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Abstract
Cystinosis is an autosomal recessive storage disease due to impaired transport of

cystine out of lysosomes. Since the accumulation of intracellular cystine affects all

organs and tissues, the management of cystinosis requires a specialized multi-

disciplinary team consisting of pediatricians, nephrologists, nutritionists, ophthal-

mologists, endocrinologists, neurologists' geneticists, and orthopedic surgeons.

Treatment with cysteamine can delay or prevent most clinical manifestations of

cystinosis, except the renal Fanconi syndrome. Virtually all individuals with classi-

cal, nephropathic cystinosis suffer from cystinosis metabolic bone disease

(CMBD), related to the renal Fanconi syndrome in infancy and progressive chronic

kidney disease (CKD) later in life. Manifestations of CMBD include hyp-

ophosphatemic rickets in infancy, and renal osteodystrophy associated with CKD

resulting in bone deformities, osteomalacia, osteoporosis, fractures, and short stat-

ure. Assessment of CMBD involves monitoring growth, leg deformities, blood

levels of phosphate, electrolytes, bicarbonate, calcium, and alkaline phosphatase,

periodically obtaining bone radiographs, determining levels of critical hormones

and vitamins, such as thyroid hormone, parathyroid hormone, 25(OH) vitamin D,

and testosterone in males, and surveillance for nonrenal complications of cystinosis

such as myopathy. Treatment includes replacement of urinary losses, cystine deple-

tion with oral cysteamine, vitamin D, hormone replacement, physical therapy, and

corrective orthopedic surgery. The recommendations in this article came from an

expert meeting on CMBD that took place in Salzburg, Austria, in December 2016.

KEYWORD S

chronic kidney disease, CKD-MBD, cystinosis, cystinosis metabolic bone disease, Fanconi syndrome,

hypophosphatemic rickets, transplantation

1 | INTRODUCTION

Cystinosis is an autosomal recessive lysosomal storage dis-
order caused by mutations in the CTNS gene.1,2 CTNS
encodes the lysosomal cystine transporter cystinosin, whose
deficiency results in the accumulation of cystine in all
organs and tissues. In the most common nephropathic form
of cystinosis, infants present with Fanconi syndrome, a gen-
eralized dysfunction of the proximal tubule characterized by
urinary wasting of water, electrolytes, minerals, bicarbonate,
glucose, amino acids, and other molecules. The metabolic
consequences include hypophosphatemic rickets and growth
failure. Later in life, individuals with cystinosis also suffer
from mineral and bone disorders related to chronic kidney
disease (CKD-MBD), including renal osteodystrophy,

resulting in a complex bone phenotype termed cystinosis
metabolic bone disease (CMBD).3-5 The treatment of
cystinosis involves replacement of renal losses, symptomatic
management of nonrenal complications and, most critically,
cystine-depleting therapy with oral cysteamine.6,7 Both the
early Fanconi syndrome and later CKD contribute to the
bone changes of CMBD. In addition, a primary osteoblast
and osteoclastic defect, abnormal thyroid metabolism, gluco-
corticoid treatment after renal transplantation and, rarely,
cysteamine toxicity may further complicate CMBD.8 Never-
theless, there exists a paucity of specific recommendations
for diagnosis and management of CMBD.

Here, we review the clinical features of cystinosis related
to CMBD and present recommendations for management,
developed during a meeting in Salzburg, Austria, in
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December 2016. They are aimed at nephrologists, metabolic
physicians, and general practitioners who care for patients
with cystinosis.

2 | CYSTINOSIS BACKGROUND

Infants with nephropathic cystinosis appear normal at birth.
However, failure to growth generally occurs at 6 to 9 months
of age, when renal Fanconi syndrome develops.5 Early diag-
nosis is critical because cystinosis is treatable. Diagnosis is
primary based on detection of elevated cystine concentration
in polymorphonuclear leukocytes at any age, and identifica-
tion of cystine crystals in the cornea on slit lamp examination
in older children (age >2 years). If available, diagnosis should
be confirmed by identification of biallelic pathogenic variants
in CTNS on molecular genetic testing. In case of a positive
family history increased cystine content in cultured fibroblasts
or in the placenta at the time of birth are also proving.

The Fanconi syndrome in cystinosis causes severe polyuria
(2-10 L/d), polydipsia, dehydration (sometimes with fever),
hypophosphatemia, hypokalemia, and hypochloremic meta-
bolic acidosis.5 Treatment involves replacement of tubular
losses of water, electrolytes, bicarbonate, phosphate, vitamin D,
and other nutrients.5 Children should have free access to water,
and intravenous delivery may be required in cases of dehydra-
tion. Potassium is typically supplemented 3 to 4 times per day
as the citrate, bicarbonate, or chloride salts, and high doses
(6-10 mEq/kg/d) may only achieve a serum level of
3.0 mEq/mL. Most patients receive sufficient sodium from
their diet and medications. Early gastric tube placement may be
required to deliver nutrition or medications.

Indomethacin, which can decrease polyuria by 30% to 70%
and improve weight gain in young patients,9 may decrease
renal perfusion due to its suppressive effects on local produc-
tion of prostaglandins, which are mandatory to maintain renal
perfusion in states of dehydration. Therefore, indomethacin
should be discontinued if a patient becomes dehydrated, hypo-
tensive, or develops advanced CKD (>stage 3).

Without cysteamine treatment, renal glomerular damage
progresses inexorably, culminating in end-stage kidney dis-
ease (ESKD) by approximately 10 years of age and requiring
dialysis or kidney transplantation; patients with cystinosis do
well following renal transplantation. Oral cysteamine ther-
apy drastically lowers intracellular cystine and, while it does
not ameliorate the Fanconi syndrome, slows the progression
of CKD,6,7 delays the need for renal replacement
therapy,10-12 enhances growth, and prevents late complica-
tions of the disease.13 The recommended dosage is 60 to
90 mg/kg/d or 1.3-1.95 g/m2/d, intended to achieve a leuko-
cyte cystine level <1.0 nmol half-cystine/mg of protein. Oral
cysteamine has an unpleasant taste and smell, and induces
nausea and other digestive complaints, so only one third of

patients strictly comply with the dosage regimen, particu-
larly in adolescence.11,14 Patients with gastric side effects of
cysteamine therapy can benefit from medications such as
omeprazole or ranitidine.15

Other tissue and organ damage occur in cystinosis due to
the accumulation of intracellular cystine. Corneal crystals
are visible by 16 months of age and can be dissolved with
topical cysteamine eyedrops, that is, Cystaran16 or Cys-
tadrops.17 Hypothyroidism results from direct damage to the
thyroid gland, the first sign usually being elevated thyroid-
stimulating hormone (TSH). Growth retardation represents a
major problem in cystinosis. Typically, infants are at the
third percentile for height at 1 year of age, and without ade-
quate treatment, have low growth velocity.4 While nutrition,
phosphate supplementation, and oral cysteamine therapy can
achieve a normal growth rate, the addition of growth hor-
mone (GH) therapy can provide catch-up growth, particu-
larly when used in children prior to dialysis.18

Gonadal dysfunction, that is, hypergonadotropic hyp-
ogonadism, largely affects males, often results in delayed
puberty, and is characterized by low levels of testosterone
and very high levels of luteinizing hormone (LH) and
follicle-stimulating hormone (FSH). Testosterone supple-
mentation can be used to manage gonadal dysfunction. Since
adult males with cystinosis are infertile but show viable epi-
dydimal sperm,19 sperm preservation can be considered.
Puberty is generally delayed by 1 to 2 years in males and
some females with cystinosis, but ovarian function is pre-
served and several women with cystinosis have delivered
healthy babies.20

Other complications of cystinosis include a distal vacuo-
lar myopathy (Figure 1), exocrine and endocrine pancreatic
dysfunction, benign intracranial hypertension, and retinal

FIGURE 1 Distal myopathy of cystinosis, with atrophy of the
thenar and hypothenar eminences
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blindness,21 often causing restrictive lung disease and/or
swallowing difficulty.22 Most complications can be prevented
with early and lifelong cystine-depleting therapy.

3 | CYSTINOSIS METABOLIC BONE
DISEASE

3.1 | Clinical characteristics

CMBD can manifest as rickets (Figure 2) and renal
osteodystrophy, including growth failure, bone pain,

deformations, osteomalacia, and osteoporosis. Patients
may have short stature spontaneous fractures (Table 1). In
infants and young children, rickets causes bone deformi-
ties, including genu valgum (Figure 3) and genu varus,
making walking painful enough to delay ambulation.5,23

Clinical signs of rickets typically include widening of the
forearm at the wrist and thickening of the costochondral
junctions. In addition, a rachitic rosary and Harrison's
groove may also develop. Another radiographic sign of
rickets is increased thickness of the growth plates of the
long bones, with irregular, hazy appearance at the
diaphyseal line.

As children with cystinosis lose glomerular function,
CKD-MBD becomes prominent.24,25 CKD-MBD is a sys-
temic disorder of mineral and bone metabolism manifested
by one or a combination of the following: (a) abnormalities
of calcium, phosphorus, intact serum parathyroid hormone
(PTH), or vitamin D metabolism; (b) abnormalities in bone
turnover, mineralization, volume, linear growth, or strength
(renal osteodystrophy); and (c) vascular or other soft-tissue
calcification.24,25

3.2 | Pathogenesis of CMBD

Many factors contribute to the bone disease of cystinosis
(Figure 4). Perhaps the most devastating is early-onset Fan-
coni syndrome, with its renal losses of phosphate, calcium,
and bicarbonate and diminished synthesis of active vitamin
D causing hypophosphatemia, acidosis, and sometimes
hypocalcemia, leading to rickets and osteomalacia.26,27 Aci-
dosis due to tubular losses of bicarbonate impairs bone min-
eralization, and caloric and protein malnutrition due to
ingestion of excess fluids lacking calories, along with CKD,
may further contribute to poor bone health. Later in child-
hood, progressive loss of glomerular function results in
CKD-MBD, as observed in patients with other causes
of CKD.

In CMBD, interactions among bone, joints, and muscle
are critical. Muscle and bone form a functional unit, with
mechanical stimulation through muscle activity driving bone
development.28 Consequently, impaired muscle function,

FIGURE 2 Active rachitic bone disease on X-ray of both legs.
Note reduced bone density, widening of the metaphyses, and fraying of
the epiphyses

TABLE 1 Pathological conditions of CMBD

Pathophysiology Histology Radiography Clinical picture

Osteomalacia Deficit of mineralization of bone matrix:
• Normal amount of bone matrix
• Low ratio of mineral in bone matrix

• Excess of unmineralized
bone (osteoid)

• Growth plates appear
wide with fuzzy borders

• Rickets in infancy
• Genu valgum
• Delayed ambulation

Osteoporosis • Low amount of bone matrix
• Normal ratio of mineral to bone matrix

• Reduced bone matrix
(osteoblasts)

• Increased bone
resorption (osteoclasts)

• Transparency of bone
• Reduced cortical bone

• Increased disposition
towards fractures
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which is often observed in cystinosis, leads to disturbances of
bone development. Furthermore, reduced plasma and muscle
levels of carnitine in pretransplant patients with cystinosis29

may impair the functionality of the muscle/bone unit.21

GH, LH, FSH, androgens/estrogens, insulin-like growth
factor (IGF)-1, insulin, amylin, and TSH/thyroxine all con-
tribute to maintaining normal bone metabolism. This balance
is disrupted in cystinosis. Cystine accumulation in thyroid
follicular cells causes fibrosis and atrophy.9 Moreover,
decreased thyroglobulin synthesis due to endoplasmic reticu-
lum stress/unfolded protein response and impaired lyso-
somal processing has been demonstrated in a mouse model
of cystinosis.30 Consequently, hypothyroidism often appears
in the first decade of life and can contribute to growth retar-
dation.15 In addition, poor nutrition may result in reduced
IGF-1 serum levels and, in advanced CKD, lack of sensitiv-
ity to endogenous GH and IGF-1 can further impede
growth.31,32 Cystine crystals in bone may also impair
growth. Finally, treatment with glucocorticoids limits catch-
up growth after renal transplantation and may cause osteopo-
rosis with increased fracture risk, as seen in other patients
with renal allografts.8

Interestingly, knockout of Ctns in mice did not result in
full-blown Fanconi syndrome, yet these animals showed
osteopenia with decreased mineralization and cortical thick-
ness (long bones and vertebrae), raising the hypothesis of a
specific underlying bone defect in cystinosis.33 Indeed, pre-
clinical studies suggest that mutations in CTNS may reduce
the ability of osteoblast precursor cells to transform into
mature osteoblasts capable of synthesizing osteoid, further
contributing to defective mineralization and rickets.34 More-
over, low doses of cysteamine in vitro stimulate osteoblastic

FIGURE 3 Muscular atrophy and bone deformation, that is, genu
valgum

FIGURE 4 Current understanding of the abnormalities leading to cystinosis metabolic bone disease (CMBD). Virtually all individuals with
classical, nephropathic cystinosis suffer from CMBD, related to the renal Fanconi syndrome in infancy and progressive chronic kidney disease
(CKD) later in life inducing CKD-associated mineral and bone disorders (CKD-MBD). Malnutrition and copper deficiency, but also hormonal
disturbances, myopathy, and transplantation may worsen the clinical picture. The cystinosin defect also induces intrinsic bone defects such as
osteoblastic and osteoclastic dysfunction. The impact of cysteamine on bone deserves further studies, but high doses of cysteamine may contribute
to CMBD. Taken together, all these mechanisms can lead to bone deformities and pains, osteoporosis, fractures, cortical impairment, and short
stature in teenagers and young adults
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differentiation and mineralization, with an inhibitory effect
at higher doses, possibly explaining the bone toxicity
observed in patients receiving high doses of cysteamine.
Cystinosin may also be required for proper osteoclastic and
osteoblastic activity.35,36

3.3 | Assessing CMBD

Serum mineral and enzyme values provide measures of bone
health in both children and adults with cystinosis (Table 2).
In children with hypophosphatemic rickets, serum phos-
phate, bicarbonate, and potassium reflect renal losses and
the efficacy of replacement therapy, and alkaline phospha-
tase (ALP) is a biomarker of rickets and osteomalacia.37 Ele-
vated ALP also indicates increased bone turnover as a
feature of CKD-MBD. Measurement of serum PTH, cal-
cium, 25(OH) vitamin D, and phosphate also serve as the
mainstays of monitoring for CKD-MBD.38 Nevertheless,
infants and adolescents with cystinosis may develop bone
disease despite largely “normal” blood levels of phosphate,
calcium and ALP; normal blood levels have a wide standard
range and daily fluctuations, are not always biochemically
evident, and may have a large cumulative effect upon bone
metabolism. Therefore, urine losses for calcium and phos-
phate should be monitored as well.

New biomarkers may better reflect bone cell activity in
CMBD,39 and pediatric reference values are available.40

Bone ALP, an osteoblast enzyme, is a sensitive and specific
marker of bone formation and remodeling during periods of
rapid longitudinal growth and in cases of rickets.24,38

TRAP5b is considered a specific marker of late osteoclast
differentiation,38 and sclerostin is an osteocyte-derived
inhibitor of bone formation.38,41,42 Fibroblast growth factor
23 (FGF23), released by osteocytes and osteoblasts, helps
maintain mineral and vitamin D homeostasis, and is the ear-
liest detectable abnormality in bone mineral metabolism in
CKD patients.38,43 However, FGF23 levels are typically nor-
mal in patients with cystinosis prior to dialysis, possibly due
to hypophosphatemia.44

Radiographic imaging plays an important role in
assessing CMBD. Although dual-energy X-ray absorptiome-
try (DXA) allows quantification of bone mineral density,45 it
cannot distinguish the different stages of CKD.46 DXA stud-
ies are of not recommended in the clinical management of
cystinosis, since the results are influenced by bone size and
body height, do not distinguish between a mineralization
defect (osteomalacia) and loss of bone tissue
(osteoporosis),47 and have poor predictive value for fractures
(eg, in stage 3-5 CKD). In fact, bone mineral density is often
normal in pediatric CKD patients, when data are corrected
for reduced height.48,49

TABLE 2 Recommended tests for CMBD

Assessment Methods and frequency

Growth • Calculate genetic target height based on parental height
• Plot height/length and weight on growth charts in infants (monthly) and preschool children (3 monthly) and older children

(6 monthly)
• Calculate annual height velocity
• Measure head circumference every 3 months in infants and small children

Bone metabolism • Measure serum iPTH, calcium, phosphate, ALP, and bicarbonate levels every 1 to 6 months depending on the clinical
status and CKD stage

• Consider iliac crest bone biopsies, with tetracycline labeling in cases of unclear severe bone disorder

Bone deformities • Check for rickets and scoliosis by physical examination and/or radiographs (eg, X-ray of the knees and/or the wrist), with
regular follow-up

Growth hormone • Evaluate IGF-1 serum levels prior to starting treatment with GH to rule out GH deficiency
• Obtain X-ray of the left wrist in children aged >5 years to assess bone age and prove growth potential (ie, open

epiphyses) prior to initiation of GH treatment

Thyroid function • Check TSH and thyroxine levels annually, more frequently if following treatment
• Perform ultrasound of the thyroid to exclude other thyroid disease

Gonadal function • For male patients at pubertal age: monitor levels of FSH, LH, testosterone, inhibin B, and prolactin annually after age
14 years

• For female patients at pubertal age (14 years): determine first menstrual cycle and monitor levels of FSH, LH, estradiol,
anti-mullerian hormone, and prolactin annually

Muscle function • Obtain mechanographic testing, for example, grip strength

Other • WBC cystine levels to assess disease control

Abbreviations: ALP, alkaline phosphatase; CKD, chronic kidney disease; FSH, follicle-stimulating hormone; GH, growth hormone; IGF-1, Insulin-like growth factor 1;
iPTH, intact serum parathyroid hormone; LH, luteinizing hormone; TSH, thyroid-stimulating hormone.
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Quantitative computed tomography (QCT) and peripheral
QCT (pQCT) provide separate measures of cortical and tra-
becular bone in the central and peripheral skeleton and true
volumetric density, without being confounded by body
size.50 High-resolution pQCT can assess trabecular micro-
architecture and bone biomechanical properties (finite ele-
ment analysis). However, there are limited reference data in
young children,45 the measurement requires children to sit
still for 2 to 3 minutes, and the results only provide a “win-
dow” into the bone at a single time point.51

Iliac crest bone biopsies can help establish a diagnosis in
an individual with an unclear bone disorder.52 Biopsies pro-
vide dynamic histomorphometric measures, such as mineral-
izing surface, bone formation rate, and mineral apposition
rate. Standardized nomenclature,53 along with normative
data for iliac bone histomorphometry,54 allow comparison
with patient data. However, bone biopsy is invasive, cannot
be repeated frequently, and requires prior tetracycline label-
ing for optimal evaluation.55

3.4 | Management of CMBD

The treatment of Fanconi syndrome largely involves oral
replacement of urinary losses plus nutrition that provides the
recommended daily requirements of protein and calories
(Table 3). Phosphate repletion aims to resolve rickets and
normalize ALP activity and serum phosphate levels, which
are measured immediately prior to dosing. A typical starting
dose is 30 to 40 mg/kg/d based on elemental phosphorus in
3 to 5 doses equally spaced throughout the day and adminis-
tered at the same times daily. However, treatment should be
increased (up to 80 mg/kg/d) to treat acute rickets or lowered
to avoid abdominal discomfort and diarrhea. For small chil-
dren, phosphate tablets can be crushed and dissolved in tea
or water, and intravenous phosphate solutions can be given
orally. Phosphate should not be administered at the same
time as calcium, since this can lead to precipitation, although
providing phosphate with milk products is acceptable. Phos-
phate administration can contribute to nephrocalcinosis, but
is still required. Oral phosphate supplements may be reduced
in patients with advanced CKD.

Calcitriol or alfacalcidol, can treat and prevent deficiency
of active vitamin D and hypocalcemia. In addition, both
agents improve phosphate reabsorption from the gut and pre-
vent phosphate-driven secondary hyperparathyroidism. Ini-
tially, a calcitriol or alfacalcidol dose of 0.1 to 1 μg is used
to cure rickets, but this can be reduced at a later stage, when
laboratory, radiological and clinical findings are normalized.
High doses of active vitamin D may increase hypercalciuria
and nephrocalcinosis, and can promote extraskeletal (vascu-
lar) calcifications as reported in other patients with advanced
CKD.56 Supplementation of native vitamin D (eg,

cholecalciferol) should be titrated to achieve normal
values.57 For most patients, calcium requirements can be
met by adequate nutrition and vitamin D administration, but
calcium supplementation can serve as “insurance” against
imperceptible daily losses of calcium that eventually lower
bone density. However, calcium supplements may contribute
to the development of ectopic (vascular) calcifications in
patients with advanced CKD and cumulative calcium intake
should be within the recommended daily allowance as rec-
ommended for other patients with CKD.58

Left wrist and/or knee once a year radiographs will gauge
the presence/recurrence/resolution of rickets (based on
increased thickness of the growth plates of the long bones,
with irregular, hazy appearance at the diaphyseal line). Bone
biopsies appear justified only when obtained during correc-
tive orthopedic surgery or to determine the etiology and
treatment of longstanding refractory bone deformities.

Orthopedic surgery (temporary hemiepiphysiodesis or
osteotomy) can correct persistent leg bowing. Surgery dur-
ing puberty is preferred, with metabolic control optimized
prior to surgery to prevent recurrence of leg bowing. Active
vitamin D may be paused during prolonged immobilization
to prevent hypercalcemia.

Initiation of GH treatment may be considered at any stage
of CKD in the presence of persistent short stature (<3rd per-
centile) and low height velocity (<25th percentile), despite
adequate nutritional intake, metabolic control, and cyste-
amine treatment. Before starting treatment, bone age (X-ray
of the left hand) should be assessed in children aged >5 years
to confirm open epiphyses and to determine bone age. IGF-1
and thyroid hormone levels should be obtained to rule out
GH deficiency and hypothyroidism.59,60 During treatment,
calcium, phosphate, HbA1c, fasting glucose, PTH, and thy-
roid hormone levels should be monitored, and the presence
of rickets and scoliosis should be evaluated. Persistent head-
aches or visual acuity loss should prompt an ophthalmologi-
cal examination to rule out intracranial hypertension. GH
treatment should be discontinued if progressive scoliosis or
intracranial hypertension occurs.

For patients with cystinosis and CKD stage 1 to 2, we
suggest keeping PTH levels within the normal range. How-
ever, such patients may have suppressed PTH levels caused
by treatment with active vitamin D. Therefore, PTH levels
should be checked at least every 6 to 12 months. In patients
with CKD stages 3 to 5, PTH levels should be maintained in
the target range recommended for other renal diseases, using
dietary measures, active/native vitamin D, calcimimetics,
and/or oral phosphate binders.24,58,61,62 As CKD progresses,
phosphate supplements should be reduced or even stopped.
Some patients with cystinosis and ESKD may only require a
low dose of oral phosphate binders, if any, due to the ongo-
ing renal phosphate wasting.
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In patients on renal replacement therapy, persistent
Fanconi syndrome may impair bone health,63 and native
kidney nephrectomy might be considered. Minimal gluco-
corticoid exposure should be considered to permit attain-
ment of a normal adult height.64,65 Preservation of
transplant function and optimizing metabolic control can
further improve growth.64 GH may be started in case of
persistent short stature (>12 months after transplantation).
In addition, early and diligent physical and rehabilitation
therapy, including muscle strengthening and targeted exer-
cise, can prevent and/or improve skeletal deformities, and
possibly eliminate the need for extensive orthopedic
surgeries.

4 | SUMMARY

For any patient with an established diagnosis of nephro-
pathic cystinosis, regular assessments of growth, skeletal sta-
tus, bone deformities, and walking difficulties should be
performed. Rickets should be treated with phosphate,

bicarbonate/citrate, and vitamin D replacement. Treatment
with cysteamine helps to minimize possible metabolic bone
disease related to CKD by slowing deterioration of renal
function. Management of bone disease should be undertaken
by a multidisciplinary team including a nephrologist, dieti-
cian, physiotherapist, and experienced orthopedic surgeon.
Future studies should focus on the mechanisms of cystinosis
bone disease, specifically the functional interactions among
bone, muscle, and joints.

CONTRIBUTING PATIENT SUPPORT
GROUPS

Asociación Cistinosis, Barcelona, Espaῆa, Cystinosis Group
Netherlands, Amstelveen, Netherlands, Cystinosis Foundation
UK, Leyland Lancashire, England, Cystinosis Research
Network US, Lake Forest, USA, Cystinosis Foundation,
Moraga, CA, USA,Cystinosis Foundation Ireland, Cavendish
Row, Ireland, Cystinose-Selbsthilfe e.V., Enningerlohe,
Germany, Cystinosis Network Europe, Ratingen, Germany.

TABLE 3 Treatment of CMBD

Treatment Dosing

Phosphate • Starting dose of 30–40 mg/kg/d based on elemental phosphorus in 3 to 5 doses equally spaced
throughout the day

• Treatment needs to be individualized in order to control rickets and a wider range of 20-80 mg/kg/d
may be used. Minimal effective dosage should be used

• Dosage should be adjusted to the stage of CKD

Citrate/bicarbonate • Treat acidosis with alkali (citrate or bicarbonate) administered 3-4 times daily
• Aim to return bicarbonate levels to normal levels (22-25 mEq/L);
• levels >20 mEq/L may not be achieved in all patients

Calcium/active and native vitamin D • Starting dose of calcitriol or alfacalcidol 0.1 to 0.75 μg depending on patient size and severity of
rickets

• Maintain at lowest possible dose to successfully treat rickets and keep PTH in the CKD
stage-dependent target range (see below)

• Supplementation with native vitamin D (eg, cholecalciferol) if 25 OH vitamin-D levels are reduced
• Oral calcium supplements in case of persistent hypocalcemia based on albumin corrected calcium

levels

GH • Indication: height below the 3rd percentile and height velocity below the 25th percentile in the
presence of open epiphyses

• Dosage: 0.045 to 0.05 mg/kg body weight per day by subcutaneous injections in the evening
• Calcium, phosphorus, PTH, fasting glucose, and HbA1c levels should be monitored.
• GH treatment should generally be stopped after kidney transplantation and may be reinstituted in

case of persistent growth failure at least 12 months after transplantation.

Parathyroid levels • For CKD stages 1 to 2, maintain PTH levels within the normal range
• For CKD stages 3 to 5, maintain PTH levels as recommended for other renal diseases by dietary

measures, active/native vitamin D, calcimimetics, and/or oral phosphate binders

Sex hormone replacement therapy • Per pediatric endocrinologist, for pubertas tarda and hypergonadotropic hypogonadism
• Testosterone patch or intramuscular

L-Thyroxine • In case of hypothyroidism to normalize free T4 and TSH

Cysteamine • Ensure optimal dose adjustment and control of cystinosis

Abbreviations: CKD, chronic kidney disease; GH, growth hormone; HbA1c, glycated hemoglobin; PTH, parathyroid hormone; TSH, thyroid-stimulating hormone.
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