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Rickets results from impaired mineralization of growing bone due to alterations

in calcium and phosphate homeostasis. Clinical signs of rickets are related to the

age of the patient, the duration of the disease, and the underlying disorder. The

most common signs of rickets are swelling of the wrists, knees or ankles, bowing

of the legs (knock-knees, outward bowing, or both) and inability to walk.

However, clinical features alone cannot differentiate between the various

forms of rickets. Rickets includes a heterogeneous group of acquired and

inherited diseases. Nutritional rickets is due to a deficiency of vitamin D, dietary

calcium or phosphate. Mutations in genes responsible for vitamin D metabolism
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or function, the production or breakdown of fibroblast growth factor 23, renal

phosphate regulation, or bone mineralization can lead to the hereditary form of

rickets. This position paper reviews the relevant literature and presents the

expertise of the Bone and Mineral Metabolism Group of the Italian Society of

Pediatric Endocrinology and Diabetology (SIEDP). The aim of this document is to

provide practical guidance to specialists and healthcare professionals on the

main criteria for diagnosis, treatment, and management of patients with rickets.

The various forms of rickets are discussed, and detailed references for the

discussion of each form are provided. Algorithms to guide the diagnostic

approach and recommendations to manage patients with rare forms of

hereditary rickets are proposed.
KEYWORDS

hereditary rickets, management, non-hereditary rickets, nutritional rickets, treatment
1 Introduction

Rickets is a skeletal disease characterized by deficient

mineralization of growth plates and bone matrix (osteomalacia)

associated with low concentrations of calcium and/or phosphate in

the blood. Rickets includes a heterogeneous group of acquired and

inherited diseases. Nutritional rickets is the most common form of

rickets globally. On the other hand, the development of molecular

genetic techniques increased identification of the inherited forms of

rickets. The primary method for diagnosing rickets involves

examining the patient’s medical history, conducting biochemical

tests, and performing radiologic examinations. Genetic analyses are

particularly important in cases where patients are suspected to have

a genetic form of rickets despite the absence of a family history of

the disease. Treatment and management of rickets should be

targeted on the pathogenesis and both are strictly connected with

the diagnosis.

The aim of this document is to provide practical guidance to

specialists and healthcare professionals about the main criteria for

diagnosis, treatment, and management of patients with rickets.
2 Methods

This position paper focuses on the main criteria for the

diagnosis, treatment, and management of patients with rickets.

Relevant studies were identified independently by three authors

(G.B., S.M., and P.C.) from the Medline/PubMed database. This

document is the result of a thorough discussion by the members of

the Bone and Mineral Metabolism Group of the Italian Society of

Pediatric Endocrinology and Diabetology (SIEDP) to standardize

the procedures based on the relevant literature and on the expertise

of the panel members. We did not grade the strength of our
02
recommendations, but much information reported in this paper

was obtained from studies that used this method.

The aim of the document was not to provide a literature review

on rickets or to discuss in detail the various form of rickets. The

intention was to provide stakeholders with selected data and suggest

a correct approach for an early diagnosis of rickets. Some

algorithms to facilitate the diagnosis are also presented.

Moreover, some important aspects of the management of patients

with different forms of rickets are proposed. This position paper

presents a therapeutic approach to the various forms of rickets in

light of recent guidelines, and a specific treatment for patients with

X-linked hypophosphatemic rickets (XLH).
3 Classification of rickets

Rickets may be classified in various forms based on the primary

biochemical alteration, such as hypocalcemia or hypophosphatemia, or

subdivided into two main groups, such as nutritional and hereditary

forms. Moreover, some rare forms of rickets may be associated with

direct bone damage due to acquired or inherited disorders.

In this position paper, the various forms of rickets are

subdivided into four major categories based on the main

pathogenesis, such as nutritional, hereditary, non-hereditary

hypophosphatemic, and other forms (Figure 1).
3.1 Nutritional rickets

Nutritional rickets is the most common form of rickets in

developing countries, and it is frequently diagnosed in western

countries among immigrant children, mainly from Africa and

eastern Europe. Although it can rarely be caused by a phosphate-

deficient diet, nutritional rickets is commonly the result of vitamin
frontiersin.org
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D deficiency due to insufficient UV exposure and/or insufficient

dietary calcium intake, or a combination of both. This is particularly

worrisome as nutritional rickets can profoundly affect the well-

being of infants, children, and adolescents, with consequences that

can persist into adulthood (1, 2).

In regions where calcium consumption is typically scant, with

limited or absent dairy intake, dietary calcium deficiency stands as

the primary culprit behind nutritional rickets among children

beyond infancy (1, 3).

Dietary phosphate deficiency is a rare cause of nutritional

rickets, but it is infrequent, because phosphate is abundant in

natural foods. However, extreme starvation, a diet of elemental or

hypoallergenic formula or parenteral nutrition, gastrointestinal

surgery or short bowel syndrome, overuse of phosphate binders,

or overly restrictive phosphate intake in managing chronic kidney

disease may result in low phosphate intake (2, 4). Moreover, very

low birthweight preterm infants are at high risk of developing

nutritional rickets due to phosphate deficiency especially if they are

breast-fed without phosphate supplements (2, 5).
3.2 Hereditary rickets

Hereditary rickets, caused by genetic mutations, may be subdivided

into two main groups of disorders based on the association with

impaired phosphate metabolism (hypophosphatemic rickets) or

impaired vitamin D metabolism (vitamin D-dependent

rickets) (Figure 1).
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3.2.1 Hypophosphatemic rickets
Hypophosphatemic rickets include some disorders that may be

associated with overproduction of fibroblast growth factor 23

(FGF23), namely FGF23-dependent forms, and disorders associated

with a primary renal defect with normal concentrations of circulating

FGF23, namely FGF23-independent forms (Figure 1).

3.2.1.1 FGF23-dependent hypophosphatemic rickets

X-linked hypophosphatemic rickets (XLH) is the commonest

inherited form of rickets (6). Its prevalence is 1:20,000-60,000 (7, 8).

XLH is due to mutation of PHEX gene encoding for phosphate

regulating endopeptidase homolog X-linked, that regulates the

expression of FGF23. The excessive production of FGF23 reduces

tubular phosphate reabsorption and 1a-hydroxylase activity and

stimulates renal 24-hydroxylase activity. Hypophosphatemia and a

low or inappropriately normal serum 1,25-dihydroxyvitamin D

(1,25(OH)2D) concentration in the setting of hypophosphatemia

are the main biochemical findings of the patients with XLH (2, 9).

Several other genes, such as FGF23, DMP1, and ENPP1, have a role

in the synthesis, signaling, and regulation of FGF23. Mutations in

these genes give rise to other rare variants of hypophosphatemic

rickets, including autosomal dominant hypophosphatemic rickets

(ADHR), autosomal recessive hypophosphatemic rickets type 1

(ARHR1) and autosomal recessive hypophosphatemic rickets type

2 (ARHR2), collectively constituting less than 20% of the cases (10).

Other rare forms of FGF23-dependent hypophosphatemic

rickets include Raine syndrome due to mutation in the FAM20C

gene (11), polyostotic fibrous dysplasia (PFD) due to gain-of-
FIGURE 1

Classification of the main forms of rickets based on the pathogenesis. XLH, X-linked hypophosphatemic rickets; ADHR, autosomal dominant
hypophosphatemic rickets; ARHR1, autosomal recessive hypophosphatemic rickets type 1; ARHR2, autosomal recessive hypophosphatemic rickets
type 2; PFD, polyostotic fibrous dysplasia; HHRH, hypophosphatemic rickets with hypercalciuria; NPHLPO1, nephrolithiasis/osteoporosis,
hypophosphatemic, 1. NHERF1, nephrolithiasis/osteoporosis, hypophosphatemic, 2; VDDR1A, vitamin D-dependent rickets type 1A; VDDR1B, vitamin
D-dependent rickets type 1B; VDDR2A, vitamin D-dependent rickets type 2A; VDDR2B, vitamin D-dependent rickets type 2B; VDDR3, vitamin D-
dependent rickets type 3; TIO, Tumor-induced osteomalacia; HPP, hypophosphatasia.
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function mutation of the GNAS gene (12), hypophosphatemic

rickets and hyperparathyroidism due to translocation of the

KLOTHO promoter (13), osteoglophonic dysplasia caused by

dominant activation variants in FGFR1 (14), opsismodysplasia

(15), and Jansen-type metaphyseal chondrodysplasia due to

mutations in the parathyroid hormone 1 receptor gene (16, 17).

Further details are reported by Ackah et al. (14) and Shore (18).

3.2.1.2 FGF23-independent hypophosphatemic rickets

These disorders include some forms of hypophosphatemic

rickets due to mutations in SLC34A3 encoding for NaPi2C

(hypophosphatemic rickets with hypercalciuria, HHRH),

SLC34A1 gene encoding for NaPi2a (nephrolithiasis/osteoporosis,

hypophosphatemic 1, NPHLOP1), or mutation in NHERF1 gene

(nephrolithiasis/osteoporosis, hypophosphatemic, 2) (19, 20).

Patients affected by Fanconi syndrome or distal renal tubular

acidosis may develop hypophosphatemic rickets (2).

3.2.2 Vitamin D-dependent rickets
Vitamin D-dependent rickets are caused by mutations affecting

the enzymes involved in the activation or degradation of vitamin D

or the action/expression of the vitamin D receptor (VDR). Vitamin

D-dependent rickets type 1A (VDDR1A) is due to impaired

synthesis of 1,25(OH)2D caused by a mutation in the enzyme

(CYP27B1) encoding for renal 1a-hydroxylase. Vitamin D-

dependent rickets type 1B (VDDR1B) is due to an impaired

synthesis of 25-hydroxyvitamin D (25(OH)D) caused by a

mutation in the enzyme (CYP2R1) encoding for hepatic 25-

hydroxylase. Vitamin D-dependent rickets type 2 (VDDR2) is the

result of impaired signaling of the VDR due to mutations in theVDR

gene (VDDR2A) or the presence of a nuclear ribonucleoprotein that

interferes with the VDR-DNA interaction (VDDR2B) (21). Vitamin

D-dependent rickets type 3 (VDDR3) is due to increased

inactivation of 1,25(OH)2D caused by a gain-of-function mutation

in a gene encoding a vitamin D-degrading enzyme (CYP3A4) (21,

22). The most striking biochemical sign of these forms of rickets is

severe hypocalcemia with secondary hyperparathyroidism.
3.3 Non-hereditary
hypophosphatemic rickets

This group of hypophosphatemic rickets includes some

heterogeneous acquired disorders causing phosphate wasting.

They may be associated with increased production of FGF23 or

iatrogenic causes.

3.3.1 Acquired FGF23-dependent
hypophosphatemic rickets

Tumor-induced osteomalacia (TIO) is due to the

overproduction of FGF23 and other phosphaturic factors by

benign slow-growing mesenchymal tumors (23, 24). TIO has

rarely been described in children (25–30).

Iron infusion-induced reversible hypophosphatemic

osteomalacia may occur in patients receiving intravenous iron
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preparations, especially with iron carboxymaltose or iron

polymaltose, for treatment of anemia when oral iron is either

ineffective or contraindicated (31). Iron infusion acutely impairs

FGF23 cleavage, triggering transient increase in intact FGF23 and

hypophosphatemia in association with an inappropriately low

concentration of 1,25(OH)2D, similar to genetic diseases of

primary FGF23 excess (14, 31).

3.3.2 Acquired FGF23-independent
hypophosphatemic rickets

Iatrogenic renal Fanconi syndromes with hypophosphatemia

may be caused by some drugs, including valproate, cisplatin,

ifosfamide, gentamycin, and excessive use of phosphate binders

(32, 33) and by some toxins, such as heavy metals antibiotics, or

antiretroviral and anticancer medications (14).
3.4 Other causes of rickets

Rickets may be a consequence of congenital or acquired chronic

disorders affecting the organs involved in the activation of vitamin

D. Liver failure and renal failure are the main causes of impaired

vitamin D metabolism. Moreover, malabsorption syndromes, i.e.,

cystic fibrosis, inflammatory bowel diseases, coeliac disease, or

extensive surgical intestinal resection, may affect the intestinal

absorption of vitamin D. These heterogeneous forms of rickets

are also associated with various degrees of reduced bone mineral

density that may be assessed by dual energy X-ray absorptiometry

(DXA) (2, 34, 35).

Some rare forms of rickets are caused by direct impairment of

the process of mineralization at the growth plate. Protracted

etidronate disodium (ethane 1-hydroxy-1, 1-diphosphonate)

administration in patients with generalized arterial calcification

has been associated with radiologic signs of rickets likely due to

impaired growth plate mineralization (36, 37). Patients with the

infantile form of hereditary hypophosphatasia (HPP) show

radiological lesions that may resemble rickets. A poorly

mineralized ribcage may be associated with respiratory

insufficiency (38, 39).

A rare form of hypophosphatemic rickets with hypocalciuria

has been reported after long-term treatment with aluminum-

containing antacids (40, 41).

Furthermore, a particular form of rickets was observed in

Indian children exposed to a high intake of endemic fluoride in

the drinking water since their birth. The association with calcium

deficiency was a trigger for the development of fluoride toxicity in

bone. In calcium-deficient children, the toxic effects of fluoride

manifested even at marginally high (> 2.5 mg/day) exposures to

fluoride (42).
4 Clinical approach to rickets

Medical history, physical examination, and the biochemical

results are the main findings to diagnose a form of rickets. The
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https://doi.org/10.3389/fendo.2024.1383681
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Baroncelli et al. 10.3389/fendo.2024.1383681
diagnosis of rickets should be confirmed by radiologic examination.

The administration of vitamin D supplements, the evidence of

relatives affected by rickets, the estimation of dietary calcium intake,

and data on gestation and birth should be accurately investigated.

Some clinical signs of rickets are more evident based on the age of

the patient. Craniotabes (softening or thinning of the skull bones)

may be the first sign of rickets in infants; it is detected by an inward

collapse when applying pressure to the skull, typically followed by a

snapping back after removing the pressure (43). In infants, other

early signs of rickets are delayed fontanelle closure and frontal

bossing (43, 44). In older children, swelling of the wrists, knees, or

ankles and deformation of the legs such as knock-knees (genu

valgum), or outward bowing (genu varum) with inability to walk are

the main features (2, 44). Other skeletal signs of rickets are rachitic

rosary, caused by swelling of the costochondral joints of the ribs,

deformity of the soft rib cage, and bone pain (2, 44). Several non-

osseous features may be associated with rickets: failure to thrive,

delayed motor development, convulsions (due to hypocalcemia),

muscular hypotonia, dilated cardiomyopathy, anemia, lethargy,

irritability, delayed tooth eruption with altered enamel, and

predisposition to respiratory infections (1, 43–48). HPP is

characterized by diverse phenotypes that contribute to the

diagnostic difficulties. In particular, neurological and dental

involvements advocate for a multidisciplinary approach in the

diagnosis of HPP (49).

Physical examination cannot differentiate children with active

rickets from children recovering from rickets, and between the

various forms of rickets (43). In addition, if abnormal bone features

are detected clinically, the disease is already well established.

Relying only on clinical signs may lead to overestimation of the

prevalence of active rickets and lead to unnecessary treatment. The

main skeletal signs of rickets are summarized in Table 1.
5 Biochemical features of the various
forms of rickets

Serum calcium, phosphate, alkaline phosphatase, parathyroid

hormone (PTH), and vitamin D metabolites are crucial biochemical

parameters for the diagnosis of the various forms of rickets.
Frontiers in Endocrinology 05
Increased alkaline phosphatase activity is evident in all forms of

rickets, except HPP (2, 4). Serum concentrations of phosphate and

alkaline phosphatase activity should be interpreted according to

appropriate age-specific reference values (49, 50).

Hypocalcemia is a main biochemical finding in patients with

severe nutritional vitamin D deficiency rickets and in patients with

vitamin D-dependent rickets. Hypophosphatemia (with normal

serum calcium concentrations) is a specific feature in patients

with hypophosphatemic rickets. However, hypophosphatemia

may be also evident (usually associated with hypocalcemia) in

patients with severe nutritional vitamin D deficiency rickets as a

consequence of secondary hyperparathyroidism (2, 4, 35). It has

been demonstrated that hypophosphatemia is the common

denominator of all rickets affecting the process of apoptosis in the

hypertrophic cells in the growth plate. In the absence of apoptosis,

the hypertrophic cells accumulate in the growth plate and form the

rachitic bone (51).

Renal tubular reabsorption of phosphate can be assessed by

calculating the ratio of the tubular maximum reabsorption of

phosphate to the glomerular filtration rate (TmP/GFR) (52). A

reduced TmP/GFR ratio in patients with nutritional vitamin D

deficiency rickets or vitamin D-dependent rickets reflects secondary

hyperparathyroidism (2). The reduced TmP/GFR ratio found in

patients with hypophosphatemic rickets is due to an

overproduction or reduced degradation of fibroblast growth factor

23 (FGF23) (4, 20, 53).

Hypercalciuria may be an important diagnostic criterion in

patients with HHRH (2, 4, 20, 35).

Secondary hyperparathyroidism is a major biochemical feature

in patients with hypocalcemic forms of rickets. Serum PTH

concentrations are normal or only slightly increased in patients

with hypophosphatemic rickets, except in rare instances, such as in

patients with HHRH who showed low normal o reduced serum

PTH concentrations (2, 4, 20, 53).

There is strong evidence that nutritional vitamin D deficiency

rickets develops with serum 25(OH)D concentrations <30 nmol/L

(<12 ng/mL) (1), but it may also be associated with serum 25(OH)D

concentrations >30 nmol/L (>12 ng/mL) (1, 54, 55). Furthermore,

most children with vitamin D deficiency are asymptomatic (2, 56–

58), and a normal calcium intake could be able to maintain bone
TABLE 1 Main skeletal and dental-periodontal signs in patients with rickets.

Cranium Thorax
and pelvis

Limbs Total body
and spine

Teeth
and

periodontium

• Frontal bossing
• Craniosynostosis
• Scaphocephaly
• Occipital “bullet
deformity”
• Delayed anterior
fontanel closure
• Craniotabesa

• Mid facial hypoplasiab

• Costo-chondral junction enlargement
(rachitic rosary)a

• Harrison sulcusa

• Costal pathological fracturesa

• Pigeon chest
• Chest wall asymmetry
• Depressed ribs
• Narrowed pelvic outlet

• Widened wrists, knees,
and ankles
• Genu-varum
• Genu-valgum
• Combined genu-varum/
valgum
• Short humerusb

• Short femurb

• Tibial torsionc

• Coxa-vara

• Stunted growth
• “Taylorwise” posturea

• Disproportionate short stature
(short limbs)b

• Spinal curvature
• Kyphosis

• Multiple dental decaya

• Dyschromic enamel
• Enamel hypoplasia
• Delayed dentition
• Abscesses with
gingival fistulaed
aMainly in patients with nutritional vitamin D deficiency rickets or vitamin D-dependent rickets; bmainly in patients with XLH; cintoeing or extoeing; dtypical of patients with XLH: mainly in
incisors and canines, without evidence of trauma or dental decay.
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integrity (1). Some evidence suggested that a 25(OH)D

concentration of 30 - 34 nmol/L (12 - 13.6 ng/mL) may be the

critical cutoff value below which nutritional vitamin D deficiency

rickets is more likely to occur (1, 59). A recent systematic review

and multi-level meta-analyses by odds, sensitivities and specificities

for nutritional rickets at different serum 25(OH)D thresholds

suggested a minimal risk threshold of around 28 nmol/L (11 ng/

ml) for children with adequate calcium intakes and 40 nmol/L (16

ng/ml) for children with low calcium intakes (60). Indeed, the total

concentration of 25(OH)D and its circulating components may be

influenced by factors such as the severity and duration of reduced

25(OH)D levels, habitual intake and bioavailability of dietary

calcium, the rate of bone growth and mineralization, as well as

genetic polymorphisms (2, 55, 61).

Reduced serum 25(OH)D concentrations are observed in

patients with vitamin D hydroxylation-deficient rickets type 1B

(62) and VDDR3 (22); conversely, patients with VDDR1A and

VDDR2A or VDDR2B have normal or increased serum 25(OH)D

concentrations (21).

Serum 1,25(OH)2D concentrations vary with the time of

diagnosis in nutritional vitamin D deficiency rickets. They are

generally increased at the early stages of the disease to compensate

for hypocalcemia and secondary hyperparathyroidism, whereas they

are decreased at the late stages of the disease due to substrate

depletion (48, 51). Therefore, measurement of 1,25(OH)2D is not

useful in patients with nutritional vitamin D deficiency rickets. In

patients with hypophosphatemic rickets, serum 1,25(OH)2D

concentrations may be reduced, but in most patients, they are

inappropriately normal in the setting of hypophosphatemia (2, 4,

35, 53). Serum 1,25(OH)2D concentrations are increased in patients

with VDDR2A, VDDR2B, nutritional calcium deficiency rickets, X-
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linked recessive hypophosphatemic rickets, HHRH or NPHLPO1 (2,

4, 20, 35).

FGF23 concentrations are increased in FGF23-dependent

hypophosphatemic rickets (2, 4, 20, 35, 50); therefore, these

conditions can be distinguished from FGF23-independent

hypophosphatemic disorders by measuring the FGF23 concentration.

Hypophosphatemia associated with intact FGF23 concentration

greater than 40 pg/ml may be a crucial marker for the early

diagnosis of XLH in pediatric patients (50). Assessment of FGF23 is

also indicated in the diagnosis of patients with suspected TIO.

Furthermore, FGF23 is the most critical biochemical marker for

distinguishing nutritional vitamin D deficiency rickets from

hypophosphatemic rickets, mainly in patients with an overlap of

serum 25(OH)D concentrations (63). Moreover, increased FGF23

concentration is found in patients with calcium deficiency rickets (64).

Hypercalcemia and hyperphosphatemia, in addition to reduced

alkaline phosphatase activity, are useful parameters for the

differential diagnosis of the various forms of rickets (38, 39).

Biochemical features of the main forms of rickets are shown

in Table 2.
6 Radiological assessment of rickets:
diagnosis and follow-up

Plain radiography is the primary imaging tool for the

assessment of rickets; the earliest signs are osteopenia and cortical

thinning of long bones (48, 65). The initial assessment of a child

suspected of having rickets should involve radiographs of skeletal

sites where bones are undergoing the most rapid growth. These sites

may differ depending on the child’s age.
TABLE 2 Biochemical findings in patients with different types of rickets or rickets-like disorders.

Disorder sCa sP ALP PTH 25
(OH)D

1,25
(OH)2D

FGF23 uCa Tmp

Nutritional rickets

Nutritional vitamin D deficiency rickets N, ↓ ↓ ↑ ↑ ↓ ↑, N, ↓ N ↓ ↓

Nutritional calcium deficiency rickets N, ↓ ↓ ↑ ↑ N, ↓ ↑ N, ↑ ↓ ↓

Nutritional phosphate deficiency N, ↑ ↓ ↑ N, ↓ N N, ↑ N, ↓ N, ↑a N, ↓b

Hereditary FGF23-dependent hypophosphatemia

XLH, ADHR, ARHR1, ARHR2 N ↓ ↑ N, ↑c N Nd, ↓ N, ↑ N, ↓ ↓

Raine syndrome N, ↓e N, ↓ e ↑ N, ↑ N N, ↓ N, ↑ N ↓

PFD N, ↑ N, ↓ ↑ N, ↑ N N, ↓ N, ↑ N N, ↓

Hypophosphatemic rickets and hyperparathyroidism N, ↑ ↓ ↑ ↑ N Nd, ↓ ↑ N, ↑ ↓

Osteoglophonic dysplasia N ↓ N, ↑ N N Nd, ↓ N, ↑ N ↓

Opsismodysplasia N ↓ N, ↑ N N Nd, ↓ N, ↑ N ↓

Jansen-type metaphyseal chondrodysplasia N, ↑ ↓ ↑ N, ↓ N N, ↑ ↑ N, ↑ ↓

Hereditary FGF23-independent hypophosphatemia

HHRH N ↓ ↑ N, ↓ N N, ↑ N, ↓ ↑ ↓

(Continued)
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A radiological examination of the chest may be useful to assess

rickets in neonates, mainly in preterm infants, and in infants in

the first year of life (65, 66). Insufficient mineralization of the

metaphyseal-physeal region can be observed in the proximal

humerus and anterior rib ends (rachitic rosary). In most children,

radiological signs of rickets are evident at the wrists and knees, where

rapid growth occurs. The distal ulna is the best site to demonstrate

early changes of rickets, mostly in young children (67). The classical

rachitic changes are the widening and irregularity of all the physes,

with metaphyseal widening, splaying, cupping, and fraying.

Moreover, a coarse trabecular pattern may be observed in the
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metaphysis (48, 65). Epiphyseal ossification centers become blurred

or apparent (65). Cranial deformities and bowing of the legs are the

typical signs of osteomalacia due to unmineralized osteoid (66).

Pathologic fractures (including rib fractures) are rare except in

very preterm babies and are very uncommon beyond age 6 months

corrected postnatal age (66). The occurrence of fractures is usually

evident in children with a severe form of rickets (68). Fractures of

long bones may occur occasionally in children affected by

calciopenic and phosphopenic (excluding XLH) forms of rickets

in association with radiographic signs of osteopenia and the

evidence of typical metaphyseal rachitic lesions (2).
TABLE 2 Continued

Disorder sCa sP ALP PTH 25
(OH)D

1,25
(OH)2D

FGF23 uCa Tmp

Hereditary FGF23-independent hypophosphatemia

NPHLPO1 N ↓ ↑ variable N ↑ ↓ ↑ ↓

NHERF1 N ↓ ? N N N, ↑ N ↑ ↓

X-linked recessive hypophosphatemic rickets N ↓ ↑ variable N ↑ ? N, ↑ ↓

Fanconi syndrome or distal renal tubular acidosis ↑,
N, ↓

N, ↓ ↑ N, ↑e N N, ↓ N, ↑f N, ↑ N, ↓

Linear sebaceous nevus syndrome N, ↓ ↓ ↑ N, ↑c N Nd, ↓ N, ↑ N, ↓ ↓

Vitamin D-dependent rickets

VDDR1A ↓ ↓ ↑ ↑ N ↓ N, ↓ ↓ ↓

VDDR1B ↓ ↓ ↑ ↑ ↓ ↓ N ↓ ↓

VDDR2A-2B ↓ ↓ ↑ ↑ N ↑ N, ↓ ↓ ↓

VDDR3 ↓ ↓ ↑ ↑ ↓ ↓ ? ↓ ↓

Acquired FGF23-dependent hypophosphatemia

Tumor-induced osteomalacia N, ↓ ↓ ↑ N, ↑c N Nd, ↓ N, ↑ N, ↓ ↓

Ferric carboxymaltose i.v. infusion ↓ ↓ ↑ ↑ N ↓ ↑f, ↓g ? ↓

Acquired FGF23-independent hypophosphatemia

Iatrogenic proximal Fanconi syndromes N ↓ ↑ variable N ↑ ↓ variable ↓

Other causes of rickets

Malabsorption, liver insufficiency/failure, renal
insufficiency/failure

N, ↓ ↑,
N, ↓

↑ N, ↑ N, ↓ variable ↑h variable ↓ i

Etidronate treatment N ↓ ↑ N N ↑ ? N ↓

HPP N, ↑ ↑ ↓ N, ↓ N N, ↓ N ↑ ↑
frontie
sCa, serum calcium; sP, serum phosphate; ALP, alkaline phosphatase; PTH, parathyroid hormone; 25(OH)D, 25-hydroxyvitamin D; 1,25(OH)2D, 1,25-dihydroxyvitamin D; FGF23, fibroblast
growth factor 23; uCa, urinary calcium, TmP, renal tubular reabsorption of phosphate.
XLH, X-linked hypophosphatemic rickets; ADHR, autosomal dominant hypophosphatemic rickets; ARHR1, autosomal recessive hypophosphatemic rickets type 1; ARHR2, autosomal recessive
hypophosphatemic rickets type 2; PFD, polyostotic fibrous dysplasia; HHRH, hypophosphatemic rickets with hypercalciuria; NPHLPO1, nephrolithiasis/osteoporosis, hypophosphatemic, 1.
NHERF1, nephrolithiasis/osteoporosis, hypophosphatemic, 2; VDDR1A, vitamin D-dependent rickets type 1A; VDDR1B, vitamin D-dependent rickets type 1B; VDDR2A, vitamin D-dependent
rickets type 2A; VDDR2B, vitamin D-dependent rickets type 2B; VDDR3, vitamin D-dependent rickets type 3; HPP, hypophosphatasia.
↑: increased concentration; ↓: decreased concentration; N: normal concentration;?: not known.
Nutrional phosphate deficiency: biochemical findings are referred to dietary phosphate deficiency in very low birthweight infants.
aNormal after restoration of P intake, but falsely increased before restoration.
bNormal after restoration of P intake, but falsely reduced before restoration. Urinary phosphate excretion is very low or undetectable before restoration of P intake.
cIt may be moderately above the upper limit of normal.
ddecreased relative to the serum phosphate concentration.
edepending on the stage of chronic kidney disease.
fIntact FGF23.
gC-terminal FGF23.
hin patients with renal insufficiency/failure.
iin patients with secondary hyperparathyroidism or excessive production of FGF23 due to renal insufficiency/failure.
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Moreover, by radiologic examination is possible to estimate the

severity of rickets by using the Rickets Severity Score (RSS). This

score is determined based on the degree of metaphyseal fraying,

concavity, and the proportion of the growth plate affected at the

wrists, knees, and ankles (69, 70). The RSS employs a 10-point scale,

with 10 indicating the utmost severity of rickets, and 0 denoting the

absence of any radiographic alterations. The radiographic response

after treatment of nutritional vitamin D deficiency rickets (69) and

XLH (70) can be estimated by the RSS, which correlates with serum

alkaline phosphatase activity.

The Radiographic Global Impression of Change (RGI-C)

represents a complementary assessment of RSS. A change score is

assigned based on differences in the appearance of rickets on pairs

of radiographs compared side by side. The RGI-C has been

validated to evaluate skeletal changes in patients with HPP (71).

Moreover, Lim et al. (72) demonstrated that RGI-C is a reliable,

valid, and sensitive tool in patients with XLH, and complementary

to the RSS.

Radiologic examination is also useful to confirm the diagnosis

of rickets suspected by clinical signs and biochemical

data, but it does not indicate the pathogenesis, because the

radiological signs of rickets are similar in patients with nutritional

rickets, hypophosphatemic rickets, and vitamin D-dependent

rickets (Figure 2).

Finally, radiological examination is useful to examine the effect

of treatment with vitamin D in patients with nutritional vitamin D

deficiency rickets showing the appearance of the zone of provisional

calcification at the ends of the metaphyses that is usually seen within

3-4 weeks of treatment (67).
7 Algorithms for the diagnosis
of rickets

Figure 3 shows a management algorithm based on the

biochemical parameters for the evaluation of patients with rickets

confirmed by the evidence of clinical signs and the typical radiologic

lesions of rickets and associated with increased serum alkaline
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phosphatase activity. The algorithm is primarily based on the

pathogenesis of hypocalcemia and hypophosphatemia; serum

concentrations of calcium, phosphate, and PTH represent the key

biochemical parameters to differentiate hypocalcemic from

hypophosphatemic form of rickets. Hypocalcemic forms of rickets

are usually characterized by hypocalcemia, a low or normal serum

phosphate concentration, and increased PTH values; whereas,

hypophosphatemia with normocalcemia and normal PTH

concentrations are the main biochemical signs of most of the

hypophosphatemic forms of rickets.

The measurement of serum concentrations of vitamin D

metabolites may indicate the pathogenesis of rickets in patients

with hypocalcemic forms. Reduced serum values of 25(OH)D and

1,25(OH)2D suggest the diagnosis of VDDR1B or VDDR3, whereas

normal or increased serum 25(OH)D values associated with low

1,25(OH)2D may be diagnostic for VDDR1A. A normal or

increased serum 25(OH)D concentration combined with a

normal or increased serum 1,25(OH)2D concentration may

characterize two conditions, nutritional calcium deficiency

or VDDR2.

The measurement of FGF23 may be useful to identify the FGF23-

mediated from the non-FGF23-mediated hypophosphatemic

disorders. High FGF23 concentrations are evident in both

hereditary and acquired forms of hypophosphatemic rickets such

as TIO. Hypophosphatemia associated with normal or low FGF23

concentrations suggests the diagnosis of a form of Fanconi syndrome

or HHRH. Patients with HHRH usually show hypercalciuria.

Hypophosphatemia with high TmP/GFR values may indicate the

diagnosis of nutritional phosphate deficiency rickets.
8 Genetics

Whenever the clinical, biochemical, and radiologic evidence

indicates that the cause of rickets might be of genetic origin,

specific molecular testing is necessary. Table 3 summarizes the

genes involved in the genesis of genetically determined rickets

or hypophosphatemia.
FIGURE 2

Radiographic features at the wrist and at the hand in patients with nutritional vitamin D deficiency rickets and some forms of hereditary rickets. In
patients with hereditary rickets, the diagnosis was confirmed by genetic analyses. All patients showed widening and fraying of the epiphyseal plate
and metaphyseal concavity of the ulna. The white and black arrows showed fractures.
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The analysis of the PHEX gene in the suspect of XLH should be

performed, bearing in mind the extensive heterogeneity of the

pathogenic variants. These have been found in all exons and in

the non-coding regions. Numerous are the insertions and deletions

that have also been reported (73, 74).
9 Treatment and management of
nutritional rickets

9.1 Nutritional vitamin D deficiency rickets

Vitamin D supplements may be administered as daily therapy

or as a single bolus; the suggested doses are reported in Table 4.

Alternatively, a bolus of 100,000 IU every 20 days for 3-4 times may

be effective in patients with poor compliance with the treatment

(75). Administration of a single-day high-dose of vitamin D therapy

(stoss therapy), with doses reaching up to 600,000 IU, has been

proposed. However, hypercalcemia may occur (76, 77). Therefore,

the use of high and repeated doses of vitamin D is not

recommended. Daily treatment with vitamin D should be

continued for 3-4 months (1, 2, 35, 48, 75, 78), but the duration

of treatment should be individualized. Normalization of skeletal

lesions is usually reached during this time. If radiographic recovery

remains incomplete or serum biochemistry hasn’t normalized,

vitamin D treatment should be extended (79). Inadequate
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adherence to the treatment regimen may lead to failure or

delayed healing of rickets. In this occurrence, vitamin D stoss

therapy by a single intramuscular injection ranging from 50,000

IU for children aged 3 months and older, up to 300,000 IU for

individuals over 12 years may be recommended (1).

Some studies showed that in increasing serum 25(OH)D

concentration the daily administration of vitamin D3 was similar

to vitamin D2, whereas, vitamin D3 was more effective than vitamin

D2 when administered as bolus (80). Moreover, there is no

indication for the use of vitamin D metabolites for the treatment

of patients with nutritional vitamin D deficiency rickets, because

they do not restore vitamin D status and hypercalcemia may occur

(66, 67, 81).

Patients experiencing symptomatic hypocalcemia, such as

tetany, convulsions, or dilated cardiomyopathy, should receive

intravenous calcium gluconate until serum calcium levels are

normalized (35, 75, 78). Once normocalcemia is achieved,

transitioning to oral calcium supplementation is appropriate. A

routine oral calcium supplementation of 500 mg/day, obtained

through dietary intake or supplements, should be implemented

concurrently with vitamin D, irrespective of age or weight. Duration

of calcium supplementation is variable and is related to the timing

of normalization of serum calcium concentration (1). Alternatively,

30-75 mg/kg/day elemental calcium in 3 divided doses may be

administered over 2-4 weeks. Calcium supplements are important

to avoid hypocalcemia as the concentration of PTH normalizes
FIGURE 3

Algorithm for the evaluation of a patient with confirmed rickets by clinical signs, increased alkaline phosphatase activity, and radiographic lesions of rickets.
The primary differential diagnosis is based on the presence of hypocalcemia (hypocalcemic rickets) or hypophosphatemia (hypophosphatemic rickets).
Measurement of serum concentrations of 25(OH)D and 1,25(OH)2D may indicate the biochemical diagnosis of the various forms of hypocalcemic rickets.
Measurement of TmP/GFR values represents the first step for the selection of the patients with hypophosphatemic rickets. Thereafter, measurement of
FGF23 concentration may suggest the biochemical diagnosis of the various forms of hypophosphatemic rickets. For additional detais see text. XLH, X-
linked hypophosphatemic rickets; ADHR, autosomal dominant hypophosphatemic rickets; ARHR1, autosomal recessive hypophosphatemic rickets type 1;
ARHR2, autosomal recessive hypophosphatemic rickets type 2; HHRH, hypophosphatemic rickets with hypercalciuria; VDDR1A, vitamin D-dependent
rickets type 1A; VDDR1B, vitamin D-dependent rickets type 1B; VDDR2A, vitamin D-dependent rickets type 2A; VDDR2B, vitamin D-dependent rickets type
2B; VDDR3, vitamin D-dependent rickets type 3; TIO, Tumor-induced osteomalacia. *Genetic testing is important to confirm the suspected diagnosis. L,
low values; N, normal values; H, high values.
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(“hungry-bone” syndrome), particularly in patients treated with

stoss therapy (48). Doses of intravenous and oral calcium

supplements are reported in Table 5.

Monitoring of treatment with vitamin D and calcium supplements

varies with the severity of rickets and response to therapy.

Normalization of serum calcium and phosphate concentrations

usually occurs within 3 weeks (67, 75), but it may also be evident

after only 6-10 days of treatment (48). Serum PTH concentrations

usually fall within the normal range as normocalcemia is restored (75,

81). Serum 25(OH)D concentrations increase rapidly and normal

values may be reached after 4-6 weeks (75). Serum 1,25(OH)2D

concentrations increase rapidly with treatment and remain elevated

for up to 10 weeks (81). Alkaline phosphatase activity declines

progressively but it may remain increased for several months (3-6

months) depending on the severity of the vitamin D deficiency (48, 82).

Moreover, alkaline phosphatase activity is associated with the recovery

of skeletal rachitic lesions, suggesting that it is a reliable and economic

biochemical marker for monitoring the effectiveness of treatment in the

clinical setting (82).
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In order to prevent the resurgence of nutritional vitamin D

deficiency rickets vitamin D supplementation should be continued.

Following the resolution of rickets, at least 400 IU/day before the

age of 12 months and 600 IU/day of vitamin D are recommended

(1, 67, 78).
9.2 Nutritional calcium deficiency rickets

A randomized controlled study in children with nutritional

calcium-deficiency rickets showed that radiographic healing of the

rachitic lesions was obtained by daily administration of with 500

mg, 1000 mg, or 2000 mg of elemental calcium salts. However, daily

supplementation with 1000 mg and 2000 mg was more effective

than 500 mg. The treatment with 2000 mg was similar to 1000 mg of

supplemental calcium (83). Therefore, it is recommended that 1000

mg of elemental calcium daily (subdivided into 2-3 doses) should be

used in children with nutritional calcium deficiency rickets, until

healing is complete; in some children, it may take more than 24

weeks (84). The rate of healing of rickets may be improved by
TABLE 5 Calcium treatment in patients with symptomatic or
asymptomatic hypocalcemia associated with rickets.

Condition Calcium
salts

Doses,
mg/
kga

(mL)

Mode
of administration

Symptomatic
acute
hypocalcemia

Gluconate
10%b

5-20
(0.5-2.0)

Intravenous slowly, over 10-15
min to avoid bradycardiac;
diluted in 0.9% sodium
chloride or 5% dextrose

Asymptomatic
hypocalcemia
or
normocalcemia

Carbonate,
citrate

30-75
5 years
old: 500
mg/dayd

10 years
old: 1000
mg/dayd

Oral route, divided into 2-3
doses daily
aAs elemental calcium. Calcium carbonate is 40% elemental calcium; calcium citrate is 21%
elemental calcium.
bOne ampoule (10 mL) contains about 90 mg of elemental calcium.
cElectrocardiographic monitoring is strongly recommended.
dSuggested by Lambert AS and Linglart A (35).
TABLE 3 Genes involved in the genesis of genetically determined rickets
or hypophosphatemia.

Disorder Gene
OMIMM

#

XLH PHEX 307800

ADHR FGF23 193100

ARHR1 DMP1 241520

ARHR2 ENPP1 613312

Raine syndrome FAM20C 259775

PFD GNAS 174800

HHRH SLC34A3 241530

Hypophosphatemic rickets
and hyperparathyroidism

13q13.1 612089

Osteoglophonic dysplasia FGFR1 166250

Opsismodysplasia INPPL1 258480

Jansen-type metaphyseal chondrodysplasia PTH1R 156400

NPHLOP1 SLC34A1 612286

NHERF1 SLC9A3 604990

X-linked recessive hypophosphatemic rickets CLCN5 300554

VDDR1A CYP27B1 264700

VDDR1B CYP2R1 600081

VDDR2A VDR 277440

VDDR2B VDR 600785

VDDR3 CYP3A4 619073
XLH, X-linked hypophosphatemic rickets; ADHR, autosomal dominant hypophosphatemic
rickets; ARHR1, autosomal recessive hypophosphatemic rickets type 1; ARHR2, autosomal
recessive hypophosphatemic rickets type 2; PFD, polyostotic fibrous dysplasia; HHRH,
hypophosphatemic rickets with hypercalciuria; NPHLPO1, nephrolithiasis/osteoporosis,
hypophosphatemic, 1. NHERF1, nephrolithiasis/osteoporosis, hypophosphatemic, 2;
VDDR1A, vitamin D-dependent rickets type 1A; VDDR1B, vitamin D-dependent rickets
type 1B; VDDR2A, vitamin D-dependent rickets type 2A; VDDR2B, vitamin D-dependent
rickets type 2B; VDDR3, vitamin D-dependent rickets type 3.
TABLE 4 Vitamin D treatment in patients with nutritional vitamin D
deficiency rickets.

Age Daily dose for 3
months, IU

Single
dose, IU

Maintenance
daily dose, IU

< 3 months 2000 – 400

3-12 months 2000 50,000 400

> 12 months
to 12 years

3000-6000 150,000 600

> 12 years 6000 300,000 600
Response to treatment based on clinical, biochemical, and radiologic assessments, should be
performed after 3 months of vitamin D administration; some patients may require further
treatment. A daily calcium intake of at least 500 mg should be ensured, either as a dietary
intake or supplements. For conversion from IU to mg, divide by 40.
Adapted from Munns et al. (1).
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vitamin D supplements (50,000 IU every 4 weeks) (84). Radiologic

healing of the growth plate usually occurred after 3-6 months of

calcium administration, even though the clinical signs of rickets

required a longer time to resolve than biochemical and radiologic

alterations (3).
9.3 Nutritional phosphate
deficiency rickets

Management of dietary phosphate deficiency is based primarily

on adequate dietary supplements. Oral or parenteral phosphate salts

are usually administered in patients with impaired phosphate

absorption after extensive gastrointestinal surgery, short bowel

syndrome, or severe gastrointestinal disorders (78).

Biochemical parameters, including relative hypocalcemia or

hypophosphatemia, are the main factors for the management of

metabolic bone disease of prematurity. Measurement of PTH has a

pivotal role for the treatment, because increased PTH occurs in

calcium deficiency, while it is normal or reduced in phosphate

deficiency (85, 86). Human milk fortifiers and special preterm

formulas are usually indicated to improve the needs for growth in

very low birthweight infants. Phosphate supplementation should be

considered for serum phosphate concentrations <4 mg/dL (1 mmol/

L), but it can be also indicated if values fall below 5.5 mg/dL (1.3

mmol/L), especially if associated with increased alkaline

phosphatase activity, to improve bone mineralization and to

prevent hypercalciuria (87). The recommended daily oral intake

of calcium and phosphate varies between 150-220 mg/kg/day and

75-140 mg/kg/day through enteral feeds, respectively (87–91); an

enteral calcium to phosphate intake ratio at 1.5:1 to 1.7:1 on mg-to-

mg basis is proposed (86, 87). For parental nutrition, calcium 75-

100 mg/kg/day and phosphate 50-80 mg/kg/day are recommended

(85, 86, 90, 91).

In infants unable to tolerate human milk fortifier or preterm

formula, elemental minerals may be added by oral route.

Supplementation usually starts at 20 mg/kg/day of elemental

calcium and 10-20 mg/kg/day of elemental phosphorus. It is

increased, as tolerated, to a maximum of 70-80 mg/kg/day of

elemental calcium and 40-50 mg/kg/day of elemental phosphorus

(87, 91). Serum PTH concentrations and alkaline phosphatase

activity should be measured every 1-2 weekly for adjusting

phosphate and calcium to phosphate ratios (86).

Vitamin D supplements in preterm infants differ between

United States and Europe recommendations. The European

Society for Paediatric Gastroenterology, Hepatology and Nutrition

(ESPGHAN) recommends a dose of 800-1000 IU vitamin D daily,

whereas 200 IU/day is recommended in the United States for

infants weighing less than 1500 g and 400 IU/day for infants

weighing more than 1500 g (87, 88, 91, 92). A lower calcium

intake may benefit from a higher vitamin D intake as suggested by

ESPGHAN recommendations, whereas a higher calcium intake

may be preferred in association with a lower vitamin D intake as

indicated in the United States (91, 92).
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10 Treatment and management of
vitamin D-dependent rickets

10.1 VDDR1A

Conventional treatment for patients with VDDR1A is based on

the association of a vitamin D active metabolite and calcium

supplements. Patients must be treated lifelong with physiologic

doses of 1,25(OH)2D given twice daily due to its short half-life (21).

Alternatively, alfacalcidol may be administered once a day due to its

longer half-life. Alfacalcidol treatment by drop formulation may be

useful in affected infants. The dosage of both calcitriol and

alfacalcidol should be titrated according to serum calcium

concentrations. The high calcium demands of the unmineralized

skeleton occurring in the first months of treatment may require 2-5

times higher dosages of active vitamin D metabolites than during

maintenance treatment (21, 93). The maintenance doses of

active vitamin D metabolites and calcium supplements after

normalization of serum calcium and PTH concentration are

reported in Table 6.

Response to calcitriol or alfacalcidol is usually rapid, with

healing of rickets and normalization of the biochemical

parameters within 7-9 weeks (94). Long-term compliance with

the treatment is important to maintain normal calcium and PTH

concentrations. Serum concentrations of calcium, phosphate, and

PTH, and urinary calcium excretion should be measured regularly

during the maintenance treatment (at least every 4-6 months).

However, time intervals may be reduced if hypocalcemia persists

during the first weeks of treatment. Serum calcium concentration

should be maintained in the low-normal range to keep PTH

secretion below the upper limit of normal (95). Calcium excretion

should be maintained below the normal limit for age and weight.

Renal ultrasound examination should be performed every 1-2 years

to monitor for renal calcification, and more frequently if there is

evidence of hypercalciuria (21). However, based on personal

expertise renal ultrasonography every 6-12 months may be useful

for the early diagnosis of a mild form of nephrolithiasis.
10.2 VDDR1B

The best treatment for the patients with this form of rickets

requires the association of calcifediol, as vitamin D has not/poor

effect due to the altered hepatic conversion, and calcium

supplements (Table 6). Serum 25(OH)D concentrations increased

in response to a vitamin D bolus in heterozygous patients, although

the achieved concentrations were lower than those found in

controls. Homozygous patients with mutations in CYP2R1

showed a very limited or no increase in serum 25(OH)D

concentrations in response to the same vitamin D bolus (62, 96).

Alternatively, other vitamin D active metabolites, such as calcitriol

or alfacalcidol, may be effective in improving serum calcium and

PTH concentrations.
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10.3 VDDR2A and VDDR2B

The success of the treatment of patients with VDDR2A varies

according to the VDR mutation (97). It has been found that mutations

in the ligand-binding domain are associatedwith variable resistance to 1,25

(OH)2D; whereas, mutations in the DNA binding domain cause almost

total 1,25(OH)2D resistance and alopecia (2). Patients with alopecia are

usually less responsive to treatment in comparison with patients without

alopecia (98). However, the response to treatment is highly variable and

the doses of vitamin D metabolites and calcium salts should be

individualized. About half of patients with alopecia are resistant even to

the highest vitamin D metabolites doses. The other half require ten times

higher vitaminDmetabolites doses than patients without alopecia (21, 78).

Levine (21) suggested that maintenance therapy is based upon

several factors: (a) some patients will respond to calciferols (vitamin D2,

vitaminD3, or calcifediol), which are substrates for the generation of 1,25

(OH)2D; (b) other patients may respond only to high doses of vitamin D

metabolites (calcitriol or alfacalcidol) that possess 1a-hydroxylation; (c)
a minority of patients will not respond to calciferols Some patients

affected by severe forms of the disease required long-term intravenous

calcium administration (given over 12 h, often during the night) for

many months in order to achieve normocalcemia (21, 78, 99).

During and after puberty, the patients may develop an increased

intestinal calcium absorption to concentrations that are even greater

than those of normal individuals. Indeed, some patients maintain

normocalcemia with modest oral calcium supplementation, and a

small number of patients may have normocalcemia even without

calcium supplements (21).

Management of patients with VDDR2B is similar to that

indicated in patients with VDDR2A (21, 99).
10.4 VDDR3

Few data on the treatment of patients with VDDR3 are

available. These patients may respond to vitamin D or vitamin D
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metabolites, but greater doses are required in comparison within

patients with nutritional vitamin D deficiency rickets. Lifelong

treatment with a high dose of vitamin D are needed to ensure

clinical and biochemical remission (21, 22). Some suggestions for

the treatment of these patients are reported in Table 6.
11 Treatment and management of
hypophosphatemic rickets

11.1 FGF23-dependent
hypophosphatemic rickets

Conventional treatment of patients with FGF23-dependent

hypophosphatemic rickets, including XLH, ADHR, ARHR1, and

ARHR2, consists of inorganic oral phosphate salts combined with

vitamin D active metabolites, such as calcitriol or alfacalcidol.

Most of the data on the use of conventional treatment in

hypophosphatemic rickets comes from the management of

patients with XLH. The recommended starting and maintenance

doses of inorganic phosphate salts and vitamin D active metabolites

in patients with hypophosphatemic rickets (2, 100–103) are

summarized in Table 7. Conventional treatment may be

associated with a transient increase in serum phosphate

concentration only in some patients, without significant changes

in TmP/GFR. The treatment started in early infancy improves

outcomes even if it did not completely normalize skeletal

abnormalities (2, 104–106). It is generally associated with slow

improvement in the healing of rickets and with residual skeletal

deformities in most patients. Moreover, it has been shown that

patients with XLH treated with conventional treatment had

decreased height gain by 1 year of age and remained below

population norms thereafter (107). This suggests that XLH affects

skeletal growth and bone mineralization from the earliest years of

life and that conventional treatment may not improve the evolution

of the disease.
TABLE 6 Maintenance treatment in patients with vitamin D-dependent rickets.

Drug VDDR1A VDDR1B VDDR2 VDDR3

Vitamin D NI Heterozygous: 5,000-10,000 IU/day
Homozygous: 600,000 every

3 months

LI 50,000/day

Calcifediol NI 15-50 mg/day 20-200 mg/daya ?

Alfacalcidol 10-100 ng/kg/day
0.5-3 mg/day

0.5-3 mg/day 10-400 ng/kg/dayb

5-60 mg/dayb
?

Calcitriol 10-100 ng/kg/day
0.3-2 mg/day

0.3-2 mg/day 10-400 ng/kg/dayb

5-60 mg/dayb
?

Calcium salts
(by oral route)

0.5-3 g/day 0.5-2 g/day 3-5 g/day
400-1400 mg/m2/dayc

?

NI, not indicated.
LI, little indicated.
aonly some patients without alopecia may respond.
bsome patients do not respond despite maximal doses.
cintravenous administration for many years.
Adapted and modified from Levine MA (21).
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Conventional treatment may be effective in improving dental

and parodontal lesions (100, 108, 109) depending on the onset,

compliance, and duration of therapy, even though some studies

demonstrated a poor effect of the conventional treatment on oral

phenotype (110, 111).

In patients with ADHR and ARHR1 the dosages of phosphate

supplements and vitamin D active metabolites may vary according

to the severity of the disease and the response to treatment. In

patients with ADHR, it has been shown that iron deficiency affected

the severity of the phenotype, and that iron repletion normalized

previously increased FGF23 concentrations and improved serum

phosphate concentration (112). Therefore, reduction or withdrawal

of conventional treatment should be attempted only after the

optimization of iron status by oral iron administration (3 to 6

mg/kg elemental Fe, max 200 mg/day for 3 months) (113, 114).

Measurement of ferritin is suggested to assess the need for iron

supplementation in patients with ADHR (114).

Inorganic oral phosphate salts and vitamin D active metabolites

constitute the conventional treatment also for patients with ARHR2

(115–117). However, the fact that ENPP1 deficiency may also be

associated with arterial, cardiac, and articular calcification, or may

present as generalized arterial calcification (115, 118, 119), should

be taken into consideration because these phenotypes preclude the

administration of the conventional treatment; therefore, the

assessment of carotid intima media thickness and cardiac

ultrasonography are strongly recommended in patients with

ARHR2 (78). However, recent studies in patients with ARHR2

indicated that conventional treatment did not result in increased

calcification in patients with ENPP1 deficiency (120, 121).

Furthermore, patients with biallelic ENPP1 mutations may

develop normocalcemic primary hyperparathyroidism, which may

require partial parathyroidectomy (116).

In patients with a form of FGF23-dependent hypophosphatemic

rickets, the benefit of the conventional treatment should be balanced
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with the potential risks of overtreatment (53). Compliance with the

treatment is poor in many patients, mainly in infants, due to

gastrointestinal symptoms, including diarrhea, bloody stools, and

abdominal pain; compliance may improve by reducing the dose of

oral phosphate salts (53). Some complications have been reported in

patients with XLH during conventional treatment, including

hypercalcemia, secondary/tertiary hyperparathyroidism, hypercalciuria,

nephrocalcinosis, and nephrolithiasis (53, 100–103). Some

recommendations for follow-up in patients with XLH receiving

conventional treatment have been suggested (2, 53, 100–103,

122) (Table 8).
11.1.1 Burosumab treatment in patients with XLH
Burosumab, a recombinant human IgG1 monoclonal antibody

that targets FGF23, has been approved by the US Food and Drug

Administration (FDA), the European Medicines Agency (EMA),

and the Japan’s Health Authority (PMDA) for the treatment of

patients with XLH. In Europe, burosumab is indicated in patients in

children 1 year of age and older and adolescents with growing

skeletons with radiographic evidence of rickets. The criteria for

receiving burosumab vary between European countries. They are

based according to eligibility rules for early access programs or

qualification for reimbursement from health insurance or public

health systems (123).

Some studies showed that burosumab treatment improved serum

phosphate concentration and TmP/GFR values and were associated

with rapid healing of radiographic sings of rickets, improved

osteoarticular and muscular pain, and physical function (124, 125).

Furthermore, a greater clinical improvement in rickets severity,

longitudinal growth, and biochemical findings has been

demonstrated in patients with XLH and an RSS of at least 2 treated

with burosumab compared with patients continuing on conventional

treatment (126). Beneficial effects of burosumab treatment on

phosphate metabolism, skeletal lesions of rickets, and linear growth

are reported in other recent studies (127–133). The main

recommendations for treatment with burosumab for patients with

XLH are summarized in Table 9 (134–136). Serum phosphate

concentration represents a main biochemical parameter to titrate the

dose of burosumab. Dose adjustments should be continued until the

target low-normal serum phosphate concentration is reached or no

further increase is observed after dose escalation (101, 135). Likely,

targeting fasting serum phosphate at the lower end of the normal

reference range for age is the safest approach to reduce the risk of

ectopic mineralization (101). Serial measurement of alkaline

phosphatase activity may also have a pivotal role to assess the

progression of disease (135). A progressive decline in serum alkaline

phosphatase activity, despite still being above the age- and sex-specific

upper limit of normal, may indicate a sufficient clinical response (135).

Serum phosphate concentrations below the age- and sex-specific low

limit of normal may be considered as a sufficient treatment response if

is associated with a sustained decrease in serum alkaline phosphatase

activity and improved signs of rickets (135). Periodic measurements of

serum 25(OH)D concentration are suggested, because a decline in

vitamin D status may be the consequence of reduced sunlight exposure

but also to the effect of burosumab treatment (14, 134, 135). We
TABLE 7 Starting and maintenance doses of inorganic phosphate salts
and active vitamin D analogs in patients with hypophosphatemic rickets.

Newborns or before the
development of clinical
or radiological signs
of rickets

Evidence of
clinical or radi-
ological signs
of rickets

Starting
doses

Alfacalcidol, 25-40 ng/kg/day (0.8-1
mg/day), once/day;
inorganic phosphate salts, 20-40 mg/
kg/day, 4 to 6 intakes/daily

Alfacalcidol, 40-80 ng/
kg/day (1-1.5 mg/day),
once/day
calcitriol, 20-40 ng/kg/
day, 2-3 times/day;
inorganic phosphate
salts, 40-60 mg/kg/day,
4 to 6 intakes/daily

Maintenance
doses

Alfacalcidol, 25-40 ng/kg/day (1-2 µg/day), once/day; calcitriol,
20-30 ng/kg/day, 2-3 times/day; inorganic phosphate salts, 20-
60 mg/kg/day, 4 to 6 intakes/daily
N.B.: A progressive increase in the dose of phosphate supplements and active vitamin D
analogs is recommended. The treatment should be personalized and adapted to the severity of
the disease and patient’s tolerance. The two medications must be administered in combination
and at balanced dosages and monitored carefully.
Adapted and modified from Carpenter TO, et al. (2), Baroncelli GI, et al. (53), Linglart A, et al.
(100), Haffner D, et al. (101), Rothenbuhler A, et al. (102), Trombetti A, et al. (103), and
authors’ expertise.
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recommend maintaining serum 25(OH)D >50 nmol/L (20 ng/mL) to

prevent secondary hyperparathyroidism and to facilitate burosumab-

mediated 1,25(OH)2D synthesis (135). Measurement of serum 1,25

(OH)2D concentration during burosumab treatment is debated (14). A

Consensus Statement recommended monitoring 1,25(OH)2D during

burosumab treatment to assess the increment of this vitamin D

metabolite (101), but its role in adjusting burosumab dose has not

been documented. In the opinion of other authors, measurement of

serum 1,25(OH)2D concentrations during burosumab adds cost

without clear benefit, so it is not recommended (14).

Some recommendations for the follow-up of patients with XLH

treated with burosumab are reported in Table 10. The timing of

clinical evaluation and biochemical measurements may vary

according to the expertise of the authors and should be tailored

for each patient. Burosumab treatment is well tolerated and safe.

The most common adverse drug reactions reported in pediatric
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patients were transient injection site reaction, headache, and pain in

the extremities (101, 124, 132, 134–137).

11.1.2 Growth hormone treatment in patients
with XLH

Some studies showed that growth hormone (GH) in association

with conventional treatment may increase short-term linear growth

in patients with XLH (53). However, the effects on final height are

not conclusive (138–140). A recent large study suggested that

continuing GH treatment in patients with XLH after switching

from conventional therapy to burosumab, if the height prognosis
TABLE 9 Main recommendations for the treatment with burosumab in
patients with XLH.

• If guidelines and reimbursement criteria allow, burosumab treatment should be
started as early as possible in patients over the age of 1 year (6 months in some
countries, such as the USA), mainly in those with severe rickets (RSS ≥ 2). If
conventional therapy is used as initial treatment, a prompt switch to burosumab
is required in cases of insufficient response.

• Conventional treatment must be discontinued at least 7-10 days before starting
burosumab treatment.

• A starting dose of burosumab of 0.8 mg/kg body weight, given subcutaneously
every 2 weeks is recommended.

• Titrate burosumab in 0.4 mg/kg increments to increase fasting serum
phosphate concentration within the lower end of the normal reference range for
age to a maximum dosage of 2.0 mg/kg body weight (maximum dose 90 mg).

• Assess fasting serum phosphate concentration during the titration period
between injections, ideally 7-11 days after the last injection, to detect the effect of
treatment and to avoid hyperphosphataemia.

• After achieving a steady state of serum phosphate concentration, which can be
assumed after 3-4 moonths on a stable dosage, fasting serum phosphate should
be measured preferentially directly before injections to detect underdosing.

• Burosumab treatment should be discontinued if fasting serum phosphate
concentrations are above the upper range of normal for agea.

• Serum phosphate concentration below the age- and sex-specific low-limit of
normal may be acceptable if there is a sustained decrease in alkaline phosphatase
activity, improvement of rickets, and the patient is responding clinically.

• Serum 25(OH)D concentration should be maintained at >50 nmol/L (20 ng/
mL) to prevent secondary hyperparathyroidism and associated phosphaturia.

• Patients who have started treatment with burosumab should continue
treatment throughout adolescence until the closure of the growth plate.

• Physiologic age-based parameters, such as growth plate closure, are likely the
more appropriate indicators to determine when to change the burosumab dosing
regimen from the pediatric (Q2W) to the adult dose (Q4W).

• A multidisciplinary evaluation should be conducted with the adult team during
the transition phase to consider the followup of burosumab through adulthood.

• Changes in physical ability and quality of life in older patients may require the
use of monitoring tools similar to those used in the adult population with XLHb.
aAccording to Summary of Product Characteristics (https://www.ema.europa.eu/en/
documents/product-information/crysvita-epar-product-information_en.pdf) the next dose
should be withheld and the fasting serum phosphate concentration reassessed in 2 weeks.
The patient must have serum phosphate below the reference range before restarting
burosumab. Once serum phosphate is below the reference range, treatment may be
restarted at approximately half the previous dose, administered every 4 weeks. Serum
phosphate concentration should be reassessed 2 weeks after any change in dose.
be.g. 6-minute walk test, handgrip strength, Brief Pain and Fatigue Inventories and the
Western Ontario and McMaster Universities Arthritis Index (WOMAC).
From Haffner D, et al. (101), Trombetti A, et al. (103), Seefried L, et al. (123), Padidela R, et al.
(134), and Mughal MZ, et al. (135), and authors’ expertise.
TABLE 8 Some general recommendations for the follow-up of patients
with XLH receiving conventional treatment.

Clinical
assessment

Timing

Clinical and
auxological examinationa

< 5 years, 1-3 months; > 5 years: 3-6 months

Odontostomatology
examination

Every 6-12 monthsb or based on
clinical symptoms

Orthopedic examination Every 12 monthsc or based on clinical symptoms

Otolaryngology > 8 years or based on clinical symptoms

Biochemical parameters

Serum calcium, phosphate,
creatinine, alkaline
phosphatase, PTH

Every 3-6 months

Urinary calcium,
phosphate, creatinined

Every 3-6 months

Imaging examinations

Radiographs of wristse,
kneese, standing
lower limbsf

Every 1-2 years or based on clinical signs

Renal ultrasonography Every yearg

Brain magnetic
resonance imaging

In the presence of craniosynostosis or skull shape
malformation, headache, neurological symptoms
or visual disturbances

Quality of life Every yearh
aIncluding measurement of height, weight, body mass index, pubertal stage, intercondylar and
intermalleolar distance, head circumference with skull shape; presence of signs of rickets, pain,
stiffness, fatigue; neurological evaluation (in patients with craniosynostosis or spinal stenosis).
bAfter tooth eruption.
cAfter initiation of walking.
dTo assess urinary calcium excretion as calcium/creatinine ratio or calcium excretion 24h, and
TmP/GFR.
eTo assess the rickets severity score when appropriate.
fTo assess and quantify the degree of varism or valgism.
gEvery 6 months if nephrocalcinosis is diagnosed.
hAssessed by using age-appropriate and disease-appropriate scales for children
and adolescents.
Adapted and modified from Carpenter TO, et al (2),, Baroncelli GI, et al. (53), Linglart A, et al.
(100), Haffner D, et al. (101), Rothenbuhler A, et al. (102), Trombetti A, et al. (103), Rainmann
A, et al. (122), and authors’ expertise.
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was compromised, might be beneficial for the final height (141).

Nevertheless, GH treatment in association with conventional

treatment (101) or burosumab is not recommended routinely,

and further longer studies are required to examine the role of GH

in addition to burosumab.
11.2 Other forms of FGF23-dependent
hypophosphatemic bone disorders

Hypophosphatemic rickets may be a rare complication in

some patients with non-lethal Raine syndrome (ARHR3) (78,

142–144) and in patients with fibrous dysplasia (145, 146).

Hypophosphatemia has been reported in approximately 50% of

patients with fibrous dysplasia/McCune Albright syndrome and is

associated with rickets or osteomalacia. Serum FGF23

concentrations are increased due to a mass of FGF23-producing

cells in fibrous bone lesions (145). Hypophosphatemic rickets may

be treated with the conventional treatment by oral inorganic

phosphate salts associated with vitamin D active metabolites.

TIO may be solved definitively by removing the tumor causing

excessive production of FGF23 (23, 78, 147). Measurement of

circulating FGF23 concentration may be useful to detect the

progressive reduction after tumor resection or tumor recurrence

(78). When tumor resection is not possible or the tumor is not

found, and in patients awaiting surgery, conventional treatment

similar to that used in patients with XLH should be administered

(23, 24, 147).

11.2.1 Burosumab treatment in patients with
other FGF23-dependent hypophosphatemic
bone disorders

Burosumab has been administered in patients with other forms

of rickets, including two adult patients with ARHR1 who showed

normalization of serum phosphate concentrations, healing of

pseudofracture, reduced fatigue and bone pain (148), and in two

children with fibrous dysplasia (149, 150) whose serum phosphate

concentrations normalized (149) and alkaline phosphatase activity

progressively reduced (150). Furthermore, some case reports in

pediatric patients with cutaneous skeletal hypophosphatemia

syndrome (27–30) showed that burosumab improved phosphate

metabolism, bone turnover, skeletal abnormalities, and quality of

life, suggesting that it could be a promising treatment for patients

with the FGF23-mediated hypophosphatemia associated with this

rare disorder.
11.3 FGF23-independent
hypophosphatemic rickets

Monotherapy with oral inorganic phosphate supplements is the

usual treatment for patients with HHRH, whereas active vitamin D

metabolites are contraindicated due to the increased 1,25(OH)2D

concentration (2, 151, 152). Treatment with phosphate should be

targeted to decrease the 1,25(OH)2D concentration, reduce

intestinal calcium absorption and hypercalciuria, and improve
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bone mineralization (2). Potassium citrate, salt restriction, and

hyperhydration may be useful tools to reduce hypercalciuria.

Moreover, treatment with fluconazole (100 mg once daily) has

been proposed to inhibit the 1a-hydroxylase and reduce 1,25(OH)

2D concentration and hypercalciuria to almost normal values (153).

Furthermore, GH treatment associated with oral phosphate

supplements improved the renal phosphate leakage and resulted

in accelerated linear growth (154). The addition of GH, fluconazole,
TABLE 10 Some general recommendations for the follow-up of patients
with XLH receiving burosumab treatment.

Clinical assessment Timing

Clinical and
auxological examinationa

< 5 years: 1-3 months; > 5 years: 3-6 months

Odontostomatology
examinationb

Every 6-12 months or based on
clinical symptoms

Orthopedic examinationc Every 12 months or based on clinical symptoms

Otolaryngology examination > 8 years or based on clinical symptoms

Biochemical parameters

Fasting serum calcium,
phosphate, creatinine,
alkaline phosphatase, PTH

Every 4 weeks during the first 3 months;
thereafter at least every 3 months or based on
clinical and biochemical pattern

Serum 25(OH)D and 1,25
(OH)2D

d
Every 3-4 months, mainly during the
winter months

Urinary calcium,
phosphate, creatininee

Every 4 weeks during the first 3 months;
thereafter at least every 3 months or based on
clinical and biochemical pattern

Imaging examinations

Radiographs of wristsf,
kneesf, standing lower limbsg

Every 1-2 years or based on clinical signs

Renal ultrasonography Every 1-2 yearsh

Brain magnetic
resonance imaging

In the presence of craniosynostosis or skull
shape malformation, headache, neurological
symptoms or visual disturbances

Quality of
life monitoring

Every 3-6 months up to 1-2 yearsi

Other

Monitoring adverse eventsj Continuous active collection and reporting
aIncluding measurement of height, weight, body mass index, pubertal stage, intercondylar and
intermalleolar distance, head circumference with skull shape; presence of signs of rickets, pain,
stiffness, fatigue; neurologic evaluation (in patients with craniosynostosis or spinal stenosis).
bAfter tooth eruption.
cAfter initiation of walking.
dAdequate body stores of 25(OH)D may also facilitate burosumab-mediated 1,25(OH)

2D synthesis.
Measurement of serum 1,25(OH)2D concentrations is not recommended by some
authors (14).
eTo assess urinary calcium excretion as calcium/creatinine ratio or calcium excretion 24h, and
TmP/GFR.
fTo assess the rickets severity score, when appropriate.
gTo assess and quantify the degree of varism or valgism.
hEvery year if nephrocalcinosis is diagnosed in patients who had received
conventional treatment.
iAssessed by using age-appropriate and disease-appropriate scales for children and
adolescents. The timing of evaluation may vary according to the clinical symptoms.
jIn many European Countries healthcare professionals are asked to report any suspected
adverse reactions to specific national databases.
Adapted and modified from Haffner D, et al. (101), Trombetti A, et al. (103), Rainmann A,
et al. (122), Padidela R, et al. (134), Mughal MZ, et al. (135), and authors’ expertise.
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and salt restriction improved the effect of the conventional therapy

with phosphate supplementation and potassium citrate (155).

However, additional studies are required to provide the long-term

efficacy and safety of fluconazole and GH alone or in combination.

Phosphate supplements and vitamin D active metabolites are

suggested for the treatment of patients with hypophosphatemic

rickets secondary to tubulopathies, Fanconi syndrome, Dent

disease, or other systemic diseases, in association with the

recommended treatments for each disease (2).
12 Conclusions

Rickets should be considered a health priority in infants and

children. A correct clinical and biochemical approach is

fundamental to identify the subjects with suspected rickets. Early

diagnosis and adequate treatment are primary targets to avoid

severe consequences later in life. The differentiation between the

nutritional forms from the genetic forms of rickets is an important

step for the correct treatment. Each form of rickets requires a

specific diagnostic trail, distinct treatment and an interdisciplinary

approach to management (53, 103, 123). Some algorithms to

facilitate the diagnostic approach are suggested. Furthermore,

some recommendations for the most appropriate treatments for

patients with rare forms of hereditary rickets are proposed.
Author contributions

GB: Conceptualization, Data curation, Formal analysis,

Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review &

editing. PC: Conceptualization, Data curation, Formal analysis,

Investigation, Supervision, Validation, Visualization, Writing –

original draft, Writing – review & editing. TA: Writing – original

draft, Writing – review & editing. FB: Writing – original draft,

Writing – review & editing. AC: Writing – original draft, Writing –

review & editing. MC: Writing – original draft, Writing – review &

editing. MC: Writing – original draft, Writing – review & editing.

LD: Writing – original draft, Writing – review & editing. ND:

Writing – original draft, Writing – review & editing. MF: Writing –

original draft, Writing – review & editing. DF: Writing – original

draft, Writing – review & editing. RF: Writing – original draft,

Writing – review & editing. MK: Writing – original draft, Writing –

review & editing. SL: Writing – original draft, Writing – review &

editing. MM: Writing – original draft, Writing – review & editing.

MP: Writing – original draft, Writing – review & editing. AS:

Writing – original draft, Writing – review & editing. DT: Writing –

original draft, Writing – review & editing. FV: Writing – original
Frontiers in Endocrinology 16
draft, Writing – review & editing. MW: Writing – original draft,

Writing – review & editing. GW: Writing – original draft, Writing –

review & editing. SM: Conceptualization, Data curation, Formal

analysis, Funding acquisition, Investigation, Methodology, Project

administration, Resources, Software, Supervision, Validation,

Visualization, Writing – original draft, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research, authorship, and/or publication of this article. Kyowa Kirin

srl supported EDRA srl for editorial assistance in preparing the

manuscript and publication, without interfering with authorship

and intellectual property of the contents.
Acknowledgments

Linguistic revision was performed by Dr Lorna O’Brien, Edra.

This work is generated within the European Reference Networks for

Rare Bone Diseases (BOND-ERN), for Rare Endocrine Conditions

(ENDO-ERN), for Hereditary Metabolic Disorders (METAB-ERN),

and the European Registries for Rare Endocrine Conditions

(EuRRECa). GB is a representative of the BOND-ERN, and AC

and GW are representatives of the ENDO-ERN. PC, ND, DF, and

DT are part of the Main Thematic Groups in the Reference Centres

of the BOND-ERN. LD, ND, SM, and MW are part of the Main

Thematic Groups in the Reference Centres of the ENDO-ERN. AC

and DT are part of the Main Thematic Groups in the Reference

Centres of the EuRRECa.
Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be

construed as a potential conflict of interest.

The author(s) declared that they were an editorial board

member of Frontiers, at the time of submission. This had no

impact on the peer review process and the final decision.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations,

or those of the publisher, the editors and the reviewers. Any product

that may be evaluated in this article, or claim that may be made by its

manufacturer, is not guaranteed or endorsed by the publisher.
frontiersin.org

https://doi.org/10.3389/fendo.2024.1383681
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Baroncelli et al. 10.3389/fendo.2024.1383681
References
1. Munns CF, Shaw N, Kiely M, Specker BL, Thacher TD, Ozono K, et al. Global
consensus recommendations on prevention and management of nutritional rickets.
J Clin Endocrinol Metab. (2016) 101:394–415. doi: 10.1210/jc.2015-2175

2. Carpenter TO, Shaw NJ, Portale AA, Ward LM, Abrams SA, Pettifor JM. Rickets.
Nat Rev Dis Primers. (2017) 3:17101. doi: 10.1038/nrdp.2017.101

3. Thacher TD. Calcium-deficiency rickets. In: Hochberg Z, editor. Vitamin D and
rickets. Karger AG, P.O. Box, CH-4009 Basel, Switzerland (2003). p. 105–25.

4. Haffner D, Leifheit-Nestler M, Grund A, Schnabel D. Rickets guidance: part I-
diagnostic workup. Pediatr Nephrol. (2022) 37:2013–36. doi: 10.1007/s00467-021-
05328-w

5. Chacham S, Pasi R, Chegondi M, Ahmad N, Mohanty SB. Metabolic bone disease
in premature neonates: An unmet challenge. J Clin Res Pediatr Endocrinol. (20202020)
12:332–9. doi: 10.4274/jcrpe.galenos.2019.2019.0091

6. Imel EA, Econs MJ. Fibroblast growth factor 23: roles in health and disease. J Am
Soc Nephrol. (2005) 16:2565–75. doi: 10.1681/ASN.2005050573

7. Beck-Nielsen SS, Brock-Jacobsen B, Gram J, Brixen K, Jensen TK. Incidence and
prevalence of nutritional and hereditary rickets in Southern Denmark. Eur J Endocrinol.
(2009) 160:491–7. doi: 10.1530/EJE-08-0818

8. Rafaelsen S, Johansson S, Raeder H, Bjerknes R. Hereditary hypophosphatemia in
Norway: a retrospective population-based study of genotypes, phenotypes, and
treatment complications. Eur J Endocrinol. (2016) 174:125–36. doi: 10.1530/EJE-15-
0515

9. Beck-Nielsen SS, Mughal Z, Haffner D, Nilsson O, Levtchenko E, Ariceta G, et al.
FGF23 and its role in X-linked hypophosphatemia-related morbidity. Orphanet J Rare
Dis. (2019) 14:58. doi: 10.1186/s13023-019-1014-8

10. Pavone V, Testa G, Gioitta Iachino S, Evola FR, Avondo S, Sessa G.
Hypophosphatemic rickets: etiology, clinical features and treatment. Eur J Orthop
Surg Traumatol. (2015) 25:221–6. doi: 10.1007/s00590-014-1496-y

11. Eltan M, Alavanda C, Yavas Abali Z, Ergenekon P, Yalındag Ozturk N, Saka M,
et al. A rare cause of hypophosphatemia: raine syndrome changing clinical features
with age. Calcif Tissue Int. (2020) 107:96–103. doi: 10.1007/s00223-020-00694-3

12. Boyce AM, Collins MT. Fibrous dysplasia/McCune-Albright syndrome: a rare,
mosaic disease of Gas activation. End Rev. (2020) 41:345–70. doi: 10.1210/endrev/
bnz011

13. Brownstein CA, Adler F, Nelson-Williams C, Iijima J, Li P, Imura A, et al. A
translocation causing increased a-Klotho level results in hypophosphatemic rickets and
hyperparathyroidism. Proc Natl Acad Sci USA. (2008) 105:3455–60. doi: 10.1073/
pnas.0712361105

14. Ackah SA, Imel EA. Approach to hypophosphatemic rickets. J Clin Endocrinol
Metab. (2023) 108:209–20. doi: 10.1210/clinem/dgac488

15. Cormier-Daire V, Delezoide AL, Philip N, Marcorelles P, Casas K, Hillion Y,
et al. Clinical, radiological, and chondro-osseous findings in opsismodysplasia: survey
of a series of 12 unreported cases. J Med Genet. (2003) 40:195–200. doi: 10.1136/
jmg.40.3.195

16. Brown WW, Juppner H, Langman CB, Price H, Farrow EG, White KE, et al.
Hypophosphatemia with elevations in serum fibroblast growth factor 23 in a child with
Jansen’s metaphyseal chondrodysplasia. J Clin Endocrinol Metab. (2009) 94:17–20.
doi: 10.1210/jc.2008-0220

17. Fukumoto S. Targeting fibroblast growth factor 23 signaling with antibodies and
inhibitors, is there a rationale? Front Endocrinol. (2018) 9:48. doi: 10.3389/
fendo.2018.00048

18. Shore RM. Disorders of phosphate homeostasis in children, part 2:
hypophosphatemic and hyperphosphatemic disorders. Pediatr Radiol. (2022)
52:2290–305. doi: 10.1007/s00247-022-05373-z

19. Amatschek S, Haller M, Oberbauer R. Renal phosphate handling in human: what
can we learn from hereditary hypophosphataemias? Eur J Clin Invest. (2010) 40:552–
60. doi: 10.1111/j.1365-2362.2010.02286.x

20. Carpenter TO. The expanding family of hypophosphatemic syndromes. J Bone
Miner Metab. (2012) 30:1–9. doi: 10.1007/s00774-011-0340-2

21. Levine MA. Diagnosis and management of vitamin D dependent rickets. Front
Pediatr. (2020) 8:315. doi: 10.3389/fped.2020.00315

22. Roizen JD, Li D, O’Lear L, Javaid MK, Shaw NJ, Ebeling PR, et al. CYP3A4
mutation causes vitamin D-dependent rickets type 3. J Clin Invest. (2018) 128:1913–18.
doi: 10.1172/JCI98680

23. Florenzano P, Hartley IR, Jimenez M, Roszko K, Gafni RI, Collins MT. Tumor-
induced osteomalacia. Calcif Tissue Int. (2021) 108:128–42. doi: 10.1007/s00223-020-
00691-6

24. Bosman A, Palermo A, Vanderhulst J, De Beur SMJ, Fukumoto S, Minisola S,
et al. Tumor-induced osteomalacia: a systematic clinical review of 895 cases. Calcif
Tissue Int. (2022) 111:367–79. doi: 10.1007/s00223-022-01005-8

25. Haeusler G, Freilinger M, Dominkus M, Egerbacher M, Amann G, Kolb A, et al.
Tumor- tumor-induced hypophosphatemic rickets in an adolescent boy: clinical
Frontiers in Endocrinology 17
presentation, diagnosis, and histological findings in growth plate and muscle tissue.
J Clin Endocrinol Metab. (2010) 95:4511–7. doi: 10.1210/jc.2010-0543

26. Crossen SS, Zambrano E, Newman B, Bernstein JA, Messner AH, Bachrach L, et al.
Tumor-induced osteomalacia in a 3-year-old with unresectable central giant cell lesions.
J Pediatr Hematol Oncol. (2017) 39:e21–4. doi: 10.1097/MPH.0000000000000686

27. Khadora M, Mughal MZ. Burosumab treatment in a child with cutaneous
skeletal hypophosphatemia syndrome: A case report. Bone Rep. (2021) 15:101138.
doi: 10.1016/j.bonr.2021.101138

28. Huynh C, Gillis A, Fazendin J, Abdullatif H. A case report to assess the safety and
efficacy of burosumab, an investigational antibody to FGF23, in a single pediatric
patient with epidermal nevus syndrome and associated hypophosphatemic rickets.
Bone Rep. (2022) 17:101605. doi: 10.1016/j.bonr.2022.101605

29. Merz LM, Buerger F, Ziegelasch N, Zenker M,Wieland I, Tobias Lipek T, et al. A
case report: first long-term treatment with burosumab in a patient with cutaneous-
skeletal hypophosphatemia syndrome. Front Endocrinol. (2022) 13:866831.
doi: 10.3389/fendo.2022.866831

30. Sugarman J, Maruri A, Hamilton DJ, Tabatabai L, Luca D, Cimms T, et al. The
efficacy and safety of burosumab in two patients with cutaneous skeletal
hypophosphatemia syndrome. Bone . (2023) 166:116598. doi: 10.1016/
j.bone.2022.116598

31. Wolf M, Rubin J, Achebe M, Econs MJ, Peacock M, Imel EA, et al. Effects of iron
isomaltoside vs ferric carboxymaltose on hypophosphatemia in iron-deficiency anemia:
two randomized clinical trials. JAMA . (2020) 323:432–43. doi: 10.1001/
jama.2019.22450

32. Hall AM, Bass P, Unwin RJ. Drug-induced renal Fanconi syndrome. QJM.
(20142014) 107:261–9. doi: 10.1093/qjmed/hct258

33. Foreman JW. Fanconi syndrome. Pediatr Clin North Am. (20192019) 66:159–67.
doi: 10.1016/j.pcl.2018.09.002

34. Bikle DD. Vitamin D insufficiency/deficiency in gastrointestinal disorders.
J Bone Miner Res. (2007) 22:V50–4. doi: 10.1359/JBMR.07S208

35. Lambert AS, Linglart A. Hypocalcemic and hypophosphatemic rickets. Best
Pract Res Clin Endocrinol Metab. (2018) 32:455–76. doi: 10.1016/j.beem.2018.05.009

36. Otero JE, Gottesman GS, McAlister WH, Mumm S, Madson KL, Kiffer-Moreira T,
et al. Severe skeletal toxicity from protracted etidronatetherapy for generalized arterial
calcification of infancy. J Bone Miner Res. (2013) 28:419–30. doi: 10.1002/jbmr.1752

37. Miyai K, Ariyasu D, Numakura C, Yoneda K, Nakazato H, Hasegawa Y.
Hypophosphatemic rickets developed after treatment with etidronate disodium in a
patient with generalized arterial calcification in infancy. Bone Rep. (2015) 3:57–60.
doi: 10.1016/j.bonr.2015.09.001

38. Linglart A, Biosse-Duplan M. Hypophosphatasia. Curr Osteoporos Rep. (2016)
3:95–105. doi: 10.1007/s11914-016-0309-0

39. Whyte MP, Wenkert D, Zhang F. Hypophosphatasia: natural history study of
101 affected children investigated at one research center. Bone. (2016) 93:125–38.
doi: 10.1016/j.bone.2016.08.019

40. Foldes J, Balena R, Ho A, Parfitt AM, Kleerekoper M. Hypophosphatemic rickets
with hypocalciuria following long-term treatment with aluminum-containing antacid.
Bone. (1991) 12:67–71. doi: 10.1016/8756-3282(91)90002-Z

41. Vukicevic S. First case of rickets following prolonged treatment with aluminum
containing antacids that bind phosphate. Bone. (1992) 13:119. doi: 10.1016/8756-3282
(92)90449-7

42. Teotia M, Teotia SP, Singh KP. Endemic chronic fluoride toxicity and dietary
calcium deficiency interaction syndromes of metabolic bone disease and deformities in
India: year 2000. Indian J Pediatr. (1998) 65:371–81. doi: 10.1007/BF02761130

43. Pettifor JM. Screening for nutritional rickets in a community. J Steroid Biochem
Mol Biol. (2016) 164:139–44. doi: 10.1016/j.jsbmb.2015.09.008

44. Heimburger DC. Clinical manifestations of nutrient deficiencies and toxicities.
In: Ross AC, Cabellero B, Cousins RJ, Tucker KL, Ziegler TR, editors.Modern nutrition
in health and disease, 11th ed. Wolters Kluwer Health/Lippincott Williams & Wilkins,
Philadelphia (2014). p. 757–70.

45. Holick MF. Resurrection of vitamin D deficiency and rickets. J Clin Invest. (2006)
116:2062–72. doi: 10.1172/JCI29449

46. Lerch C, Meissner T. Interventions for the prevention of nutritional rickets in
term born children. Cochrane Database Syst Rev. (2007) 4:CD006164. doi: 10.1002/
14651858.CD006164.pub2

47. Wagner CL, Greer FR. American Academy of Pediatrics Section on
Breastfeeding, American Academy of Pediatrics Committee on Nutrition. Prevention
of rickets and vitamin D deficiency in infants, children, and adolescents. Pediatrics.
(2008) 122:1142–52. doi: 10.1542/peds.2008-1862

48. Misra M, Pacaud D, Petryk A, Collett-Solberg PF, Kappy M. Drug and
Therapeutics Committee of the Lawson Wilkins Pediatric Endocrine Society.
Vitamin D deficiency in children and its management: review of current knowledge
and recommendations. Pediatrics. (2008) 122:398–417. doi: 10.1542/peds.2007-1894
frontiersin.org

https://doi.org/10.1210/jc.2015-2175
https://doi.org/10.1038/nrdp.2017.101
https://doi.org/10.1007/s00467-021-05328-w
https://doi.org/10.1007/s00467-021-05328-w
https://doi.org/10.4274/jcrpe.galenos.2019.2019.0091
https://doi.org/10.1681/ASN.2005050573
https://doi.org/10.1530/EJE-08-0818
https://doi.org/10.1530/EJE-15-0515
https://doi.org/10.1530/EJE-15-0515
https://doi.org/10.1186/s13023-019-1014-8
https://doi.org/10.1007/s00590-014-1496-y
https://doi.org/10.1007/s00223-020-00694-3
https://doi.org/10.1210/endrev/bnz011
https://doi.org/10.1210/endrev/bnz011
https://doi.org/10.1073/pnas.0712361105
https://doi.org/10.1073/pnas.0712361105
https://doi.org/10.1210/clinem/dgac488
https://doi.org/10.1136/jmg.40.3.195
https://doi.org/10.1136/jmg.40.3.195
https://doi.org/10.1210/jc.2008-0220
https://doi.org/10.3389/fendo.2018.00048
https://doi.org/10.3389/fendo.2018.00048
https://doi.org/10.1007/s00247-022-05373-z
https://doi.org/10.1111/j.1365-2362.2010.02286.x
https://doi.org/10.1007/s00774-011-0340-2
https://doi.org/10.3389/fped.2020.00315
https://doi.org/10.1172/JCI98680
https://doi.org/10.1007/s00223-020-00691-6
https://doi.org/10.1007/s00223-020-00691-6
https://doi.org/10.1007/s00223-022-01005-8
https://doi.org/10.1210/jc.2010-0543
https://doi.org/10.1097/MPH.0000000000000686
https://doi.org/10.1016/j.bonr.2021.101138
https://doi.org/10.1016/j.bonr.2022.101605
https://doi.org/10.3389/fendo.2022.866831
https://doi.org/10.1016/j.bone.2022.116598
https://doi.org/10.1016/j.bone.2022.116598
https://doi.org/10.1001/jama.2019.22450
https://doi.org/10.1001/jama.2019.22450
https://doi.org/10.1093/qjmed/hct258
https://doi.org/10.1016/j.pcl.2018.09.002
https://doi.org/10.1359/JBMR.07S208
https://doi.org/10.1016/j.beem.2018.05.009
https://doi.org/10.1002/jbmr.1752
https://doi.org/10.1016/j.bonr.2015.09.001
https://doi.org/10.1007/s11914-016-0309-0
https://doi.org/10.1016/j.bone.2016.08.019
https://doi.org/10.1016/8756-3282(91)90002-Z
https://doi.org/10.1016/8756-3282(92)90449-7
https://doi.org/10.1016/8756-3282(92)90449-7
https://doi.org/10.1007/BF02761130
https://doi.org/10.1016/j.jsbmb.2015.09.008
https://doi.org/10.1172/JCI29449
https://doi.org/10.1002/14651858.CD006164.pub2
https://doi.org/10.1002/14651858.CD006164.pub2
https://doi.org/10.1542/peds.2008-1862
https://doi.org/10.1542/peds.2007-1894
https://doi.org/10.3389/fendo.2024.1383681
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Baroncelli et al. 10.3389/fendo.2024.1383681
49. Baroncelli GI, Carlucci G, Freri E, Giuca MR, Guarnieri V, Navarra G, et al. The
diagnosis of hypophosphatasia in children as a multidisciplinary effort: an expert
opinion. J Endocrinol Invest. (2024) 47:739–47. doi: 10.1007/s40618-023-02199-w

50. Baroncelli GI, Sessa MR, Pelosini C, Bertelloni S, Michelucci A, Toschi B, et al.
Intact FGF23 concentration in healthy infants, children, and adolescents, and
diagnostic usefulness in patients with X-linked hypophosphatemic rickets. J
Endocrinol Invest. (2024) 47:873–82. doi: 10.1007/s40618-023-02202-4. in press.

51. Tiosano D, Hochberg Z. Hypophosphatemia: the common denominator of all
rickets. J Bone Miner Metab. (2009) 27:392–401. doi: 10.1007/s00774-009-0079-1

52. Stark H, Eisenstein B, Tieder M, Rachmel A, Alpert G. Direct measurement of
TP/GFR: a simple and reliable parameter of renal phosphate handling. Nephron. (1986)
44:125–8. doi: 10.1159/000184216

53. Baroncelli GI, Mora S. (2021) X-linked hypophosphatemic rickets:
multisystemic disorder in children requiring multidisciplinary management Front
Endocrinol. 12:688309. doi: 10.3389/fendo.2021.688309

54. Thacher TD, Fischer PR, Pettifor JM, Lawson JO, Isichei CO, Reading JC, et al. A
comparison of calcium, vitamin D, or both for nutritional rickets in Nigerian children.
N Engl J Med. (1999) 341:563–8. doi: 10.1056/NEJM199908193410803

55. Baroncelli GI, Bereket A, El Kholy M, Audì L, Cesur Y, Ozkan B, et al. Rickets in
the Middle East: role of environment and genetic predisposition. J Clin Endocrinol
Metab. (2008) 93:1743–50. doi: 10.1210/jc.2007-1413

56. Dahifar H, Faraji A, Ghorbani A, Yassobi S. Impact of dietary and lifestyle on
vitamin D in healthy student girls aged 11–15 years. J Med Investig. (2006) 53:204–8.
doi: 10.2152/jmi.53.204

57. Agarwal A, Gulati D. Early adolescent nutritional rickets. J Orthop Surg. (2009)
17:340–5. doi: 10.1177/230949900901700320

58. Hazzazi M, Alzeer I, Tamimi W, Al Atawi M, Al Alwan I. Clinical presentation
and etiology of osteomalacia/rickets in adolescents. Saudi J Kidney Dis Transplant.
(2013) 24:938–4. doi: 10.4103/1319-2442.118087

59. Atapattu N, Shaw N, Hogler W. Relationship between serum 25-hydroxyvitamin
D and parathyroid hormone in the search for a biochemical definition of vitamin D
deficiency in children. Pediatr Res. (2013) 74:552–6. doi: 10.1038/pr.2013.139

60. Rios-Leyvraz M, Thacher TD, Dabas A, Hassan Elsedfy H, Baroncelli GI,
Cashman KD. Serum 25-hydroxyvitamin D threshold and risk of rickets in young
children: a systematic review and individual participant data meta-analysis to inform
the development of dietary requirements for vitamin D. Eur J Nutr. (2024) 63:673–95.
doi: 10.1007/s00394-023-03299-2

61. El Kholy M, Elsedfy H, Fernandez-Cancio M, Hamza RT, Amr NH, Ahmed AY,
et al. Nutritional rickets: vitamin D, calcium, and the genetic make-up. Pediatr Res.
(2017) 81:356–63. doi: 10.1038/pr.2016.222

62. Molin A, Wiedemann A, Demers N, Kaufmann M, Do Cao J, Mainard L, et al.
Vitamin D-dependent rickets type 1B (25-hydroxylase deficiency): a rare condition or a
misdiagnosed condition? J Bone Miner Res. (2017) 32:1893–9. doi: 10.1002/jbmr.3181

63. Kubota T, Kitaokaa T, Miura K, Fujiwara M, Ohata Y, Miyoshi Y, et al. Serum
fibroblast growth factor 23 is a useful marker to distinguish vitamin D-deficient rickets
from hypophosphatemic rickets. Horm Res Paediatr. (2014) 81:251–7. doi: 10.1159/
000357142

64. Prentice A, Ceesay M, Nigdikar S, Allen SJ, Pettifor JM. FGF23 is elevatewd in
Gambian children with rickets. Bone . (2008) 42:788–97. doi: 10.1016/
j.bone.2007.11.014

65. States LJ. Imaging of rachitic bone. In: Hochberg Z, editor. Vitamin D and
rickets, vol. . p . Karger AG, P.O. Box, CH-4009 Basel, Switzerland (2003). p. 80–92.

66. Warthon B, Bishop N. Rickets. Lancet. (2003) 362:1389–400. doi: 10.1016/
S0140-6736(03)14636-3

67. Shaw NJ. Vitamin D deficiency rickets. In: Hochberg Z, editor. Vitamin D and
rickets, vol. . p . Karger AG, P.O. Box, CH-4009 Basel, Switzerland (2003). p. 93–104.

68. Chapman T, Sugar N, Done S, Marasigan J, Wambold N, Feldman K. Fractures
in infants and toddlers with rickets. Pediatr Radiol. (2010) 40:1184–9. doi: 10.1007/
s00247-009-1470-8

69. Thacher TD, Fischer PR, Pettifor JM, Lawson JO, Manaster BJ, Reading JC.
Radiographic scoring method for the assessment of the severity of nutritional rickets.
J Trop Pediatr. (2000) 46:132–9. doi: 10.1093/tropej/46.3.132

70. Thacher TD, Pettifor JM, Tebben PJ, Creo AL, Skrinar A, Mao M, et al. Rickets
severity predicts clinical outcomes in children with X-linked hypophosphatemia: utility
of the radiographic rickets severity score. Bone. (2019) 122:76–81. doi: 10.1016/
j.bone.2019.02.010

71. Whyte MO, Fujita KP, Moseley S, Thompson DD, McAlister WH. Validation of
a novel scoring system for changes in skeletal manifestations of hypophosphatasia in
newborns, infants, and children: the radiographic global impression of change scale.
J Bone Miner Res. (2018) 33:868–74. doi: 10.1002/jbmr.3377

72. Lim R, Shailam R, Hulett R, Skrinar A, Nixon A, Williams A, et al. Validation of
the radiographic global impression of change (RGI-C) score to assess healing of rickets
in pediatric X-linked hypophosphatemia (XLH). Bone. (2021) 148:115964.
doi: 10.1016/j.bone.2021.115964

73. Capelli S, Donghi V, Maruca K, Vezzoli G, Corbetta S, Brandi ML, et al. Clinical
and molecular heterogeneity in a large series of patients with hypophosphatemic
rickets. Bone. (2015) 79:143–9. doi: 10.1016/j.bone.2015.05.040
Frontiers in Endocrinology 18
74. Yasuhisa Ohata Y, Ishihara Y. Pathogenic variants of the PHEX gene.
Endocrines. (2022) 3:498–511. doi: 10.3390/endocrines3030040

75. Baroncelli GI, Vierucci F, Bertelloni S. Rachitismo da deficit di vitamina D:
indicazioni per la diagnosi e la terapia. In: Baroncelli GI, editor. Ipovitaminosi D.
Prevenzione e trattamento nel neonato, nel bambino e nell'adolescente, vol. p . Edizioni
Mattioli, Fidenza, Italy (2011). p. 99–121.
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Positive response to one-year treatment with burosumab in pediatric patients with X-
linked hypophosphatemia. Front Pediatr. (2020) 8:48. doi: 10.3389/fped.2020.00048

128. Linglart A, Imel EA, Whyte MP, Portale AA, Högler W, Boot AM. Sustained efficacy
and safety of burosumab, a monoclonal antibody to FGF23, in children with X-linked
hypophosphatemia. J Clin Endocrinol Metab. (2022) 107:813–24. doi: 10.1210/clinem/dgab729

129. Namba N, Kubota T, Muroya K, Tanaka H, Kanematsu M, Kojima M, et al.
Safety and efficacy of burosumab in pediatric patients with X-linked
hypophosphatemia: a phase 3/4 open-label trial. J Endocr Soc. (2022) 6:bvac021.
doi: 10.1210/jendso/bvac021

130. Paloian NJ, Blaise Nemeth B, Sharafinski M, Modaff P, Steiner RD. Real-world
effectiveness of burosumab in children with X-linked hypophosphatemic rickets.
Pediatr Nephrol. (2022) 37:2667–77. doi: 10.1007/s00467-022-05484-7

131. Ward LM, Glorieux FH, Whyte MP, Munns CF, Portale AA, Högler W, et al.
Effect of burosumab compared with conventional therapy on younger vs older children
with X-linked hypophosphatemia. J Clin Endocrinol Metab. (2022) 107:e3241–53.
doi: 10.1210/clinem/dgac296

132. Walker EYX, Lindsay TAJ, Allgrove J, Marlais M, Bockenhauer D, Hayes W.
Burosumab in management of X-linked hypophosphataemia: a retrospective cohort
study of growth and serum phosphate levels. Arch Dis Child. (2023) 108:379–84.
doi: 10.1136/archdischild-2022-324962

133. Filler G, Tremblay O, Chen E, Huang SSH, Stein R. Sex differences of
burosumab in children with X-linked hypophosphataemic rickets. Pediatr Nephrol.
(2023) 38:3183–7. doi: 10.1007/s00467-022-05822-9

134. Padidela R, Cheung MS, Saraff V, Dharmaraj P. Clinical guidelines for
burosumab in the treatment of XLH in children and adolescents: British paediatric
and adolescent bone group recommendations. Endocr Connect. (2020) 9:1051–6.
doi: 10.1530/EC-20-0291

135. Mughal MZ, Baroncelli GI, de Lucas-Collantes C, Linglart A, Magnolato A,
Raimann A, et al. Burosumab for X-linked hypophosphatemia in children and
adolescents: opinion based on early experience in seven European countries. Front
Endocrinol. (2023) 13:1034580. doi: 10.3389/fendo.2022.1034580

136. Bacchetta J, Rothenbuhler A, Gueorguieva I, Kamenicky P, Salles J-P, Briot K,
et al. X-linked hypophosphatemia and burosumab: practical clinical points from the
French experience. Joint Bone Spine. (2021) 88:105208. doi: 10.1016/j.jbspin.2021.105208

137. Imel EA. Burosumab for pediatric X-linked hypophosphatemia. Curr
Osteoporos Rep. (2021) 19:271–7. doi: 10.1007/s11914-021-00669-9

138. Baroncelli GI, Bertelloni S, Ceccarelli C, Saggese G. Effect of growth hormone
treatment on final height, phosphate metabolism, and bone mineral density in children
with X-linked hypophosphatemic rickets. J Pediatr. (2001) 138:236–43. doi: 10.1067/
mpd.2001.108955

139. Huiming Y, Meng M, Chaomin W, Fan Y. Recombinant growth hormone
therapy for X-linked hypophosphatemia in children (Review). Cochrane Database Syst
Rev. (2005) 1:CD004447. doi: 10.1002/14651858.CD004447.pub2

140. Meyerhoff N, Haffner D, Staude H, Wühl E, Marx M, Beetz R, et al. Effects of growth
hormone treatment on adult height in severely short childrenwith X-linked hypophosphatemic
rickets. Pediatr Nephrol. (2018) 33:447–56. doi: 10.1007/s00467-017-3820-3

141. Ertl DA, Le Lorier J, Gleiss A, Trabado S, Bensignor C, Audrain C, et al. Growth
pattern in children with X-linked hypophosphatemia treated with burosumab and growth
hormone. Orphanet J Rare Dis. (2022) 17:412. doi: 10.1186/s13023-022-02562-9

142. Rafaelsen SH, Ræder H, Fagerheim AK, Knappskog P, Carpenter TO,
Johansson S, et al. Exome sequencing reveals FAM20C mutations associated with
fibroblast growth factor 23– related hypophosphatemia, dental anomalies, and ectopic
calcification. J Bone Miner Res. (2013) 28:1378–85. doi: 10.1002/jbmr.1850

143. Mameli C, Zichichi G, Mahmood N, Elalaoui SC, Mirza A, Dharmaraj P, et al.
Natural history of non-lethal Raine syndrome during childhood. Orphanet J Rare Dis.
(2020) 15:93. doi: 10.1186/s13023-020-01373-0

144. Hirst L, Abou-Ameira G, Critchlow S. Hypophosphataemic rickets secondary
to Raine syndrome: a review of the literature and case reports of three paediatric
patients’ dental management. Case Rep Pediatr. (2021) 6637180. doi: 10.1155/2021/
6637180
frontiersin.org

https://doi.org/10.1530/EC-13-0103
https://doi.org/10.1038/s41581-019-0152-5
https://doi.org/10.1038/s41581-019-0152-5
https://doi.org/10.1016/j.metabol.2019.03.009
https://doi.org/10.1016/j.metabol.2019.03.009
https://doi.org/10.1038/s41574-022-00662-x
https://doi.org/10.1210/jc.2003-030036
https://doi.org/10.1210/jc.2003-030036
https://doi.org/10.1210/jc.2011-0399
https://doi.org/10.1007/s11154-017-9408-1
https://doi.org/10.1210/clinem/dgaa495
https://doi.org/10.1016/j.metabol.2019.03.009
https://doi.org/10.1016/j.metabol.2019.03.009
https://doi.org/10.1210/JC.2015-2199
https://doi.org/10.1590/s1807-59322010001000017
https://doi.org/10.1002/jbm4.10190
https://doi.org/10.1210/jc.2015-2391
https://doi.org/10.1002/jbmr.3941
https://doi.org/10.1016/j.bone.2011.06.029
https://doi.org/10.1002/jbmr.3938
https://doi.org/10.1016/j.bone.2021.116111
https://doi.org/10.1016/j.ajhg.2010.01.006
https://doi.org/10.1016/j.ajhg.2010.01.010
https://doi.org/10.1002/ajmg.a.37574
https://doi.org/10.1038/s41436-020-00983-0
https://doi.org/10.1007/s10354-019-00732-2
https://doi.org/10.1007/s10354-019-00732-2
https://doi.org/10.1186/s13023-023-02883-3
https://doi.org/10.1056/NEJMoa1714641
https://doi.org/10.1016/S2213-8587(18)30338-3
https://doi.org/10.1016/S2213-8587(18)30338-3
https://doi.org/10.3389/fped.2020.00048
https://doi.org/10.1210/clinem/dgab729
https://doi.org/10.1210/jendso/bvac021
https://doi.org/10.1007/s00467-022-05484-7
https://doi.org/10.1210/clinem/dgac296
https://doi.org/10.1136/archdischild-2022-324962
https://doi.org/10.1007/s00467-022-05822-9
https://doi.org/10.1530/EC-20-0291
https://doi.org/10.3389/fendo.2022.1034580
https://doi.org/10.1016/j.jbspin.2021.105208
https://doi.org/10.1007/s11914-021-00669-9
https://doi.org/10.1067/mpd.2001.108955
https://doi.org/10.1067/mpd.2001.108955
https://doi.org/10.1002/14651858.CD004447.pub2
https://doi.org/10.1007/s00467-017-3820-3
https://doi.org/10.1186/s13023-022-02562-9
https://doi.org/10.1002/jbmr.1850
https://doi.org/10.1186/s13023-020-01373-0
https://doi.org/10.1155/2021/6637180
https://doi.org/10.1155/2021/6637180
https://doi.org/10.3389/fendo.2024.1383681
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org


Baroncelli et al. 10.3389/fendo.2024.1383681
145. Riminucci M, Collins MT, Fedarko NS, Cherman N, Corsi A, Kenneth E, et al.
FGF-23 in fibrous dysplasia of bone and its relationship to renal phosphate wasting.
J Clin Invest. (2003) 112:683–92. doi: 10.1172/JCI200318399

146. de Castro LF, Ovejero D, Alison M Boyce AM. Mosaic disorders of FGF23 excess:
fibrous dysplasia/McCune-Albright syndrome and cutaneous skeletal hypophosphatemia
syndrome. Eur J Endocrinol. (2020) 182:R83–99. doi: 10.1530/EJE-19-0969

147. Dahir K, Roberts MS, Krolczyk S, Simmons JH. X-linked hypophosphatemia: a
new era in management. J Endocr Soc. (2020) 4:bvaa151. doi: 10.1210/jendso/bvaa151

148. Bai X, Levental M, Karaplis AC. Burosumab treatment for autosomal recessive
hypophosphatemic rickets type 1 (ARHR1). J Clin Endocrinol Metab. (2022) 107:2777–
83. doi: 10.1210/clinem/dgac433

149. Gladding A, Vivian Szymczuk V, Auble BA, Boyce AM. Burosumab treatment
for fibrous dysplasia. Bone. (2021) 150:116004. doi: 10.1016/j.bone.2021.116004

150. Sato T, Azuma Y, Tauchi R, Matsushita M, Ozone C. Burosumab treatment for
fibrous dysplasia/McCune-Albright syndrome with severe spine deformity. J Endocrine
Soc. (2022) 6:A160. Abstract. doi: 10.1210/jendso/bvac150.327
Frontiers in Endocrinology 20
151. Tieder M, Modai D, Samuel R, Arie R, Halabe A, Bab I, et al. Hereditary
hypophosphatemic rickets with hypercalciuria. N Engl J Med. (1985) 312:611–7.
doi: 10.1056/NEJM198503073121003

152. Bergwitz C, Miyamoto KI. Hereditary hypophosphatemic rickets with
hypercalciuria: pathophysiology, clinical presentation, diagnosis and therapy. Pflugers
Arch. (2019) 471:149–63. doi: 10.1007/s00424-018-2184-2

153. Bertholet-Thomas A, Tram N, Dubourg L, Lemoine S, Molin A, Bacchetta J.
Fluconazole as a new therapeutic tool to manage patients with NPTIIc (SLC34A3)
mutation: a case report.Am J Kidney Dis. (2019) 73:886–9. doi: 10.1053/j.ajkd.2018.12.026

154. Dreimane D, Chen A, Bergwitz C. Description of a novel SLC34A3.c.671delT
mutation causing hereditary hypophosphatemic rickets with hypercalciuria in two
adolescent boys and response to recombinant human growth hormone. Ther Adv
Musculoskelet Dis. (2020) 12. doi: 10.1177/1759720X20912862

155. Filler G, Schott C, Salerno FR, Ens A, McIntyre CW, Dıáz Gonzalez de Ferris
ME, et al. Growth hormone therapy in HHRH. Bone Rep. (2022) 16:101591.
doi: 10.1016/j.bonr.2022.101511
frontiersin.org

https://doi.org/10.1172/JCI200318399
https://doi.org/10.1530/EJE-19-0969
https://doi.org/10.1210/jendso/bvaa151
https://doi.org/10.1210/clinem/dgac433
https://doi.org/10.1016/j.bone.2021.116004
https://doi.org/10.1210/jendso/bvac150.327
https://doi.org/10.1056/NEJM198503073121003
https://doi.org/10.1007/s00424-018-2184-2
https://doi.org/10.1053/j.ajkd.2018.12.026
https://doi.org/10.1177/1759720X20912862
https://doi.org/10.1016/j.bonr.2022.101511
https://doi.org/10.3389/fendo.2024.1383681
https://www.frontiersin.org/journals/endocrinology
https://www.frontiersin.org

	Diagnosis, treatment, and management of rickets: a position statement from the Bone and Mineral Metabolism Group of the Italian Society of Pediatric Endocrinology and Diabetology
	1 Introduction
	2 Methods
	3 Classification of rickets
	3.1 Nutritional rickets
	3.2 Hereditary rickets
	3.2.1 Hypophosphatemic rickets
	3.2.1.1 FGF23-dependent hypophosphatemic rickets
	3.2.1.2 FGF23-independent hypophosphatemic rickets

	3.2.2 Vitamin D-dependent rickets

	3.3 Non-hereditary hypophosphatemic rickets
	3.3.1 Acquired FGF23-dependent hypophosphatemic rickets
	3.3.2 Acquired FGF23-independent hypophosphatemic rickets

	3.4 Other causes of rickets

	4 Clinical approach to rickets
	5 Biochemical features of the various forms of rickets
	6 Radiological assessment of rickets: diagnosis and follow-up
	7 Algorithms for the diagnosis of rickets
	8 Genetics
	9 Treatment and management of nutritional rickets
	9.1 Nutritional vitamin D deficiency rickets
	9.2 Nutritional calcium deficiency rickets
	9.3 Nutritional phosphate deficiency rickets

	10 Treatment and management of vitamin D-dependent rickets
	10.1 VDDR1A
	10.2 VDDR1B
	10.3 VDDR2A and VDDR2B
	10.4 VDDR3

	11 Treatment and management of hypophosphatemic rickets
	11.1 FGF23-dependent hypophosphatemic rickets
	11.1.1 Burosumab treatment in patients with XLH
	11.1.2 Growth hormone treatment in patients with XLH

	11.2 Other forms of FGF23-dependent hypophosphatemic bone disorders
	11.2.1 Burosumab treatment in patients with other FGF23-dependent hypophosphatemic bone disorders

	11.3 FGF23-independent hypophosphatemic rickets

	12 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


