 
growing children.

Self-reported nonadherence to rhGH is associ-
ated with poorer growth velocity in children with 
CKD.  Therefore, monitoring and optimizing 
adherence to rhGH therapy is key to satisfactory 

growth outcomes [185]. Another promising ave-
nue of clinical research may be the provision of 
recombinant IGF-I administered as monotherapy 
or in combination with rhGH, as well as targeting 
of the SOCS2 signaling pathway [186].

A particular challenge is the management of 
severely diminished pubertal height gain seen in 
some adolescents with CKD. In such adolescents, 
pharmacological inhibition of epiphyseal closure 
may allow an extended duration of the remaining 
growth period. Since the closure of the epiphy-
seal growth plate is induced by local estrogen 
action, inhibition of estrogen synthesis is a prin-
cipal therapeutic option. Whereas gonadotropin- 
releasing hormone analogues arrest pubertal 
progress, the potential growth benefit would 
come at the psychological disadvantage of 
delayed sexual maturation. In boys, aromatase 
inhibitors, which suppress local conversion of 
testosterone to estradiol, might extend the growth 
phase without affecting pubertal development 
and thereby increase the time window for the use 
of rhGH therapy. Indeed, the combined use of 
armomatase inhibitors and rhGH was associated 
with modest increases in adult height in boys 
with idiopathic short stature.

[187, 188]. However, some important ques-
tions about their long-term safety exist which at 
the moment prevent this from being generally 
recommended [189]. It would be fascinating to 
study its efficacy in adolescents on long-term 
dialysis. Nevertheless, successful early (preemp-
tive) kidney transplantation with minimal steroid 
exposure is ultimately the best current measure to 
improve growth and final height in children with 
CKD stage 5.
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