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Abstract Impairment of pubertal growth and sexual matura-
tion resulting in reduced adult height is an significant compli-
cation in children suffering from chronic kidney disease
(CKD). Delayed puberty and reduced pubertal growth are
most pronounced in children with pre-existing severe stunting
before puberty, requiring long-term dialysis treatment, and in
transplanted children with poor graft function and high gluco-
corticoid exposure. In pre-dialysis patients, therapeutic mea-
sures to improve pubertal growth are limited and mainly based
on the preservation of renal function and the use of growth
hormone treatment. In patients with end-stage CKD, early
kidney transplantation with steroid withdrawal within
6 months of renal transplantation allows for normal pubertal
development in the majority of patients. This review focuses
on the underlying pathophysiology and strategies for improv-
ing height and development in these patients.

Keywords Pubertal development - Growth failure - Chronic
kidney disease - Growth hormone - Transplantation -
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Introduction

Maintaining optimal pubertal growth and normal sexual mat-
uration are challenging problems in the management of chil-
dren with chronic kidney disease (CKD): approximately 50 %

< Dieter Haffner
dieter.haffner@mh-hannover.de

Department of Pediatric Kidney, Liver and Metabolic Diseases,
Hannover Medical School, Carl-Neuberg-Strasse 1,
30625 Hannover, Germany

of children requiring renal replacement therapy (RRT) before
their 13th birthday show delayed puberty and have a final
height below the normal range [1-4]. A short stature is a
marker for increased mortality and hampers the psychosocial
integration of pediatric CKD patients [S]. However, there is
evidence that, owing to advancements in the medical and
technical management of CKD and RRT, height prognosis
has substantially improved over the last few decades [1, 2, 4,
6]. Yet, this is not the case in all parts of the world, particularly
in those with inadequate local resources, where height prog-
nosis remains dismally low [2]. There is no single cause of
impairment of growth and development during adolescence in
CKD patients (Table 1). The three most important influences
are the degree of pre-existing stunting already acquired during
childhood, the severity of CKD, and steroid exposure in
transplanted patients. This review summarizes the current
knowledge of the phenotype, pathophysiology, and therapeu-
tic options for adolescents with growth failure and delayed
puberty resulting from CKD.

Normal pubertal growth and development

Adolescence begins and progresses across a wide age range
and differs between the sexes. Careful monitoring of linear
growth (height and annual height velocity) and stages of sex-
ual maturity (Tanner stages, testicular volume [boys], and
menarche [girls]) are mandatory in detecting abnormal growth
and development in children with CKD. Approximately 80 %
of growth has already been achieved before puberty.
Unfortunately, this growth period is very sensitive to distur-
bances related to deterioration in renal function or glucocorti-
coid treatment. This may result in significant growth failure or
even growth arrest. Catch-up growth during puberty using any
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Table 1  Factors contributing to growth failure and pubertal delay in
children with chronic kidney disease (CKD)

Genetic factors
Parental heights
Gender (worse outcome in males)
Syndromes (e.g., due to mutations in the W71 gene)
Birth-related factors
Prematurity
Small for gestational age
Co-morbidities
Age at onset of CKD
Severity of CKD and residual renal function in those on dialysis
Anemia
Metabolic disturbances
Salt and water metabolism
Metabolic acidosis
CKD-MBD
Malnutrition
Protein energy-wasting
Hormonal disturbances affecting the
Somatotropic hormone axis
Gonadotropic hormone axis
PTH- and vitamin D metabolism/action
Gastrointestinal hormones
Medical treatment
Glucocorticoids

CKD-MBD chronic kidney disease mineral and bone disorders, PTH
parathyroid hormone

therapeutic measures is often incomplete in CKD patients and
it is essential to avoid stunting before puberty.

The earliest stage of puberty is initiated by sleep-
augmented pulsatile secretion of pituitary gonadotropins and
growth hormone (GH), resulting in the stimulation of ovarian
estrogens and testosterone in testes and clinical signs of pu-
berty (girls, Tanner breast stage 2; boys, testicular volume
>3 ml). The gonadotropic hormone axis stimulates growth
via increased proliferation of growth plate chondrocytes and
modulation of GH secretion from the pituitary gland, resulting
in the pubertal growth spurt [7].

Effect of CKD on pubertal growth and development

As with any chronic disease, height velocity is most affected
during periods of rapid growth (i.e., the first 2 years of life and
the pubertal age). In the pre-pubertal years, the appearance of
secondary sexual characteristics is delayed and the growth rate
is disproportionately decreased [8, 9]. The pubertal growth spurt
is later than normal and its degree impaired, resulting in loss of
growth potential and reduced final height [7]. Over the last
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20 years, although these basic principles remain, new concepts
for improving pubertal development have been established.

Pubertal development

Delayed onset and progression of pubertal development was a
common feature when RRT programs for children began [8].
Studies of the timing of pubertal onset have been hampered by
the fact that bone age is only a crude marker in the assessment of
CKD. Indeed, the distribution of bone age at onset of puberty
varies at least as much as the distribution of chronological age in
these patients. However, data from the late 1980s demonstrated a
delay in pubertal onset of 2 to 2.5 years [8]. Although the onset of
puberty is usually delayed in CKD patients, the progression
through the pubertal stages appears to be normal or only slightly
delayed. Studies in the 1980s reported that menarche occurs after
the upper limit of the normal age range (i.e., 15 years) in almost
half of the girls treated by dialysis or transplantation [10].
Moreover, despite the achievement of pubertal stage I[Vor V, a
substantial proportion of dialysis patients presented with a per-
manently impaired reproductive function [11]. Fortunately, over
the last 20 years, most children requiring RRT before puberty
presented with normal or only slightly delayed pubertal onset.
In three recent studies, mean age at pubertal onset and at menar-
che did notdiffer in children on RRTand healthy children, and the
serum levels of pubertal reproductive hormones were normal in
the great majority of patients [ 12, 13]. Bone maturation continues
to be delayed by approximately 1.4 years compared with healthy
children, although this does not have a negative impact on puber-
tal development [1]. Therefore, delayed puberty in a patient with
CKD should nowadays not be assumed to be “normal.” but
should lead to a thorough clinical work-up for other causes of
pubertal delay, e.g., Ullrich Turner syndrome, and other gonadal
disorders. It has to be kept in mind that certain underlying kidney
disease are frequently associated with gonadal insufficiency/
dysgenesia, e.g., syndromes related to mutations in the Wilms
tumor gene, WT'/ (Denys—Drash syndrome, Frasier syndrome),
and nephropathic cystinosis. In addition, pubertal delay could
also be caused by treatment with glucocorticoids or other drugs
that can potentially interfere with sex hormone production.
Finally, the age at onset of puberty correlates positively with the
age attransplantation. Thus, early renal transplantation (KTx) is a
prerequisite for the prevention of pubertal delay in children with
stage 5 CKD [9, 12].

Pubertal growth

In general, the severity of the relative growth retardation at the
time of puberty correlates positively with the delay in skeletal
maturation [7]. In puberty, there is such an acceleration in
skeletal maturation that the bone age deficit is reduced [9].
However, bone ageing and growth during puberty are
disassociated in CKD patients, resulting in an irreversible loss
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of growth potential. Consequently, assessment of bone age in
pubertal CKD patients is not helpful in clinical practice, ex-
cept to exclude epiphyseal closure before and after initiation
of GH treatment [7].

During the last two decades, in parallel with the improve-
ment in sexual maturation, there has been an improvement in
pubertal height gain [1, 2, 4, 9, 12]. Longitudinal growth in
384 German children on RRT who were followed up between
1998 and 2009 was compared with that in 732 children en-
rolled in the European Dialysis and Transplant Association
(EDTA) Registry between 1985 and 1988 (Fig. 1) [1]. In line
with previous 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 con-
sequently standardized height was decreased during puberty
(Fig. 1a). 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 those patients followed up
more recently. Consequently, standardized height even im-
proved during puberty and until adult height (Fig. 1b). A
strong negative correlation between total pubertal height gain
and age at transplantation was reported in two studies [9, 12].
Thus, whereas 20 years ago a loss of about 1.0 SD was ex-
pected during puberty, nowadays a 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 prefer-
ential preservation of growth of vital organs at the expense of
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Fig. 1 a Mean height velocity of European children with renal
replacement therapy in the European Dialysis and Transplant
Association (EDTA) study 1985-1988 (blue lines) versus the Hannover/
Berlin (HB) pediatric population cohort 1998-2009 (red lines) in different
age cohorts. Reproduced from Franke et al. [1], used with permission. b

less vital tissues such as the limbs, so that malnutrition during
childhood results in disproportionate stunting with impair-
ment of leg growth, and preserved trunk and head growth
[14]. In the CKD Growth and Development Study, pediatric
CKD patients have been prospectively followed-up by de-
tailed standardized evaluation of body morphology at two
pediatric nephrology centers in Northern Germany since
1998. Analysis of linear growth in a mixed cohort of 190 boys
with a long-term history of CKD and RRT demonstrated an
age related disproportionate growth pattern [15]. Sitting
height was mostly preserved, whereas leg and arm growth
was most severely affected. This resulted in a markedly ele-
vated sitting height index (ratio of sitting height to total body
height). Leg lengths were more affected in prepubertal com-
pared to pubertal children. Consequently, body disproportion
was less pronounced in pubertal patients. Similar results were
recently obtained in a cohort of 398 prepubertal and pubertal
KTx patients [16].

Final height and height prediction

When interpreting the final height of patients treated for CKD
in childhood, it has to be noted that the data obtained will
reflect treatment practices spanning the previous two decades.
Furthermore, most reports of final height do not, or incom-
pletely, discriminate according to patient characteristics (e.g.,
diagnoses, ages at onset of CKD, types and durations of RRT),
and, in particular, registries do not separate out children with
comorbidities that affect growth in their own right. With that
in mind, reduced adult height has been reported in up to 50 %
of CKD patients, although there has been a trend toward
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Age-dependent height standard deviation score (SDS) of European
children on renal replacement therapy 1985-1988 (EDTA study,
n="732, blue error bars) and in the HB group (n =384, red error bars).
Reproduced from Franke et al. [1], used with permission. C/ confidence
interval
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improvement over the past decade (Fig. 2) [1-4, 8, 9]. Mean
final height varies from 148 to 158 cm for women and 162—
168 ¢cm for men (second centiles 151 and 163 cm
respectively).

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, adequate nutrition and GH therapy, and pre-
emptive transplantation, thus avoiding dialysis, and to the de-
velopment of protocols that minimize the use of corticoste-
roids [3, 16]. 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]. Older age at
start of RRT, beginning RRT more recently, cumulative time
with a transplant, and greater height SDS at initiation of RRT
were independently associated with a higher final height SDS.
Most impressively, recent results of the avoidance of post-
transplant steroids altogether are excellent, with mean final
heights of 177 and 175 c¢cm in men transplanted prepuberty
and postpuberty respectively, with similar figures of 165 and
162 cm for women (Fig. 3) [4].

A recent analysis from the ESPN/EDTA registry has shown
that, after adjustment for age and period of initiation of RRT,
final height increased significantly from —1.93 SDS in chil-
dren who started RRT before 1990, to —1.78 in children from
1990 to 1999, and to —1.61 in those starting RRT after 1999 (p
<0.001), [4]. The improvement in final height over time was
independent of age at the start of RRT (Fig. 2). Poorest growth
outcomes were associated with an earlier start and longer du-
ration of dialysis or diagnosis of a metabolic disorder, such as
cystinosis and hyperoxaluria, whereas those with a longer

Fig. 2 Changes in final height
SDS over time according to the

time spent with a renal transplant and those treated with GH
achieved the most growth [2, 17-19].

The applicability of adult height prediction methods in chil-
dren suffering from CKD is questionable. Final height was
over-predicted by 3 to 10 cm in several validation studies [8,
9, 17]. Most likely this reflects the complexity and thus un-
predictability of growth and development in chronic uremia,
with a highly variable and dynamic impact of disease progres-
sion, medication, bone disease, RRT modalities, skeletal mat-
uration, and pubertal timing [17].

Causes of growth failure during puberty in CKD

Growth failure in CKD is due to a complex interplay of many
different factors (Table 1). Most of the factors contributing to
growth failure during infancy and childhood are also at work
during puberty. However, congenital CKD, malnutrition, and
birth-related factors have an impact mainly on growth in early
life, whereas with hormonal disturbances it is mainly during
childhood and adolescence. Some of these factors are poten-
tially correctable (e.g., hormonal abnormalities, acidosis, and
anemia); the effects of others, such as birth parameters, asso-
ciated syndromes, race, and parental height, are not.

Cause of renal disease

The most common cause of congenital CKD is a congenital
abnormality of the kidney and urinary tract (CAKUT)
resulting in renal tubular sodium and bicarbonate loss and
severe growth failure and a reduced final height. Acquired
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Fig. 3 Mean standardized height at the time of renal transplantation
compared with adult height and comparison of adult height with genetic
target height in patients with steroid withdrawal during months 46 after
transplantation. Reproduced from Klare et al. [4], used with permission. a
Mean standardized height at the time of transplantation and final height in

glomerulopathies are a frequent cause of growth failure during
puberty [2]. The nephrotic state per se and glucocorticoid
treatment are known risk factors. Prolonged high corticoste-
roid doses lead to severe growth failure. Although partial
catch-up growth can be seen after cessation of glucocorticoid
treatment, this is rarely observed in pubertal patients [20].
The most severe growth failure, which can be very difficult to
treat, occurs in patients suffering from complex tubular disorders,
such as Fanconi syndrome[21, 22]. Systemic metabolic disorders
(such as cystinosis, hyperoxaluria and mitochondrial cytopathies)
resulting in complex tubular dysfunction, progressive loss of renal
function, and involvement of the endocrine system or other vital
organs (e.g., liver, bone, and brain), also lead to severe growth
failure [2]. In children with nephropathic cystinosis, growth
failure already occurs in infancy when glomerular function is
typically not yet compromised. Progressive growth failure and
reduced pubertal height gain 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 cysteine-depleting
agents (cysteamine) results in the preservation of renal function,
oratleastinadelay in the development of CKD, and improvement
of prepubertal and pubertal growth [22]. In patients with systemic
oxalosis, combined liver and kidney transplantation is a curative
option; however, real catch-up growth after combined trans-
plantation is rarely observed in pubertal oxalosis patients [19].

Stage of CKD and dialysis

Even a moderate reduction of glomerular filtration rate (GFR)
has been reported to result in impaired growth. The principal
registry providing data on the epidemiology of growth in con-
servatively managed CKD is the North American Pediatric
Renal Trials and Collaborative Studies (NAPRTCS). The
2006 report covers the 10 years between 1994 and 2004 and
includes a very large cohort of over 5,000 children with GFRs
of up to 75 ml/min/1.73 m? [23]. As expected, the most

prepubertal (n=36) and pubertal (n=24) patients. b Mean adult height
(open bars) and genetic target height (hatched bars) in boys (n=25) and
girls (n=17). Data in a and b are given as mean + standard error of the
mean (SEM)

severely growth-retarded were the youngest children, but
mean height SDS was also reduced at pubertal age (—2.3 at
0to 2,and —1.0 at >12 years). Although height deficit was less
pronounced during the pubertal age, standardized height
worsened with progression of CKD in all age groups. Short
stature is even more common in children on dialysis. The
United States Renal Data System (USRDS) is another registry
collecting data on patients on RRT programs in the USA.
Their 2007 report shows that the height and weight of approx-
imately half of patients requiring dialysis treatment during
puberty was below the 20th centile for the healthy population
[24]. Within the ESPN/ERA-EDTA registry, adult height in
patients with advanced CKD requiring RRT during childhood
was analyzed. Mean adult height SD scores, adjusted for age
at start of RRT and primary renal disease, was significantly
lower in patients started on peritoneal (—1.86) or hemodialysis
(—=1.81) compared with those receiving a renal transplant
(—=1.57) [2]. Taken together, pubertal growth is best preserved
in patients with mild to moderate CKD, patients on dialysis
are shorter than their transplanted peers, although all groups
are below the height of the normal age-matched population.

Protein calorie malnutrition

Protein calorie malnutrition plays a major role in the pathophys-
iology of growth failure in infants and young children, but has a
rather low impact during puberty [25]. However, similar to pa-
tients presenting with anorexia nervosa, severe malnutrition may
result in delayed, arrested or even absent pubertal development.
Vomiting is rarely observed in adolescent patients, and may be
due to gastro-esophageal reflux especially in peritoneal dialysis
(PD) patients.

Protein energy wasting

Protein energy wasting (PEW) is characterized by maladap-
tive responses including anorexia, elevated basic metabolic
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rate, wasting of lean body tissue, and under-utilization of fat
tissue for energy [25]. In contrast to malnutrition, PEW can
only be partially reversed by increased nutrition. Chronic in-
flammation is the most likely cause of PEW in CKD patients,
resulting in growth failure and reduced adult height. Currently,
novel therapeutic strategies, such as ghrelin agonists and
melanocortin antagonists, are being tested to overcome PEW
in CKD patients.

Obesity

Although malnutrition is nowadays rarely seen in adolescent
CKD patients, obesity is an increasing problem, as it is in the
healthy population. In the ESPN/ERA-EDTA registry (N=35,
199) the prevalence of underweight in pediatric CKD patients
was 4.3 %, whereas 19.6 and 11.2 % were overweight or
obese respectively [26]. The prevalence of overweight/
obesity is particularly high among transplanted patients [26].
In addition, patients with Bardet-Biedl syndrome are prone to
obesity before and after KTx. In a study of 68 prepubertal and
pubertal KTx patients, all on daily steroids, the most predic-
tive parameter of inappropriate weight gain over 3 years was
the body mass index of the mother [27]. This strongly sug-
gests that genetic and/or environmental factors might be in-
volved in the development of post-transplant obesity. Regular
nutritional advice to patients and their families and the use of
steroid-sparing regimens are suitable measures for the mitiga-
tion of post-transplant obesity in adolescent patients [26].

Metabolic acidosis

Metabolic acidosis usually begins when the GFR falls below
50 % of normal, and is associated with decreased (pubertal)
growth and increased protein breakdown [7]. Metabolic aci-
dosis induces a state of GH insensitivity [28] that is likely to
contribute to impaired longitudinal 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 supplementation [29].

CKD mineral and bone disorder

It is widely accepted that skeletal deformities due to CKD
mineral and bone disorders (CKD-MBD) contribute to uremic
growth failure [30]. Pronounced secondary hyperparathyroid-
ism can interfere with longitudinal growth by destruction of
the growth plate architecture, epiphyseal displacement, and
metaphyseal fractures. Severe destruction of the metaphyseal
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bone architecture may result in complete growth arrest.
Although there is no strong evidence, older data suggest a
possible role of vitamin D in improving pubertal growth [31,
32].

Anemia

Long-standing anemia in CKD patients has profound systemic
consequences, including anorexia and catabolism due to al-
tered energy turnover, and multiple dysfunction of organ sys-
tems. Although the short-term stimulatory effects of erythro-
poietin treatment on longitudinal growth have been reported
anecdotally, no persistent catch-up growth could be demon-
strated in several multicenter clinical trials [33].

Endocrine changes

Uremia interferes with the metabolism and regulation of var-
ious peptide hormones. This leads to inappropriate concentra-
tions of circulating hormones and/or altered hormone action
on target tissues. Distinct alterations of the somatotropic and
gonadotropic hormone axes have been identified, which are
believed to play an important role in uremic growth failure [7].

Gonadotropic hormone axis
Gonadal hormones

Low or low to normal, total, and free testosterone (T) and
dihydrotestosterone (DHT) plasma concentrations due to de-
creased synthesis and/or increased metabolic clearance have
been reported in adolescents and adults with long-standing
uremia. The reduced conversion of T to DHT secondary to
diminished 5x-reductase activity may contribute to the de-
layed pubertal development seen in some boys on dialysis.
Similarly, plasma estradiol levels in women tend to decrease
in parallel with GFR reduction, and some adolescent girls
show low to normal or decreased estradiol levels in relation
to pubertal age [7]. However, these observations were all
made more than 20 years ago. Nowadays, at least in
transplanted children, this issue seems to be resolved. In two
recent studies, the majority of transplanted children without
previous long-term dialysis had normal estradiol and testos-
terone levels [12, 13]. This may at least partly explain the
improvement in pubertal development in patients on RRT over
the last few decades [1].

Gonadotropins

Increased plasma concentrations of luteinizing hormone (LH)
and follicle-stimulating hormone (FSH), in combination with
decreased or low to normal gonadal hormones, suggest a state
of compensated hypergonadotropic hypogonadism in patients
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with stage 5 CKD [34]. However, in patients on dialysis, go-
nadotrophin secretion may be inadequate relative to the degree
of hypogonadism. This is compatible with an additional pitu-
itary gonadotropin release defect, and the analysis of sponta-
neous pulsatile LH secretion has provided insights into the
underlying pathophysiology [35, 36]. In dialyzed patients
mean LH plasma levels are elevated despite significantly re-
duced pituitary LH secretion, owing to the markedly impaired
renal metabolic clearance of LH. When renal function is re-
stored by kidney transplantation, pulsatile LH secretion nor-
malizes and hypergonadotropic FSH and/or LH levels are on-
ly rarely observed [12, 13]. Animal studies suggest that a
primary hypothalamic defect may contribute to the delayed
onset of puberty in patients with uremia. The observed re-
duced release of hypothalamic gonadotropin-releasing hor-
mone (GnRH) is due to uremia-related inhibitory factors
and/or an increase in the inhibitory neurotransmitter gamma-
aminobutyric acid [37, 38]. Beyond the quantitative alter-
ations of gonadotropin release, uremia also affects the biolog-
ical quality of circulating gonadotropins. In pubertal and adult
dialysis patients the proportion of bioactive LH in relation to
the total immunochemically measurable amount of LH is re-
duced. This may be due to altered glycosylation and/or accu-
mulation of less active isoforms [39].

Taken together, insufficient activation of the hypothalamic
GnRH pulse generator, likely mediated via circulating inhib-
itors, appears to be the key abnormality underlying delayed
puberty and altered sexual function in patients with stage 5
CKD. This statement was also thought to be true for KTx
patients some 20 years ago. However, those patients often
had a history of long-standing dialysis and high-dose gluco-
corticoid treatment. Recently, Forster et al. evaluated gonado-
tropic hormones in 33 KTx patients (19 boys) aged 16.0—
16.9 years. LH, FSH, androstenedione, dehydroepiandroster-
one sulfate, or testosterone/estradiol levels were within normal
ranges for the local age-matched population in almost all pa-
tients [13]. Thus, renal transplantation is able to completely
normalize all these alterations in the majority of patients if
long periods on dialysis treatment are avoided.

Growth hormone: insulin-like growth factor-1 axis

Chronic kidney disease is a state of GH resistance, as there is
poor growth in association with normal or high GH levels and
decreased IGF-1 bioactivity [40]. Fasting GH concentrations
are normal or even increased, owing to reduced renal meta-
bolic clearance, resulting in a prolonged plasma half-life of
GH [41]. Pituitary GH secretion is unaltered in prepubertal
patients, but decreased in adolescents with CKD, suggesting
insufficient stimulation by gonadal steroids during puberty
[42, 43]. In addition, malnutrition, metabolic acidosis, and
glucocorticoid treatment have a negative impact on GH

secretion rates in CKD patients, resulting in reduced pubertal
height gain [44].

Experimental studies demonstrated that the GH-induced
hepatic, and the growth plate cartilage IGF-1 synthesis, is
diminished, due either to decreased expression of the GH re-
ceptor (GH-R) and/or a post-receptor signaling defect, impair-
ment of Janus kinase 2/signal transducer and activator of tran-
scription (JAK-STAT) signaling [45]. Recent studies suggest
that the chronic inflammatory state associated with CKD con-
tributes to GH resistance, probably by enhancement of sup-
pressors of cytokine signaling (SOCS) [46]. Apart from GH
resistance, insensitivity to IGF-1 is also found in patients with
advanced CKD [47]. All these findings strongly support the
concept of the multilevel homeostatic failure of the GH-IGF-1
system in CKD [45].

Corticosteroid treatment

Long-term glucocorticoid treatment in patients after transplan-
tation leads to diminished longitudinal growth by impairment
of the somatotropic hormone axis. High-dose glucocorticoid
treatment suppresses pulsatile GH release from the pituitary
gland [48]. The physiological increase in GH secretion during
puberty is reduced in allograft recipients receiving glucocor-
ticoid treatment and the association between sex-steroid plas-
ma concentrations and GH release observed in healthy ado-
lescents is blunted [48]. These changes are mainly due to
increased hypothalamic somatostatin release. In addition to
reduced GH release, corticosteroids suppress GH-R mRNA
and protein in animals and most likely also in humans [49].
Consequently, hepatic IGF-1 mRNA levels are reduced in
animals receiving glucocorticoids. Local effects of glucocor-
ticoids at the growth plate include reduction of IGF-1 produc-
tion, inducing IGF-1 resistance, which results in a reduction of
chondrocyte proliferation, matrix synthesis, and hypertrophy
[49].

Strategies to attain normal pubertal growth
and development in CKD patients

General measures

Maintenance of adequate nutrition with regard to energy and
protein intake is mandatory in adolescent CKD patients [7].
However, the growth-depressing effects of malnutrition are
less pronounced compared with that in younger ages. In gen-
eral, the targeted caloric intake should be between 80 and
100 % of the recommended daily allowance (RDA) for
healthy adolescents. Protein intake should be 100 % of
RDA. In patients on peritoneal dialysis, a higher intake
(+0.2 g/kg/day) is recommended to compensate for dialytic
protein losses. The aim is to maintain a normal serum albumin
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and urea below 20 mmol/l as far as possible. Metabolic aci-
dosis should be vigorously treated by alkali supplementation,
aiming at bicarbonate levels of at least 22 mmol/l. In addition,
supplementation of water and electrolytes is essential in pa-
tients presenting with polyuria and/or salt-losing nephropa-
thies. However, none of the above therapeutic procedures
has been demonstrated to induce catch-up growth in short
pubertal children with CKD.

Dialysis and intensified dialysis

Although dialysis reduces uremia, longitudinal growth is not
usually improved and long-term PD or hemodialysis (HD) is
associated with a gradual loss of standardized height in ado-
lescents [50]. Patients on dialysis who maintain some residual
renal function have the best growth. It has been suggested that
intensified dialysis, achieved by either extended thrice-weekly
sessions, daily nocturnal or short daily sessions, may be able
to induce catch-up growth [51]. According to a recent study,
catch-up growth can be maximized when intensified
hemodiafiltration (3 h, 6 times a week) and GH therapy are
combined [52]. Using this approach in 15 mainly prepubertal
children for an average observation time of 21 months, mean
standardized height increased by 1.7 SDS, representing com-
plete catch-up growth according to the attainment of the target
height SDS. It remains to be seen whether the growth-
promoting effects of intensified dialysis are sustained during
puberty.

Intermittent nocturnal hemodialysis allows for free dietary
intake and improves protein catabolic rate and appetite in ad-
olescent patients [53]. This results in significant weight gain
and increased serum albumin levels compared with conven-
tional HD treatment. It is tempting to speculate that this might
also improve pubertal development. However, this must be
proved in adequately designed studies.

Transplantation

Although many of the metabolic and endocrine disorders con-
tributing to uremic growth failure are resolved by renal trans-
plantation, post-transplant catch-up growth is rarely seen dur-
ing adolescence [3, 9]. In addition to transplant function, age,
severity of stunting at the time of transplantation and gluco-
corticoid dosage are inversely associated with longitudinal
growth. One retrospective study found that while standardized
height was comparable at the time of transplantation, growth
rates during puberty were significantly higher among living-
related donors (LRD) than deceased donor transplant (DDT)
during puberty [54]. This benefit of LRD grafts was indepen-
dent of GFR, thus arguing in favor of preferential LRD in
children with regard to post-transplant growth. However, this
beneficial effect of LRD on pubertal growth was not observed
in registry studies [3].
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An analysis using data from the NAPRTCS was recently
reported by Fineetal. [3]. The authors assessed the growth spurt
of each of 132 recipients with Tanner stages 2 to 5. The mean
increment in height from Tanner stage 2 to stage 5 was 18.8 cm
(21.7cmin4.7 years forboys and 14.3 cmin 4.5 years for girls).
This indicates areduction ofthe cumulative pubertal height gain
by approximately 30 and 40 % in boys and girls respectively.

Nissel et al. evaluated pubertal growth in 37 KTx recipients
[9]. Although peak height velocity during puberty was signif-
icantly increased compared with healthy children, total puber-
tal height gain was reduced by 20 % because of its shortened
duration (Fig. 4). Mean standardized height significantly in-
creased from the time of KTx until final height by 1.3 SD and
0.7 SD in children transplanted before and after the start of
puberty respectively. Total pubertal height gain was associated
with age at start of puberty, GFR, and age at KTx.

Itis important to note that the vast majority of patients included
in the reports by Fine et al. [3] and Nissel et al. [9] were on daily
glucocorticoid treatment. It must be stressed that even low-dose
glucocorticoid treatment (<4 mg/m?*/day) results in growth sup-
pression in children after KTx. In a recent randomized trial of late
steroid withdrawal in patients on treatment with cyclosporine A,
mycophenolate mofetil steroid-free patients showed improved
growth compared with controls (i.e., change in height SDS; 0.6
+0.1 vs —0.2+0.1) within 27 months [55]. However, catch-up
growth in pubertal patients (0.3 SDS) was rather limited com-
pared with that in prepubertal patients (0.7 SDS). It seems logical
thatif steroids are withdrawn at an early stage, or even completely
avoided, a better growth outcome will be observed. However, an
absence of significant catch-up growth among pubertal children
(n=50) was observed in the 2-year follow-up of the Twist study
where corticosteroids were withdrawn at day 4 after KTx [56].
Likewise, in the National Institutes of Health-sponsored trial,
complete steroid avoidance did not result in a significant increase
in standardized height in pubertal patients within 3 years post-
transplant compared with controls [57].

Klare et al. evaluated the effect of steroid withdrawal on
final adult height in prepubertal and pubertal children (n =74).
In this uncontrolled single-center study patients were weaned
off steroids within 6 months of transplantation [4]. 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 % respectively (Fig. 3). Unfortunately, final
height data from randomized controlled trials on steroid
withdrawal/avoidance are lacking.

Although experimental data indicate that mTOR inhibitors
may interfere with chondrocyte proliferation and/or gonadal hor-
mone synthesis, recent case—control studies in transplanted chil-
dren revealed similar growth rates and pubertal development in
patients with and without mTOR inhibitor treatment [13, 58].

Recently, the effect of KTx on segmental growth was
assessed in a cohort of 398 prepubertal and pubertal pediatric
transplant recipients [16]. As expected, KTx patients revealed
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disproportionate growth failure. Leg length was most
impaired, whereas sitting height was best preserved.
After early childhood a sustained increase in standard-
ized leg length and total body height was observed from
preschool throughout puberty until adulthood, resulting
in restoration of body proportions in most patients
(Fig. 5). Time after transplantation, congenital renal
disease, bone maturation, steroid exposure, degree of
metabolic acidosis and anemia, intrauterine growth
restriction, and parental height were significant predic-
tors of linear body dimensions and body proportions
during childhood and adolescence. Thus, KTx seems
to be an effective measure not only in improving stature
but also in normalizing body proportions in patients
with end-stage CKD. In summary, efforts to avoid a

height deficit before transplantation, preemptive
transplantation, and the use of efficacious immunosup-
pressive strategies for optimized graft function and early
withdrawal, or even complete avoidance, of steroids are
suitable measures for improving pubertal growth and
final height [7, 9, 16].

Endocrine therapies

Sex hormones

There are few reports on the use of sex hormones in children
with CKD; these children suffer growth retardation and ex-

tremely delayed puberty. Kassmann et al. showed a short-term
growth response to low-dose testosterone administration in
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Fig. 5 Mean sitting height index
(ratio between trunk length and
total body height) as a function of
age in 389 renal transplant
recipients. Reproduced from 2.5
Franke et al. [16], used with

permission. *P <0.05 for age

cohorts of 3 years versus 5 years; 20 -
*##P < (.05 for age cohorts of 2—
5 years vs 8—12 years;

###4P < (.05 for age cohorts of 8—
12 years versus 14-18 years. Data
are given as mean and 95 % CIL
Horizontal lines refer to the
normal mean (0 SDS) and upper
normal range (2.0 SDS)

3.0-

1.5-

sitting height index SDS

prepubertal hemodialysis boys with poor pretreatment growth,
whereas short-term height velocity did not change in boys
with “normal” pretreatment growth rates [59]. Low-
testosterone treatment in 4 male end-stage CKD patients aged
19-21 years with extreme growth delay in puberty resulted in
a rapid increase in growth velocity and development of sec-
ondary sexual characteristics; however, bone maturation ac-
celerated disproportionately, at rates of 2 to 4 years of bone
age per year of chronological age, resulting in a dramatic loss
of predicted height [60]. Currently, treatment of growth failure
in CKD patients with sex steroids must be viewed with cau-
tion. Particularly in cases of extreme pubertal delay, the
growth plate of patients with CKD may be hypersensitive to
stimulation by sex steroids [7].

However, treatment of hypogonadism by the substitution
of sex steroids in adolescent CKD patients seems to be justi-
fied, to induce development of secondary sexual characteris-
tics and to help to match the patients with their peers [59].
However, nowadays hypogonadism is rarely observed in ad-
olescent CKD patients, even in those with long-standing dial-
ysis treatment. Therefore, causes of hypogonadism other than
CKD should be excluded before starting treatment.

Calcitriol

Although calcitriol supplementation reverses the biochemical,
radiographic, and histological signs of CKD-MBD, consistent
improvement in pubertal growth has been lacking in clinical
studies [61]. These conflicting results may be due to differ-
ences in the mode of administration and the pleiotropic
calcitriol-specific effects on growth plate chondrocytes.
Current pediatric consensus guidelines differ markedly with
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regard to the optimal parathyroid hormone (PTH) range [61].
European guidelines (EPDWG) recommend that PTH be
maintained within the normal range in children with GFR
<30 ml/min/1.73 m?, and within 2—3 times the upper limit of
normal (ULN) in stage 5 CKD, irrespective of age. By con-
trast, the USA-based k/DOQI guidelines recommend a target
range of 3—5 times the ULN in stage 5 CKD. The Kidney
Disease: Improving Global Outcomes (KDIGO) guidelines
recommend a PTH target range of 2-9 times the ULN in stage
5. Howeyver, none of these recommendations has been validat-
ed in a large pediatric stage 5 cohort. Recent data from large
registries suggest an optimal PTH target range of 1.7-3 times
the ULN in pediatric PD patients to avoid CKD-MBD-
associated complications, such as growth failure [61].

Calcimimetics

Pilot studies have provided preliminary evidence that
calcimimetics are an effective therapy for secondary hyper-
parathyroidism in pediatric dialysis patients [62].
Calcimimetics (cinacalcet) have been shown to improve food
efficiency and body weight gain in uremic rats, but no effects
on growth plate morphology and/or longitudinal growth were
seen [63]. However, there is no evidence that calcimimetics
affect pubertal growth in CKD patients.

Growth hormone

The unraveling of the pathomechanisms by which CKD im-
pairs the action of endogenous GH paved the way for phar-
macological treatment with recombinant human GH [64].
Administration of GH markedly stimulates IGF-1 synthesis,
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with only a modest effect on IGF binding proteins, thereby
normalizing somatomedin bioactivity and promoting longitu-
dinal growth [65]. The efficacy and safety of GH therapy in
children with CKD during prepuberty and puberty has been
shown extensively, although there has never been a random-
ized, controlled trial on its effects on final adult height [66].

Effects of GH on pubertal growth and final height

The analysis of pubertal growth in CKD patients is complicated by
the fact that the pubertal growth spurt is usually delayed and short-
ened compared with that in healthy children. Moreover, during the
physiological deceleration of height velocity before the onset of the
pubertal growth spurt, the growth response during long-term GH
treatment may appear disappointing, frequently causing physi-
cians to curtail treatment. However, a marked pubertal growth
spurt can still be expected in these patients (Fig. 6), [67].

In a study following up patients with CKD from late prepu-
berty to final height, the average height increment in GH-treated
patients was twice that seen in a retrospective control group.
The main benefit for total growth and final height was achieved
before the onset ofthe pubertal growth spurt, whereas no overall
effect on the pubertal height gain was observed [17]. The ap-
parent inefficacy of GH administration during puberty in this
analysis may in part be explained by the fact that GH treatment
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Fig. 6 Individual growth chart of a girl treated with growth hormone

therapy for many years, showing a dip in height velocity during the

period before the start of puberty. Reproduced from Hokken-Koelega

et al. [67], used with permission. 7H target height

was stopped during puberty (mainly because of KTx) in 50 % of
patients. Indeed, the pubertal height gain was positively corre-
lated with the duration of GH treatment during this growth pe-
riod. GH therapy did not accelerate bone maturation or induce
an earlier onset of puberty. Unfortunately, there hasneverbeena
randomized controlled trial on the impact of GH treatment dur-
ing the pubertal growth period in CKD patients. Such arandom-
ized controlled trial could address whether a short-term course
of GH during the period of pubertal growth would enhance
growth and have a positive impact on final adult height.

The median change in standardized height until attainment
of adult height in 11 studies, comprising a total of 313 CKD
patients on various modes of RRT, amounted to 0.9 SDS (range
0.3—1.4 SDS) [7]. Recently, the determinants of final height
were analyzed in 240 GH-treated children on conservative
treatment, dialysis or after transplantation, reported to the
Pfizer International Growth Study (KIGS) registry (Fig. 7)
[18]. In children with normal pubertal timing the mean increase
in standardized height from prepuberty to final height was 1.3
SDS. Patients with delayed onset of puberty achieved a signif-
icantly smaller increase in standardized height (+0.9 SDS).
However, the mean age at initiation of GH treatment in these
patients was 14.5 years and the mean duration of GH therapy
was only 2.0 years. The average cumulative increase in height
SDS was significantly greater in CKD patients who remained
on conservative treatment throughout puberty (+1.5 SDS) than
in those on dialysis and in renal allograft recipients (both +1.1
SDS). Adult height was independently positively predicted by
the height attained at the start and duration of GH treatment, and
inversely, by the time spent on dialysis, the age at onset of
puberty, and the age atthe start of GH. Hence, evidence suggests
that GH might improve final height in prepubertal and pubertal
patients, but growth response is diminished in patients with
delayed onset of puberty and those on long-term dialysis [18].

GH treatment strategies during puberty

The optimal dose of GH in prepubertal and pubertal CKD patients
is 0.33 mg/kg/week [66]. The growth response to GH treatment is
positively associated with residual renal function, target height,
initial target height deficit, and duration of GH treatment, and
inversely with age at the start of treatment [17, 18, 68]. GH treat-
ment should be started as soon as growth retardation has failed to
respond to optimization of conservative measures, €.g., nutrition-
al, metabolic, and hematological intervention [66]. However, GH
treatment may induce significant catch-up growth even in late
puberty. Exclusion of epiphyseal closure before and during GH
treatment is mandatory in this setting. The primary treatment tar-
get should be to achieve a height according to the patient’s indi-
vidual genetic percentile chart. Treatment may be suspended once
this target is reached, but growth should be monitored closely.
Otherwise, GH should be continued throughout puberty until
adultheight has been achieved (Fig. 6). After renal transplantation
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Fig. 7 a Mean height SDS of growth hormone (GH)-treated boys (full
circles; n=193; aged 4.7-19.7 years) and girls (open circles; n=47; aged
8.1-18.0 years) with chronic kidney disease (CKD) in the year before the
start of therapy until attainment of near-final height. Reproduced from
Nissel et al. [18], used with permission. Data are given as mean + SEM;
#P <0.01 boys vs girls; * P<0.01 vs previous time point. b Mean height
SDS of prepubertal CKD patients with normal (open circles, n = 68; aged
4.7-13.0 years) or delayed (open squares, n=25; aged 10.1-17.1 years)
onset of puberty and patients in early (closed triangles, n=112; aged
10.1-19.7 years) and late (closed diamonds, n=35; aged 13.8—
19.5 years) puberty in the year before the start of GH therapy until
attainment of near-final height (data are given as mean+SEM;
*P<0.003 vs previous time point)

GH should be stopped. If growth remains subnormal, weaning of
glucocorticoids should be the first therapeutic consideration, and
reinstitution of GH restricted to those patients with insufficient
catch-up growth after steroid withdrawal or with a permanent
need for maintenance glucocorticoid medication [7, 66].

Future perspectives

Despite attention to preservation of growth potential during
prepuberty and the availability of GH therapy, the
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maintenance of normal pubertal height gain remains a great
challenge in CKD patients. If early renal transplantation is not
possible, intensified hemodialysis is a promising option. Other
avenues currently at the research stage include recombinant
IGF-1, administered as a monotherapy or in combination with
GH, and targeting of the SOCS2 signaling pathway [69]. The
latter is a theoretical possibility because the chronic inflam-
matory state associated with CKD contributes to GH resis-
tance—an important pathway in metabolism [46].

Pharmacological inhibition of epiphyseal closure may al-
low an extended duration of the remaining growth period.
Since the closure of the epiphyseal growth plate is induced
by local estrogen action, inhibition of estrogen synthesis is a
principal therapeutic option. Gonadotropin-releasing hormone
analogs arrest pubertal progress, but the potential growth ben-
efit would come at the psychological cost of delayed sexual
maturation. In boys, aromatase inhibitors, which suppress the
local conversion of testosterone to estradiol, may extend the
growth phase without affecting pubertal development and
thereby increase the window for GH therapy. Initial proof of
this concept has recently been provided in short adolescent
boys treated with GH combined with the aromatase inhibitor
anastrozole [70]. Although some case reports on this treatment
option look promising, carefully designed studies proving ef-
ficacy and safety in CKD patients must be undertaken before
this treatment modality can be recommended [71].

Conclusions

Pubertal growth and sexual maturation in children with CKD
has markedly improved during the last two decades. Adequate
treatment, e.g., nutrition, metabolic control, and GH therapy,
must be undertaken to prevent stunting in childhood growth,
as catch-up growth by any measure is limited in puberty. If
long-term dialysis treatment can be avoided the majority of
CKD patients show normal or slightly diminished pubertal
growth. At this stage, successful, early (pre-emptive) renal
transplantation with minimized steroid exposure is ultimately
the best current measure for improving pubertal growth and
sexual maturation in children with stage 5 CKD.

Key summary points

* In the last 20 years most children requiring RRT before
puberty presented with normal or only slightly delayed
pubertal onset.

* Pubertal growth is substantially more impaired in dialysis
patients compared with patients with CKD stages 3-5.

* In parallel with the improvement in sexual maturation
there has been an improvement in pubertal height gain in
CKD patients over the last two decades.
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Growth hormone treatment increases final adult height in
pediatric CKD patients. This is mainly achieved by an
increase in prepubertal height gain, whereas pubertal
timing and total pubertal height gain are not affected.
Efforts to avoid a height deficit before transplantation,
preemptive transplantation, and the use of efficacious im-
munosuppressive strategies for optimized graft function
and early withdrawal, or even complete avoidance, of ste-
roids are suitable measures for improving pubertal growth
and final height.

Key research points

The impact of intensified dialysis on pubertal growth is
unknown and should be evaluated in prospective trials.
There has never been a randomized controlled trial of the
impact of GH treatment during the pubertal growth period
in CKD patients. Such a randomized controlled trial could
address whether a short-term course of GH during the
period of pubertal growth would enhance growth and have
a positive impact on final adult height.

Pharmacological inhibition of epiphyseal closure (e.g., by
aromatase inhibitors in boys) may allow an extended du-
ration of the remaining growth period in pubertal CKD
patients. The efficacy and safety of this concept should
be evaluated in prospective trials.

Multiple choice questions (answers after reference
list)

Which is NOT true? Impairment of pubertal height gain in

children with CKD is associated with:

a. Exposure to glucocorticoids

b. An earlier era for the start of renal replacement
therapy

c. Age at renal transplantation
Growth hormone treatment

e. Duration of dialysis

Which of the following statements regarding skeletal mat-

uration in CKD patients is NOT true?

a. The severity of the relative growth retardation at the
time of puberty correlates positively with the delay in
bone maturation

b. Linear growth and bone maturation are dissociated
during puberty

c. Final height prediction models are reliable

d. GH treatment does not accelerate bone maturation

e. Treatment with sex steroids is associated with accel-
erated bone maturation

Which of the following does NOT occur in adolescents
with end-stage CKD?

a. LH and FSH levels may be increased

Gonadal hormone levels may be decreased

Pituitary GH secretion may be decreased

IGF binding capacity is usually normal

A state of hypergonadotropic hypogonadism is fre-
quently observed in patients with long-standing dial-
ysis

o a0 o

Which is NOT true?

a. Pubertal delay is rarely seen nowadays in patients
with end-stage CKD

b. GH treatment may result in precocious puberty in
CKD patients

c. GH treatment does not increase total pubertal height
gain

d. GH treatment results in catch-up growth during the
prepubertal age

e. Withdrawal of glucocorticoids within the first
6 months after transplantation results in normal pu-
bertal growth and adult height in the majority of pa-
tients

Which is NOT true? Renal transplantation with use of

daily steroids:

a. Is associated with obesity

b. Has been shown to increase total pubertal height gain
compared with healthy children

c¢. May require GH treatment in the case of persistent
growth failure
Is associated with reduced pituitary GH secretion

e. Is associated with low plasma IGF-1 levels
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